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SUMMARY
Nationwide estimates of the impact of commonmodifiable risk factors on mortality remain crucial. We aim to
assess the influence of social determinants, lifestyle, and metabolic factors on mortality in 174,004 adults
aged R40 years from the China Cardiometabolic Disease and Cancer Cohort (4C) Study. We reveal that 17
modifiable factors are independently associated with mortality, accounting for 64.8% of all-cause mortality,
77.4%of cardiovascular mortality, and 44.8%of cancer mortality. Low education emerges as the leading fac-
tor for both all-cause and cancer mortality, while hypertension is predominant for cardiovascular mortality.
Moreover, low gross domestic product per capita and high ambient particulate matter with a diameter of
<2.5 mm (PM2.5) air pollution account for 7.8% and 4.3% for all-cause mortality, respectively, using a different
method. Gender-specific analyses reveal distinct patterns, with women’s mortality primarily associated with
social determinants andmen exhibiting stronger associations with lifestyle factors. Targeted health interven-
tions are essential to mitigate mortality risks effectively in China.
INTRODUCTION

Cardiovascular disease and cancer are rising rapidly and have

recently become recognized as the predominant burden of mor-
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tality in China.1 The estimated number of deaths in China was

10.7 million in 2019. Of these, 4.6 million deaths were from car-

diovascular disease and 2.7 million from cancer.2 Identification

of preventable risk factors of cardiovascular and cancer
gust 20, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mortality can aid in formulating prevention and intervention stra-

tegies during transition of disease epidemiology in countries

experiencing rapid economic growth, such as China. Further-

more, targeted public health policies accounting for the dispar-

ities in risk factor distributions and contributions to health out-

comes in men and women are urgently needed.

Existing studies assessing the associations between modifi-

able risk factors and all-cause mortality were predominantly car-

ried out in the European ancestry.3–7 It is well known that there

are non-negligible differences in lifestyle, metabolic features,

and social determinants of health across Chinese and Euro-

peans and betweenmen and women.8,9 The spectrum of causes

of death and the burden of mortality vary across different coun-

tries and ethnicities, with China exhibiting a higher stroke inci-

dence rate and stroke-related deaths compared to other re-

gions.10–12 However, large-scale population-based cohorts are

scarce in the Chinese population, which limited the capacity of

identifying important associations between modifiable risk fac-

tors and mortality in the general population and in subpopula-

tions (e.g., in men and women). Previously, the Global Burden

of Disease Study1,13,14 has comprehensively estimated the as-

sociations of a large number of risk factors with mortality in

China. However, the findings from the Global Burden of Disease

Study were based on data pooling from diverse sources using

different modeling strategies. The subgroup analysis of Prospec-

tive Urban Rural Epidemiology study among 46,727middle-aged

Chinese adults15 identified hypertension, low education, and

poor diet as three leading risk factors for all-cause mortality,

and hypertension, low education, and high non-high-density li-

poprotein cholesterol for cardiovascular disease, which is similar

to the findings from the overall cohort and other regions.16 Other

prospective cohort studies, including the China Kadoorie Bio-

bank etc., have also explored the risk factors for mortality in

the Chinese population.17,18 These studies underlie the substan-

tial influence of metabolic factors and socioeconomic status on

health outcomes. However, cardiovascular and cancer mortality

were not investigated in the Prospective Urban Rural Epidemi-

ology study, and the distinct risk factor profiles and associations

with all-cause and cause-specific mortalities in subpopulations

were less investigated.
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To explore whether and howmodifiable risk factors influenced

all-cause mortality and mortalities attributed to cardiovascular

disease and cancer in China, the prospective China Cardiometa-

bolic Disease and Cancer Cohort (4C) Study was established

among Chinese adults aged R40 years from 20 study sites

across mainland China and followed up between 2011 and

2021, using standardized methods to measure risk factors and

outcomes.19–24 In this analysis, we aimed to quantify the individ-

ual and overall contributions of 17 modifiable social determi-

nants, lifestyle, and metabolic risk factors to all-cause and

cause-specific mortalities in the overall population and in men

and women separately in China.

RESULTS

A total of 193,846 participants aged 40 years or older were

enrolled in the 4C study between January 2011 and December

2012. After excluding 15,697 participants with cardiovascular

disease or cancer at baseline, 178,149 participants were fol-

lowed until November 30, 2021. During a median of 10.1 years

of follow-up, 4,145 participants were lost to follow-up. The re-

maining 174,004 participants were included in the final analysis

(Figure S1).

Baseline characteristics of social determinants, lifestyle, and

metabolic risk factors of the study participants are presented

in Table 1. The average age of the participants was 56.5 (stan-

dard deviation [SD] 9.1) years old, and 34.8% were men. A total

of 9,274 deaths were documented, including 3,330 cardiovascu-

lar deaths (1,247 ischemic heart disease deaths, 1,355 stroke

deaths, and 728 other cardiovascular deaths) and 3,365 cancer

deaths.

For social determinants of health, 50,699 (29.1%) participants

had primary school education level or less, 13,706 (7.9%) partic-

ipants were single, divorced, separated, or widowed, and 7,737

(4.4%) lived alone. 1,546 (0.9%) participants reported symptoms

of moderate or severe depression. For lifestyle risk factors,

34,803 (20.0%) participants were current or former smokers,

and 7,264 (4.2%) participants had current high alcohol con-

sumption (11.2% in men and 0.4% in women). Mean diet score

was 1.7 (SD 0.7; a lower score indicates worse diet), and
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Table 1. Baseline characteristics of the study population

Total (n = 174,004) Women (n = 113,437) Men (n = 60,567)

Age, years 56.5 ± 9.1 56.0 ± 8.9 57.3 ± 9.5

Social determinants

Educational attainment

High school or above 63,519 (36.5) 38,384 (33.8) 25,135 (41.5)

Middle school 59,786 (34.4) 37,742 (33.3) 22,044 (36.4)

Primary education or less 50,699 (29.1) 37,311 (32.9) 13,388 (22.1)

Marital status

Married 160,298 (92.1) 102,038 (90.0) 58,260 (96.2)

Single, divorced, separated, or widowed 13,706 (7.9) 11,399 (10.0) 2,307 (3.8)

Living alone 7,737 (4.4) 5,809 (5.1) 1,928 (3.2)

Moderate or severe depression 1,546 (0.9) 1,171 (1.0) 375 (0.6)

Gross domestic product per capita <36,262 (yuan) 56,817 (32.7) 36,642 (32.3) 20,175 (33.3)

PM2.5 (mg/m
3) 47.5 ± 13.0 47.5 ± 12.8 47.6 ± 13.2

Ambient PM2.5 air pollution >59.11 (mg/m3) 49,133 (28.2) 31,778 (28.0) 17,355 (28.7)

Lifestyle factors

Tobacco use

Never 139,201 (80.0) 111,225 (98.1) 27,976 (46.2)

Former 8,192 (4.7) 495 (0.4) 7,697 (12.7)

Current 26,611 (15.3) 1,717 (1.5) 24,894 (41.1)

Alcohol consumption

Never 150,967 (86.8) 110,977 (97.8) 39,990 (66.0)

Former 3,832 (2.2) 484 (0.4) 3,348 (5.5)

Current

Low 4,223 (2.4) 1,026 (0.9) 3,197 (5.3)

Moderate 7,718 (4.4) 455 (0.4) 7,263 (12.0)

High 7,264 (4.2) 495 (0.4) 6,769 (11.2)

Diet score 1.7 ± 0.7 1.7 ± 0.7 1.7 ± 0.7

Diet score category

3–4 26,744 (15.4) 17,060 (15.0) 9,684 (16.0)

2 68,396 (39.3) 44,931 (39.6) 23,465 (38.7)

0–1 78,864 (45.3) 51,446 (45.4) 27,418 (45.3)

Physical activity

High 47,177 (27.1) 30,718 (27.1) 16,459 (27.2)

Moderate 67,064 (38.6) 44,346 (39.1) 22,718 (37.5)

Low 59,763 (34.3) 38,373 (33.8) 21,390 (35.3)

Sleep duration (hours per night) 7.9 ± 1.4 7.9 ± 1.4 7.9 ± 1.4

Sleep duration category (hours per night)

<6 8,945 (5.1) 5,785 (5.1) 3,160 (5.2)

6–8 105,943 (60.9) 69,424 (61.2) 36,519 (60.3)

>8 59,116 (34.0) 38,228 (33.7) 20,888 (34.5)

Metabolic factors

Waist-to-hip ratio 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1

Abdominal obesity 47,028 (27.0) 34,626 (30.5) 12,402 (20.5)

Blood pressure

Systolic blood pressure (mmHg) 133.2 ± 20.8 131.9 ± 21.0 135.7 ± 20.2

Diastolic blood pressure (mmHg) 78.5 ± 11.3 77.3 ± 11.0 80.8 ± 11.5

Hypertension 76,024 (43.7) 46,469 (41.0) 29,555 (48.8)

Glucose

(Continued on next page)
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Table 1. Continued

Total (n = 174,004) Women (n = 113,437) Men (n = 60,567)

Fasting blood glucose (mmol/L) 6.0 ± 1.7 5.9 ± 1.6 6.1 ± 1.8

2-h postload glucose (mmol/L) 8.2 ± 3.9 8.2 ± 3.7 8.4 ± 4.2

Hemoglobin A1c (%) 6.0 ± 1.0 6.0 ± 1.0 6.0 ± 1.1

Diabetes 40,133 (23.1) 24,530 (21.6) 15,603 (25.8)

Low-density lipoprotein cholesterol (mmol/L) 2.9 ± 0.9 3.0 ± 0.9 2.8 ± 0.8

<3.4 127,247 (73.1) 80,717 (71.2) 46,530 (76.8)

3.4 to <4.9 43,490 (25.0) 30,230 (26.6) 13,260 (21.9)

R4.9 3,267 (1.9) 2,490 (2.2) 777 (1.3)

Urine albumin-creatinine ratio (mg/g) 6.5 (3.9–12.8) 7.0 (4.2–13.8) 5.5 (3.5–10.7)

<30 155,501 (89.4) 100,742 (88.8) 54,759 (90.4)

30 to <300 16,320 (9.4) 11,288 (10.0) 5,032 (8.3)

R300 2,183 (1.3) 1,407 (1.2) 776 (1.3)

Estimated glomerular filtration

rate (mL/min per 1.73 m2)

95.6 ± 13.2 95.6 ± 12.7 95.7 ± 14.0

<60 3,107 (1.8) 1,837 (1.6) 1,270 (2.1)

Values aremeans ± standard deviation, or number of participants (%), or themedian (interquartile range). PM2.5 denotes particulatematter with a diam-

eter of <2.5 mm. The sum of the percentages of all subgroups may not add up as 100% because of rounding.

Data are presented for the 174,004 participants after imputation. In the unimputed data, therewere 5,259 (3.02%)missing values for educational attain-

ment, 4,066 (2.34%) for marital status, 4,695 (2.70%) for living arrangements, 20,771 (11.94%) for depression status, 7,752 (4.45%) for tobacco use,

10,268 (5.90%) for alcohol consumption, 25,222 (14.50%) for diet score, 9,188 (5.28%) for physical activity, 23,934 (13.75%) for sleep duration, 5,289

(3.04%) for waist-to-hip ratio, 1,554 (0.89%) for systolic blood pressure, 1,565 (0.90%) for diastolic blood pressure, 2,008 (1.15%) for fasting blood

glucose, 6,023 (3.46%) for 2-h post-load glucose, 1,391 (0.80%) for hemoglobin A1c, 529 (0.30%) for low-density lipoprotein cholesterol, 16,896

(9.71%) for urinary albumin-creatinine ratio, and 555 (0.32%) for estimated glomerular filtration rate.
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147,260 (84.6%) participants had unhealthy diet (score 0–2).

59,763 (34.3%) participants reported low physical activity. The

mean sleep duration was 7.9 (SD 1.4) hours; therefore, 8 h was

used as the cutoff for sleep duration to estimate the popula-

tion-attributable fractions (PAFs) in this study, which resulted in

59,116 (34.0%) participants with sleep duration >8 h. For meta-

bolic risk factors, mean waist-to-hip ratio was 0.9 (SD 0.1), and

47,028 (27.0%) participants had abdominal obesity. Mean sys-

tolic blood pressure was 133.2 (SD 20.8) mmHg, mean hemoglo-

bin A1c was 6.0% (SD 1.0%), mean low-density lipoprotein

cholesterol (LDL-C) was 2.9 (SD 0.9) mmol/L, and median urine

albumin-creatinine ratio was 6.5 (interquartile range 3.9–12.8)

mg/g. A total of 76,024 (43.7%) participants had hypertension,

40,133 (23.1%) had diabetes, 46,757 (26.9%) had LDL-C R

3.4 mmol/L, 18,503 (10.7%) had albuminuria, and 3,107 (1.8%)

had a low estimated glomerular filtration rate (<60 mL/min per

1.73 m2).

When considering gender, baseline social determinants and

lifestyle risk factors were substantially different between men

and women. More women had low educational attainment than

men (32.9% in women vs. 22.1% in men). For lifestyle risk fac-

tors, a larger proportion of men had current tobacco use

(41.1% in men vs. 1.5% in women) or current alcohol consump-

tion (28.5% in men vs. 1.7% in women) than women. A similar

proportion of women and men had unhealthy diet habit (85.0%

in women vs. 84.0% in men), low physical activity (33.8% in

women vs. 35.3% in men), and long sleep duration (33.7% in

women vs. 34.5% in men). For metabolic risk factors, women

were more likely to have abdominal obesity (30.5% in women
4 Cell Reports Medicine 5, 101656, August 20, 2024
vs. 20.5% in men) and higher LDL-C (28.8% in women vs.

23.2% in men). By contrast, the proportions of hypertension

(41.0% in women vs. 48.8% in men), diabetes (21.6% in women

vs. 25.8% in men), and a low estimated glomerular filtration rate

(1.6% in women vs. 2.1% in men) were higher in men than in

women.

Cumulative incidence of all-cause, cardiovascular, and can-

cer mortalities with each risk factor using Kaplan-Meier anal-

ysis is presented in Figures S2–S4. Multivariable-adjusted

hazard ratios (HRs) and 95% confidence intervals (CIs) of

each of the modifiable risk factors in associations with all-

cause, cardiovascular, and cancer mortalities are presented

in Tables 2, 3, and 4, and the results for subtypes of cardio-

vascular mortality (ischemic heart disease and stroke mortal-

ity) are presented in Tables S1 and S2. Among social determi-

nants, low educational attainment; marital status of being

single, divorced, separated, or widowed; and living alone

were significantly and independently associated with all-

cause and cardiovascular mortality, with depression addition-

ally associated with all-cause and cancer mortality (Tables 2,

3, and 4). Low educational attainment was additionally asso-

ciated with ischemic heart disease and stroke mortality

(Tables S1 and S2). Among these factors, moderate or severe

depression showed the largest HRs for all-cause (HR = 1.52,

95% CI = 1.24–1.85) and cancer mortality (HR = 1.67, 95%

CI = 1.21–2.30; Tables 2 and 4). Gender-specific analysis

showed that low education was associated with cardiovascu-

lar and ischemic heart disease mortality more strongly in

women than in men (pinteraction< 0.01; Tables 3 and S1).



Table 2. Multivariable-adjusted hazard ratios and 95% confidence intervals for all-cause mortality in overall population and by gender using the Cox regression model

Overall Women Men pinteraction

of women and menCase/n (%) HR (95% CI) Case/n (%) HR (95% CI) Case/n (%) HR (95% CI)

Social determinants

Educational attainment

High school or above 2,195/63,519 (3.5) 1.00 (reference) 762/38,384 (2.0) 1.00 (reference) 1,433/25,135 (5.7) 1.00 (reference) 0.466

Middle school 2,609/59,786 (4.4) 1.13 (1.07–1.20) 1,002/37,742 (2.7) 1.09 (0.99–1.20) 1,608/22,044 (7.3) 1.16 (1.07–1.25)

Primary school or less 4,470/50,699 (8.8) 1.35 (1.27–1.44) 2,577/37,311 (6.9) 1.32 (1.20–1.44) 1,893/13,388 (14.1) 1.37 (1.26–1.48)

Marital status

Married 7,984/160,298 (5.0) 1.00 (reference) 3,424/102,038 (3.4) 1.00 (reference) 4,560/58,260 (7.8) 1.00 (reference) 0.922

Single, divorced,

separated, or widowed

1,290/13,706 (9.4) 1.14 (1.06–1.22) 917/11,399 (8.1) 1.11 (1.02–1.21) 373/2,307 (16.2) 1.18 (1.03–1.34)

Living alone

No 8,524/166,267 (5.1) 1.00 (reference) 3,857/107,628 (3.6) 1.00 (reference) 4,666/58,639 (8.0) 1.00 (reference) 0.975

Yes 750/7,737 (9.7) 1.21 (1.11–1.32) 484/5,809 (8.3) 1.20 (1.08–1.34) 267/1,928 (13.8) 1.20 (1.03–1.40)

Moderate or severe depression

No 9,168/172,458 (5.3) 1.00 (reference) 4,280/112,266 (3.8) 1.00 (reference) 4,888/60,192 (8.1) 1.00 (reference) 0.807

Yes 106/1,546 (6.8) 1.52 (1.24–1.85) 61/1,171 (5.2) 1.50 (1.16–1.95) 45/375 (11.9) 1.55 (1.14–2.11)

Gross domestic product per capita (yuan)*

R36,262 5,556/117,187 (4.7) 1.00 (reference) 2,628/76,795 (3.4) 1.00 (reference) 2,928/40,392 (7.3) 1.00 (reference) 0.800

<36,262 3,718/56,817 (6.5) 1.26 (1.20–1.33) 1,713/36,642 (4.7) 1.28 (1.19–1.38) 2,005/20,175 (9.9) 1.25 (1.16–1.34)

Ambient PM2.5 air pollution (mg/m3)*

<59.11 5,912/124,871 (4.7) 1.00 (reference) 2,793/81,659 (3.4) 1.00 (reference) 3,119/43,212 (7.2) 1.00 (reference) 0.422

R59.11 3,362/49,133 (6.8) 1.16 (1.11–1.22) 1,548/31,778 (4.9) 1.13 (1.05–1.21) 1,814/17,355 (10.5) 1.19 (1.11–1.27)

Lifestyle risk factors

Tobacco use

Never 6,440/139,201 (4.6) 1.00 (reference) 4,196/111,225 (3.8) 1.00 (reference) 2,244/27,976 (8.0) 1.00 (reference) 0.870

Former 768/8,192 (9.4) 1.20 (1.10–1.30) 42/495 (8.5) 1.30 (0.95–1.78) 726/7,697 (9.4) 1.18 (1.08–1.29)

Current 2,066/26,611 (7.8) 1.35 (1.27–1.44) 103/1,717 (6.0) 1.35 (1.10–1.65) 1,963/24,894 (7.9) 1.34 (1.25–1.43)

Alcohol consumption

Never 7,525/150,967 (5.0) 1.00 (reference) 4,235/110,977 (3.8) 1.00 (reference) 3,290/39,990 (8.2) 1.00 (reference) 0.688

Former 393/3,832 (10.3) 1.16 (1.04–1.30) 27/484 (5.5) 1.18 (0.79–1.76) 366/3,348 (10.9) 1.16 (1.03–1.30)

Current: low 259/4,223 (6.1) 0.85 (0.74–0.96) 41/1,026 (4.0) 0.96 (0.70–1.31) 218/3,197 (6.8) 0.83 (0.72–0.96)

Current: moderate 522/7,718 (6.8) 0.87 (0.79–0.96) 19/455 (4.2) 0.93 (0.57–1.49) 503/7,263 (6.9) 0.87 (0.79–0.96)

Current: high 575/7,264 (7.9) 1.06 (0.96–1.17) 19/495 (3.8) 0.83 (0.52–1.33) 556/6,769 (8.2) 1.07 (0.97–1.18)

Diet score

3–4 1,046/26,744 (3.9) 1.00 (reference) 485/17,060 (2.8) 1.00 (reference) 562/9,684 (5.8) 1.00 (reference) 0.185

2 3,341/68,396 (4.9) 1.09 (1.01–1.18) 1,540/44,931 (3.4) 1.00 (0.90–1.11) 1,801/23,465 (7.7) 1.17 (1.06–1.29)

0–1 4,886/78,864 (6.2) 1.17 (1.08–1.26) 2,316/51,446 (4.5) 1.06 (0.95–1.18) 2,570/27,418 (9.4) 1.26 (1.14–1.39)

(Continued on next page)
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Table 2. Continued

Overall Women Men pinteraction

of women and menCase/n (%) HR (95% CI) Case/n (%) HR (95% CI) Case/n (%) HR (95% CI)

Physical activity

High 2,619/47,177 (5.6) 1.00 (reference) 1,182/30,718 (3.9) 1.00 (reference) 1,437/16,459 (8.7) 1.00 (reference) 0.291

Moderate 3,456/67,064 (5.2) 1.00 (0.95–1.05) 1,670/44,346 (3.8) 0.99 (0.92–1.07) 1,786/22,718 (7.9) 1.00 (0.93–1.07)

Low 3,199/59,763 (5.4) 1.08 (1.02–1.14) 1,489/38,373 (3.9) 1.04 (0.96–1.13) 1,710/21,390 (8.0) 1.10 (1.02–1.19)

Sleep duration (hours per night)

6–8 4,753/105,943 (4.5) 1.00 (reference) 2,226/69,424 (3.2) 1.00 (reference) 2,526/36,519 (6.9) 1.00 (reference) 0.691

<6 451/8,945 (5.0) 0.94 (0.85–1.05) 217/5,785 (3.8) 0.92 (0.79–1.08) 234/3,160 (7.4) 0.97 (0.82–1.13)

>8 4,070/59,116 (6.9) 1.18 (1.12–1.24) 1,897/38,228 (5.0) 1.18 (1.10–1.27) 2,173/20,888 (10.4) 1.18 (1.11–1.26)

Metabolic risk factors

Abdominal obesity

No 6,334/126,976 (5.0) 1.00 (reference) 2,543/78,811 (3.2) 1.00 (reference) 3,792/48,165 (7.9) 1.00 (reference) 0.532

Yes 2,940/47,028 (6.3) 1.06 (1.01–1.11) 17,998/34,626 (5.2) 1.04 (0.97–1.10) 1,141/12,402 (9.2) 1.08 (1.01–1.15)

Hypertension

No 3,398/97,980 (3.5) 1.00 (Reference) 1,591/66,968 (2.4) 1.00 (reference) 1,807/31,012 (5.8) 1.00 (reference) 0.064

Yes 5,876/76,024 (7.7) 1.19 (1.14–1.25) 2,750/46,469 (5.9) 1.22 (1.14–1.30) 3,126/29,555 (10.6) 1.17 (1.10–1.24)

Diabetes

No 5,935/133,871 (4.4) 1.00 (reference) 2,774/88,907 (3.1) 1.00 (reference) 3,161/44,964 (7.0) 1.00 (reference) 0.430

Yes 3,339/40,133 (8.3) 1.31 (1.25–1.37) 1,567/24,530 (6.4) 1.26 (1.18–1.35) 1,772/15,603 (11.4) 1.35 (1.27–1.43)

Low-density lipoprotein cholesterol (mmol/L)

<3.4 6,843/127,247 (5.4) 1.00 (reference) 2,977/80,717 (3.7) 1.00 (reference) 3,867/46,530 (8.3) 1.00 (reference) 0.245

3.4 - <4.9 2,233/43,490 (5.1) 0.90 (0.86–0.95) 1,234/30,230 (4.1) 0.92 (0.86–0.99) 999/13,260 (7.5) 0.88 (0.82–0.94)

R4.9 198/3,267 (6.1) 1.04 (0.90–1.20) 130/2,490 (5.2) 1.03 (0.87–1.23) 67/777 (8.7) 1.04 (0.82–1.33)

Urine albumin-creatinine ratio (mg/g)

<30 7,064/155,501 (4.5) 1.00 (reference) 3,127/100,742 (3.1) 1.00 (reference) 3,937/54,759 (7.2) 1.00 (reference) 0.008

30 - <300 1,707/16,320 (10.5) 1.50 (1.42–1.59) 946/11,288 (8.4) 1.59 (1.47–1.72) 761/5,032 (15.1) 1.41 (1.29–1.53)

R300 503/2,183 (23.0) 2.85 (2.57–3.15) 268/1,407 (19.0) 3.07 (2.67–3.53) 235/776 (30.3) 2.63 (2.28–3.04)

Estimated glomerular filtration rate <60 (mL/min per 1.73 m2)

No 8,588/170,897 (5.0) 1.00 (reference) 4,021/111,600 (3.6) 1.00 (reference) 4,567/59,297 (7.7) 1.00 (reference) 0.335

Yes 686/3,107 (22.1) 1.46 (1.35–1.59) 320/1,837 (17.4) 1.47 (1.30–1.66) 366/1,270 (28.8) 1.46 (1.30–1.64)

For the 15 individual-level risk factors (excluding gross domestic product per capita and ambient PM2.5 air pollution), eachmodel was adjusted for age, gender, region (urban or rural), and all other

individual-level risk factors. *For the two community-level risk factors of gross domestic product per capita and ambient PM2.5 air pollution, a separate model was employed with adjustment for

age, gender, region (urban or rural), and the remaining 15 individual-level risk factors.

See also Table S4, Figures S2, and S5.
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Table 3. Multivariable-adjusted hazard ratios and 95% confidence intervals for cardiovascular mortality in overall population and by gender using the competing risk

regression model

Overall Women Men pinteraction of

women and menCase/n (%) HR (95% CI) Case/n (%) HR (95% CI) Case/n (%) HR (95% CI)

Social determinants

Educational attainment 0.002

High school or above 655/63,519 (1.0) 1.00 (reference) 202/38,384 (0.5) 1.00 (reference) 453/25,135 (1.8) 1.00 (reference)

Middle school 802/59,786 (1.3) 1.11 (0.99–1.24) 310/37,742 (0.8) 1.18 (0.98–1.43) 492/22,044 (2.2) 1.09 (0.95–1.25)

Primary school or less 1,873/50,699 (3.7) 1.46 (1.31–1.63) 1141/37,311 (3.1) 1.57 (1.32–1.86) 732/13,388 (5.5) 1.40 (1.22–1.62)

Marital status 0.300

Married 2,785/160,298 (1.7) 1.00 (reference) 1,272/102,038 (1.3) 1.00 (reference) 1,513/58,260 (2.6) 1.00 (reference)

Single, divorced,

separated, or widowed

545/13,706 (4.0) 1.17 (1.04–1.31) 381/11,399 (3.3) 1.07 (0.93–1.23) 164/2,307 (7.1) 1.34 (1.08–1.66)

Living alone 0.517

No 3,024/166,267 (1.8) 1.00 (reference) 1,457/107,628 (1.4) 1.00 (reference) 1,568/58,639 (2.7) 1.00 (reference)

Yes 306/7,737 (4.0) 1.18 (1.02–1.36) 196/5,809 (3.4) 1.14 (0.96–1.35) 109/1,928 (5.7) 1.20 (0.93–1.55)

Moderate or severe depression 0.873

No 3,301/172,458 (1.9) 1.00 (reference) 1,635/112,266 (1.5) 1.00 (reference) 1,666/60,192 (2.8) 1.00 (reference)

Yes 29/1,546 (1.9) 1.22 (0.81–1.83) 18/1,171 (1.6) 1.32 (0.80–2.16) 11/375 (3.0) 1.10 (0.56–2.15)

Gross domestic product per capita (yuan)* 0.003

R36,262 1,693/117,187 (1.4) 1.00 (reference) 813/76,795 (1.1) 1.00 (reference) 880/40,392 (2.2) 1.00 (reference)

<36,262 1,637/56,817 (2.9) 1.46 (1.34–1.59) 840/36,642 (2.3) 1.60 (1.43–1.80) 797/20,175 (4.0) 1.34 (1.19–1.51)

Ambient PM2.5 air pollution (mg/m3)* 0.469

<59.11 1,743/124,871 (1.4) 1.00 (reference) 860/81,659 (1.1) 1.00 (Reference) 883/43,212 (2.0) 1.00 (Reference)

R59.11 1,587/49,133 (3.2) 1.55 (1.43–1.67) 793/31,778 (2.5) 1.45 (1.30–1.62) 794/17,355 (4.6) 1.62 (1.45–1.81)

Lifestyle risk factors

Tobacco use 0.061

Never 2,447/139,201 (1.8) 1.00 (reference) 1,591/111,225 (1.4) 1.00 (reference) 856/27,976 (3.1) 1.00 (reference)

Former 247/8,192 (3.0) 1.05 (0.91–1.22) 17/495 (3.5) 1.26 (0.76–2.11) 230/7,697 (3.0) 1.00 (0.86–1.16)

Current 636/26,611 (2.4) 1.21 (1.08–1.35) 45/1,717 (2.6) 1.54 (1.13–2.08) 591/24,894 (2.4) 1.13 (1.01–1.28)

Alcohol consumption 0.517

Never 2,771/150,967 (1.8) 1.00 (reference) 1,614/110,977 (1.5) 1.00 (reference) 1,156/39,990 (2.9) 1.00 (reference)

Former 146/3,832 (3.8) 1.26 (1.05–1.52) 8/484 (1.7) 0.90 (0.42–1.91) 138/3,348 (4.1) 1.30 (1.08–1.57)

Current: low 81/4,223 (1.9) 0.77 (0.61–0.98) 14/1,026 (1.4) 0.86 (0.50–1.48) 67/3,197 (2.1) 0.76 (0.59–0.99)

Current: moderate 148/7,718 (1.9) 0.72 (0.60–0.87) 5/455 (1.1) 0.61 (0.23–1.59) 143/7,263 (2.0) 0.73 (0.61–0.88)

Current: high 184/7,264 (2.5) 0.98 (0.82–1.16) 11/495 (2.3) 1.21 (0.68–2.18) 173/6,769 (2.6) 0.99 (0.83–1.18)

Diet score 0.315

3–4 321/26,744 (1.2) 1.00 (reference) 154/17,060 (0.9) 1.00 (reference) 167/9,684 (1.7) 1.00 (reference)

2 1,132/68,396 (1.7) 1.16 (1.02–1.32) 566/44,931 (1.3) 1.10 (0.92–1.33) 566/23,465 (2.4) 1.20 (1.00–1.45)

(Continued on next page)
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Table 3. Continued

Overall Women Men pinteraction of

women and menCase/n (%) HR (95% CI) Case/n (%) HR (95% CI) Case/n (%) HR (95% CI)

0–1 1,877/78,864 (2.4) 1.30 (1.14–1.48) 933/51,446 (1.8) 1.18 (0.98–1.41) 944/27,418 (3.4) 1.43 (1.19–1.71)

Physical activity 0.922

High 959/47,177 (2.0) 1.00 (reference) 444/30,718 (1.5) 1.00 (reference) 515/16,459 (3.1) 1.00 (reference)

Moderate 1,193/67,064 (1.8) 0.94 (0.86–1.03) 623/44,346 (1.4) 0.99 (0.87–1.13) 569/22,718 (2.5) 0.89 (0.79–1.02)

Low 1,178/59,763 (2.0) 1.02 (0.93–1.12) 586/38,373 (1.5) 1.00 (0.87–1.15) 593/21,390 (2.8) 1.04 (0.91–1.18)

Sleep duration (hours per night) 0.089

6–8 1,567/105,943 (1.5) 1.00 (reference) 759/69,424 (1.1) 1.00 (reference) 808/36,519 (2.2) 1.00 (reference)

<6 136/8,945 (1.5) 0.85 (0.65–1.11) 66/5,785 (1.1) 0.81 (0.58–1.13) 70/3,160 (2.2) 0.90 (0.64–1.26)

>8 1,627/59,116 (2.8) 1.22 (1.12–1.34) 828/38,228 (2.2) 1.25 (1.10–1.40) 799/20,888 (3.8) 1.20 (1.07–1.35)

Metabolic risk factors

Abdominal obesity 0.041

No 2,243/126,976 (1.8) 1.00 (reference) 970/78,811 (1.2) 1.00 (reference) 1,273/48,165 (2.6) 1.00 (reference)

Yes 1,087/47,028 (2.3) 1.03 (0.96–1.12) 683/34,626 (2.0) 0.95 (0.86–1.06) 404/12,402 (3.3) 1.12 (1.00–1.26)

Hypertension 0.002

No 886/97,980 (0.9) 1.00 (reference) 408/66,968 (0.6) 1.00 (reference) 478/31,012 (1.5) 1.00 (reference)

Yes 2,444/76,024 (3.2) 1.67 (1.54–1.82) 1,245/46,469 (2.7) 1.82 (1.60–2.05) 1,199/29,555 (4.1) 1.53 (1.36–1.72)

Diabetes 0.450

No 2,051/133,871 (1.5) 1.00 (reference) 1,014/88,907 (1.1) 1.00 (reference) 1,037/44,964 (2.3) 1.00 (reference)

Yes 1,279/40,133 (3.2) 1.34 (1.24–1.45) 639/24,530 (2.6) 1.30 (1.17–1.45) 640/15,603 (4.1) 1.38 (1.24–1.53)

Low-density lipoprotein cholesterol (mmol/L) 0.816

<3.4 2,340/127,247 (1.8) 1.00 (reference) 1,076/80,717 (1.3) 1.00 (reference) 1,264/46,530 (2.7) 1.00 (reference)

3.4 - <4.9 890/43,490 (2.1) 1.04 (0.96–1.12) 516/30,230 (1.7) 1.06 (0.96–1.18) 374/13,260 (2.8) 1.00 (0.89–1.13)

R4.9 100/3,267 (3.1) 1.52 (1.24–1.87) 61/2,490 (2.5) 1.33 (1.03–1.72) 39/777 (5.1) 1.96 (1.40–2.76)

Urine albumin-creatinine ratio (mg/g) 0.066

<30 2,322/155,501 (1.5) 1.00 (reference) 1,073/100,742 (1.1) 1.00 (reference) 1,249/54,759 (2.3) 1.00 (reference)

30 - <300 767/16,320 (4.7) 1.68 (1.54–1.84) 447/11,288 (4.0) 1.74 (1.53–1.98) 320/5,032 (6.4) 1.58 (1.38–1.82)

R300 241/2,183 (11.0) 3.15 (2.70–3.68) 133/1,407 (9.5) 3.25 (2.66–3.98) 108/776 (13.9) 2.98 (2.35–3.78)

Estimated glomerular filtration rate <60 (ml/min per 1.73 m2) 0.808

No 3,037/170,897 (1.8) 1.00 (reference) 1,515/111,600 (1.4) 1.00 (reference) 1,522/59,297 (2.6) 1.00 (reference)

Yes 293/3,107 (9.4) 1.34 (1.17–1.54) 138/1,837 (7.5) 1.30 (1.07–1.57) 155/1,270 (12.2) 1.41 (1.16–1.71)

For the 15 individual-level risk factors (excluding gross domestic product per capita and ambient PM2.5 air pollution), eachmodel was adjusted for age, gender, region (urban or rural), and all other

individual-level risk factors. *For the two community-level risk factors of gross domestic product per capita and ambient PM2.5 air pollution, a separate model was employed with adjustment for

age, gender, region (urban or rural), and the remaining 15 individual-level risk factors.

See also Tables S1, S2, and S4 and Figures S3 and S5.
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Table 4. Multivariable-adjusted hazard ratios and 95% confidence intervals for cancer mortality in overall population and by gender using the competing risk regression

model

Overall Women Men pinteraction of

women and menCase/n (%) HR (95% CI) Case/n (%) HR (95% CI) Case/n (%) HR (95% CI)

Social determinants

Educational attainment 0.064

High school or above 934/63,519 (1.5) 1.00 (reference) 346/38,384 (0.9) 1.00 (reference) 588/25,135 (2.3) 1.00 (reference)

Middle school 1,057/59,786 (1.8) 1.10 (1.00–1.20) 413/37,742 (1.1) 1.06 (0.92–1.23) 644/22,044 (2.9) 1.11 (0.99–1.25)

Primary school or less 1,374/50,699 (2.7) 1.19 (1.08–1.31) 711/37,311 (1.9) 1.14 (0.98–1.32) 662/13,388 (5.0) 1.25 (1.10–1.42)

Marital status 0.882

Married 3,039/160,298 (1.9) 1.00 (reference) 1,244/102,038 (1.2) 1.00 (reference) 1,795/58,260 (3.1) 1.00 (reference)

Single, divorced,

separated, or widowed

326/13,706 (2.4) 0.92 (0.80–1.05) 226/11,399 (2.0) 0.93 (0.79–1.10) 100/2,307 (4.3) 0.91 (0.72–1.16)

Living alone 0.691

No 3,159/166,267 (1.9) 1.00 (reference) 1,343/107,628 (1.3) 1.00 (reference) 1,816/58,639 (3.1) 1.00 (reference)

Yes 206/7,737 (2.7) 1.16 (0.98–1.36) 127/5,809 (2.2) 1.20 (0.97–1.48) 79/1,928 (4.1) 1.11 (0.85–1.43)

Moderate or severe depression 0.723

No 3,323/172,458 (1.9) 1.00 (reference) 1,445/112,266 (1.3) 1.00 (reference) 1,878/60,192 (3.1) 1.00 (reference)

Yes 42/1,546 (2.7) 1.67 (1.21–2.30) 25/1,171 (2.1) 1.72 (1.14–2.58) 17/375 (4.5) 1.60 (0.96–2.65)

Gross domestic product per capita (yuan)* 0.005

R36,262 2,032/117,187 (1.7) 1.00 (reference) 937/76,795 (1.2) 1.00 (reference) 1,095/40,392 (2.7) 1.00 (reference)

<36,262 1,333/56,817 (2.4) 1.28 (1.18–1.39) 533/36,642 (1.5) 1.19 (1.05–1.35) 800/20,175 (4.0) 1.35 (1.21–1.50)

Ambient PM2.5 air pollution (mg/m3)* 0.001

<59.11 2,243/124,871 (1.8) 1.00 (reference) 1,032/81,659 (1.3) 1.00 (reference) 1,211/43,212 (2.8) 1.00 (reference)

R59.11 1,122/49,133 (2.3) 1.06 (0.98–1.15) 438/31,778 (1.4) 0.96 (0.85–1.10) 684/17,355 (3.9) 1.14 (1.03–1.27)

Lifestyle risk factors

Tobacco use 0.169

Never 2,167/139,201 (1.6) 1.00 (reference) 1427/111,225 (1.3) 1.00 (reference) 740/27,976 (2.7) 1.00 (reference)

Former 314/8,192 (3.8) 1.43 (1.25–1.64) 14/495 (2.8) 1.46 (0.85–2.50) 300/7,697 (3.9) 1.47 (1.28–1.69)

Current 884/26,611 (3.3) 1.55 (1.41–1.72) 29/1,717 (1.7) 1.18 (0.81–1.73) 855/24,894 (3.4) 1.61 (1.45–1.79)

Alcohol consumption 0.473

Never 2,618/150,967 (1.7) 1.00 (reference) 1,429/110,977 (1.3) 1.00 (reference) 1,188/39,990 (3.0) 1.00 (reference)

Former 137/3,832 (3.6) 1.11 (0.92–1.34) 14/484 (2.8) 1.93 (1.13–3.33) 124/3,348 (3.7) 1.04 (0.86–1.27)

Current: low 108/4,223 (2.6) 0.96 (0.79–1.17) 15/1,026 (1.4) 1.05 (0.62–1.79) 93/3,197 (2.9) 0.94 (0.76–1.17)

Current: moderate 250/7,718 (3.2) 1.08 (0.94–1.24) 8/455 (1.7) 1.21 (0.58–2.54) 242/7,263 (3.3) 1.07 (0.93–1.23)

Current: high 252/7,264 (3.5) 1.20 (1.04–1.39) 4/495 (0.9) 0.63 (0.24–1.69) 248/6,769 (3.7) 1.20 (1.04–1.39)

Diet score 0.258

3–4 449/26,744 (1.7) 1.00 (reference) 204/17,060 (1.2) 1.00 (reference) 245/9,684 (2.5) 1.00 (reference)

2 1,255/68,396 (1.8) 1.01 (0.90–1.13) 536/44,931 (1.2) 0.89 (0.75–1.05) 719/23,465 (3.1) 1.11 (0.96–1.29)

(Continued on next page)
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Table 4. Continued

Overall Women Men pinteraction of

women and menCase/n (%) HR (95% CI) Case/n (%) HR (95% CI) Case/n (%) HR (95% CI)

0–1 1,661/78,864 (2.1) 1.03 (0.92–1.15) 729/51,446 (1.4) 0.93 (0.79–1.10) 931/27,418 (3.4) 1.12 (0.97–1.30)

Physical activity 0.276

High 927/47,177 (2.0) 1.00 (reference) 409/30,718 (1.3) 1.00 (reference) 518/16,459 (3.2) 1.00 (reference)

Moderate 1,306/67,064 (2.0) 1.06 (0.97–1.15) 573/44,346 (1.3) 0.99 (0.86–1.12) 733/22,718 (3.2) 1.12 (1.00–1.26)

Low 1,132/59,763 (1.9) 1.07 (0.98–1.17) 488/38,373 (1.3) 1.02 (0.89–1.17) 644/21,390 (3.0) 1.11 (0.99–1.26)

Sleep duration, hours per night 0.381

6–8 1,839/105,943 (1.7) 1.00 (reference) 823/69,424 (1.2) 1.00 (reference) 1016/36,519 (2.8) 1.00 (reference)

<6 173/8,945 (1.9) 0.96 (0.75–1.23) 82/5,785 (1.4) 0.98 (0.70–1.38) 91/3,160 (2.9) 0.95 (0.72–1.26)

>8 1,353/59,116 (2.3) 1.10 (1.02–1.19) 565/38,228 (1.5) 1.09 (0.96–1.23) 788/20,888 (3.8) 1.12 (1.01–1.24)

Metabolic risk factors

Abdominal obesity 0.744

No 2,361/126,976 (1.9) 1.00 (reference) 890/78,811 (1.1) 1.00 (reference) 1,471/48,165 (3.1) 1.00 (reference)

Yes 1,004/47,028 (2.1) 1.09 (1.01–1.18) 580/34,626 (1.7) 1.12 (1.01–1.25) 424/12,402 (3.4) 1.08 (0.97–1.21)

Hypertension 0.761

No 1,438/97,980 (1.5) 1.00 (reference) 664/66,968 (1.0) 1.00 (reference) 774/31,012 (2.5) 1.00 (reference)

Yes 1,927/76,024 (2.5) 1.12 (1.04–1.21) 806/46,469 (1.7) 1.13 (1.01–1.26) 1,121/29,555 (3.8) 1.13 (1.03–1.25)

Diabetes 0.357

No 2,336/133,871 (1.7) 1.00 (reference) 1,037/88,907 (1.2) 1.00 (reference) 1,299/44,964 (2.9) 1.00 (reference)

Yes 1,029/40,133 (2.6) 1.14 (1.05–1.23) 433/24,530 (1.8) 1.08 (0.96–1.22) 596/15,603 (3.8) 1.19 (1.07–1.31)

Low-density lipoprotein cholesterol (mmol/L) 0.551

<3.4 2,529/127,247 (2.0) 1.00 (reference) 1,031/80,717 (1.3) 1.00 (reference) 1,498/46,530 (3.2) 1.00 (reference)

3.4 - <4.9 780/43,490 (1.8) 0.89 (0.82–0.96) 402/30,230 (1.3) 0.90 (0.80–1.01) 378/13,260 (2.9) 0.88 (0.79–0.99)

R4.9 56/3,267 (1.7) 0.86 (0.66–1.13) 37/2,490 (1.5) 0.91 (0.66–1.27) 19/777 (2.5) 0.78 (0.50–1.23)

Urine albumin-creatinine ratio (mg/g) 0.125

<30 2,878/155,501 (1.9) 1.00 (reference) 1,218/100,742 (1.2) 1.00 (reference) 1,660/54,759 (3.0) 1.00 (reference)

30 - <300 424/16,320 (2.6) 1.03 (0.92–1.15) 218/11,288 (1.9) 1.12 (0.95–1.31) 207/5,032 (4.1) 0.96 (0.82–1.12)

R300 63/2,183 (2.9) 0.98 (0.75–1.30) 34/1,407 (2.4) 1.21 (0.84–1.75) 28/776 (3.6) 0.81 (0.54–1.21)

Estimated glomerular filtration rate <60 (ml/min per 1.73 m2) 0.186

No 3,245/170,897 (1.9) 1.00 (reference) 1,415/111,600 (1.3) 1.00 (reference) 1,831/59,297 (3.1) 1.00 (reference)

Yes 120/3,107 (3.9) 0.93 (0.77–1.13) 55/1,837 (3.0) 1.08 (0.81–1.44) 64/1,270 (5.1) 0.84 (0.65–1.09)

For the 15 individual-level risk factors (excluding gross domestic product per capita and ambient PM2.5 air pollution), eachmodel was adjusted for age, gender, region (urban or rural), and all other

individual-level risk factors. *For the two community-level risk factors of gross domestic product per capita and ambient PM2.5 air pollution, a separate model was employed with adjustment for

age, gender, region (urban or rural), and the remaining 15 individual-level risk factors.

See also Table S4 and Figures S4 and S5.
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For lifestyle risk factors, tobacco use, former alcohol con-

sumption, unhealthy diet, low physical activity, and long sleep

duration were significantly and independently associated with

an increased risk of all-cause mortality (Table 2). For cardiovas-

cular outcomes, tobacco use, former alcohol consumption, un-

healthy diet, and long sleep duration were associated with car-

diovascular and ischemic heart disease mortality, whereas

unhealthy diet and long sleep duration were associated with

stroke mortality. Tobacco use, current high alcohol consump-

tion, and long sleep duration were associated with cancer mor-

tality. Gender-specific analysis showed that current tobacco

use had a stronger association with stroke mortality in women

than in men (pinteraction = 0.037; Table S2).

For metabolic risk factors, abdominal obesity, hypertension,

diabetes, microalbuminuria or macroalbuminuria, and a low esti-

mated glomerular filtration rate were significantly and indepen-

dently associated with an increased risk of all-cause mortality

(Table 2). Hypertension, diabetes, microalbuminuria or macroal-

buminuria, and a low estimated glomerular filtration rate were

associated with an increased risk of cardiovascular, ischemic

heart disease, and stroke mortality. Abdominal obesity, hyper-

tension, and diabetes were associated with an increased risk

of cancer mortality (Table 4).

It is important to highlight that our study revealed distinct im-

pacts of LDL-C levels on cardiovascular and cancer mortality.

We did not observe a significant association between LDL-C

and all-cause mortality (Table 2). However, high LDL-C levels

were strongly associated with cardiovascular mortality, espe-

cially with ischemic heart disease mortality (Tables 3 and S1).

Furthermore, the cubic spline analysis demonstrated a consis-

tent link between LDL-C levels above 3.4 mmol/L and an

increased risk of cardiovascular mortality. Conversely, LDL-C

levels below 3.4 mmol/L were associated with an elevated risk

of cancer mortality (Figure S5), indicating a potential trade-off

between cardiovascular health benefits and an increased risk

of cancer mortality for low LDL-C levels.

Gender-specific analysis showed that albuminuria had a

stronger association with all-cause mortality in women than in

men (pinteraction = 0.008; Table 2), and hypertension had a stron-

ger association with cardiovascular and ischemic heart disease

mortality in women than in men (pinteraction<0.01; Tables 3

and S1).

PAFs of all-cause, cardiovascular, ischemic heart disease,

stroke, and cancer mortality associated with individual risk fac-

tors or combinations of risk factors are shown in Figures 1, 2,

and 3. In the overall population, 64.8% of all-cause mortality

was attributable to the 15 individual-level risk factors. Social de-

terminants, lifestyle, andmetabolic factors accounted for 17.9%,

20.8%, and 26.1% for all-cause mortality, respectively, with low

educational attainment (14.0%) being the top leading contrib-

utor, followed by hypertension (10.0%), unhealthy diet (9.9%),

albuminuria (6.5%), and long sleep duration (6.0%) (Figure 1).

The 15 individual-level risk factors explained more PAFs for car-

diovascular mortality than cancer mortality. Approximately

77.4% of cardiovascular mortality could be explained by the

15 risk factors (79.2% and 83.4% for ischemic heart disease

and stroke mortality, respectively), whereas 44.8% of cancer

mortality could be explained. Metabolic risk factors (37.3%)
were the most predominant contributors to cardiovascular mor-

tality compared to social determinants (18.5%) and lifestyle fac-

tors (21.6%). Hypertension (20.2%), low educational attainment

(14.4%), unhealthy diet (12.7%), albuminuria (8.2%), and long

sleep duration (7.4%) were the top five leading factors for cardio-

vascular mortality (Figure 2). For ischemic heart disease mortal-

ity, unhealthy diet, hypertension, low educational attainment,

albuminuria, and long sleep duration were the top five leading

factors (Figure 2), whereas hypertension, low educational attain-

ment, unhealthy diet, long sleep duration, and diabetes were the

top five factors for stroke mortality (Figure 2). For cancer mortal-

ity, lifestyle factors had the highest contribution (18.2%), fol-

lowed by metabolic factors (14.1%) and social determinants

(12.5%). Low educational attainment (10.7%), tobacco use

(9.1%), hypertension (7.7%), long sleep duration (4.4%), and un-

healthy diet (3.6%) were the top five leading risk factors for can-

cer mortality (Figure 3).

Analysis in men and women separately demonstrated that so-

cial determinants (e.g., low education) contributed larger PAFs to

all-cause mortality in women (21.4%) than in men (14.9%) and

lifestyle risk factors (e.g., unhealthy diet and tobacco use)

contributed larger PAFs to all-cause mortality in men (27.6%)

than in women (12.6%), whereas metabolic factors were leading

contributors in both men (22.8%) and women (29.9%). For indi-

vidual risk factors, low education attainment was one of the lead-

ing contributors to all-cause mortality in both women and men

(15.6% in women vs. 12.6% in men) (Figure 1). For cardiovascu-

lar mortality, hypertensionwas the largest contributing risk factor

in both women andmen (22.7% in women vs. 17.1% inmen), fol-

lowed by low educational attainment (19.4%) in women and

unhealthy diet (16.5%) in men (Figure 2). For cancer mortality

in men, tobacco use was the largest contributing risk factor

(15.8%), followed by low educational attainment (10.2%) and un-

healthy diet (8.6%). In women, low education was the largest

contributing risk factor to cancer mortality (10.9%), followed by

hypertension (8.7%) and abdominal obesity (4.7%) (Figure 3).

The associations of gross domestic product per capita and

ambient particulate matter with a diameter of <2.5 mm (PM2.5)

air pollution with all-cause, cardiovascular, ischemic heart dis-

ease, stroke, and cancer mortality were estimated (Tables 2, 3,

4, S1, and S2). Low gross domestic product per capita was

associated with increased risks of all-cause mortality (HR =

1.26, 95% CI = 1.20–1.33), cardiovascular mortality (1.46,

1.34–1.59), ischemic heart disease mortality (1.27, 1.10–1.46),

stroke mortality (1.29, 1.14–1.46), and cancer mortality (1.28,

1.18–1.39). We estimated that low gross domestic product per

capita accounted for 7.8% of the PAF for all-cause mortality,

13.3% for cardiovascular mortality, 8.9% for ischemic heart dis-

ease mortality, 9.2% for stroke mortality, and 8.7% for cancer

mortality. The PAF of low gross domestic product per capita

for cardiovascular mortality was higher in women (16.2%) than

in men (10.2%), whereas the PAF for cancer mortality was higher

in men (10.7%) than in women (6.4%) (Table S3). Ambient PM2.5

air pollution was associated with increased risk of all-cause mor-

tality (HR = 1.16, 95% CI = 1.11–1.22), cardiovascular mortality

(1.55, 1.43–1.67), ischemic heart disease mortality (2.37, 2.09–

2.70), and stroke mortality (1.34, 1.19–1.52). Approximately

4.3%of the PAF for all-causemortality, 13.4% for cardiovascular
Cell Reports Medicine 5, 101656, August 20, 2024 11
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Figure 1. Population-attributable fractions (PAFs) for all-cause mortality

(A) PAFs associated with clusters of risk factors in the overall population, women, and men.

(B–D) PAFs associated with individual risk factors in the overall population, women, and men.

Models were adjusted for age, gender, and region, and individual risk factors were mutually adjusted.We showed the top tenmost contributed risk factors based

on population-attributable fractions of eachmortality outcome. Gross domestic product per capita and ambient PM2.5 air pollution were not included in this figure

since they were community-level risk factors and analyzed using separate model. The negative population-attributable fractions were truncated at a lower limit of

0 when calculating the cluster estimates. See also Table S3.
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mortality, 28.3% for ischemic heart disease mortality, 9.7% for

stroke mortality, and 2.2% for cancer mortality were attributable

to ambient PM2.5 air pollution (Table S3). It is worth mentioning

that the statistical approach used to calculate the PAF for

ambient air pollution and low gross domestic product per capita

(as a community-level risk factor) was different from the

approach used to calculate the effect of all other risk factors

(which were based on individual-level data). Therefore, these

two types of PAFs are not strictly comparable.

DISCUSSION

In this study, we described the establishment of the 4C study,

which is a large-scale population-based prospective cohort

study with comprehensive measurements of social determinants,

lifestyle, and metabolic factors during 10.1 years of follow-up.

Recently, the concept of pan-risk factors for cardiovascular health

andmortality has been raised by usbut not been fully examined.25

Utilizing the enricheddata in the 4C study, we estimated the asso-
12 Cell Reports Medicine 5, 101656, August 20, 2024
ciationsbetweenacomprehensive listof risk factorsandmortality,

which brings several novel insights for disease- and gender-spe-

cific risk factors for mortality. First, we showed that 72.2% of

deaths in China were due to cardiovascular disease or cancer,

and the identified risk factors explained 64.8% of the PAFs for

all-cause mortality, 77.4% for cardiovascular mortality, and

44.8% for cancer mortality. Regarding disease-specific mortality,

metabolic factors such as hypertension and albuminuria were

leading contributors to all-cause and cardiovascular mortality,

whereas lifestyle factors such as unhealthy diet and tobacco use

were leading contributors to cancermortality. Considering gender

differences, while hypertension contributed a substantial propor-

tion to mortality in both men and women, social determinants

(e.g., low education) were leading risk factors for mortality in

women, and lifestyle factors (e.g., unhealthy diet) were leading

risk factors for mortality in men. Collectively, our study provides

timely evidence to support the development of targeted health

policies to control metabolic risk factors for the total population,

control lifestyle risk factors for men, and increase social status
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Figure 2. Population-attributable fractions (PAFs) for cardiovascular mortality

(A–D) PAFs for cardiovascular mortality associated with clusters or individual risk factors in the overall population, women, and men.

(E–H) PAFs for ischemic heart disease mortality associated with clusters or individual risk factors in the overall population, women, and men.

(I–L) PAFs for stroke mortality associated with clusters or individual risk factors in the overall population, women, and men.

Models were adjusted for age, gender, and region, and individual risk factors were mutually adjusted. We showed the top tenmost contributed risk factors based

on population-attributable fractions of eachmortality outcome. Gross domestic product per capita and ambient PM2.5 air pollution were not included in this figure

since they were community-level risk factors and analyzed using separate models. The negative population-attributable fractions were truncated at a lower limit

of 0 when calculating the cluster estimates. See also Table S3.
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for women. These policies may reduce the mortality rate in coun-

tries facing fast economic growth such as China.

Social determinants were known to affect a wide range of

health outcomes.26,27 Several previous studies have examined

the effect of a limited number of social determinants on mortal-

ity.5,28 In a meta-analysis of 48 prospective cohort studies with

>1.75 million participants, low socioeconomic status (indexed

by occupational position) was associated with a higher risk of

all-cause mortality compared to high socioeconomic status

(HR = 1.42, 95% CI = 1.38–1.45 for men; 1.34, 1.28–1.39 for

women). In another study, adults with low socioeconomic status

had higher risks of all-cause mortality compared with those with

high socioeconomic status, in both National Health and Nutrition

Examination Survey (HR = 2.13, 95%CI = 1.90–2.38) and the UK
Biobank (1.96, 1.87–2.06) after adjusting for lifestyle risk factors.5

In our study, a set of social determinants also showed strong as-

sociations with all-cause and disease-specific mortalities. For

factors with individual-level data, education, living arrangement,

and depression were significantly associated with mortality, with

education being themost important factor. For factors with com-

munity-level data, gross domestic product per capita and PM2.5

air pollution were significantly associated with mortality. As indi-

cated by our data, increasing the entire population’s education

level to middle school or above would reduce all-cause mortality

by 14.0%, cardiovascular mortality by 14.4%, and cancer mor-

tality by 10.7%, which highlighted the importance of improving

the educational level in China. Although the educational attain-

ment of the Chinese population is continuously improving during
Cell Reports Medicine 5, 101656, August 20, 2024 13
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Figure 3. Population-attributable fractions (PAFs) for cancer mortality

(A) PAFs associated with clusters of risk factors in the overall population, women, and men.

(B–D) PAFs associated with individual risk factors in the overall population, women, and men.

Models were adjusted for age, gender, and region, and individual risk factors were mutually adjusted.We showed the top tenmost contributed risk factors based

on population-attributable fractions of eachmortality outcome. Gross domestic product per capita and ambient PM2.5 air pollution were not included in this figure

since they were community-level risk factors and analyzed using separate model. The negative population-attributable fractions were truncated at a lower limit of

0 when calculating the cluster estimates. See also Table S3.
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the past decades, low educational attainment remains a

currently important issue in Chinese society. Apart from educa-

tion, depression and living alone also exhibited associations

with all-cause mortality, albeit with weaker contributions

compared to education. Notably, the HR estimates for depres-

sion were stronger than those for education in relation to all-

cause and cancer mortality. These findings imply that these so-

cial factors also pose significant threats to life and should receive

increased attentions in future policy-making endeavors.

The associations of lifestyle and metabolic risk factors with

mortality have been discussed before. Previous studies sug-

gested that lifestyle factors interacted with social status, which

increased mortality rate.5 Other studies suggested that un-

healthy diet habits such as increased red meat and processed

meat consumption were associated with increasing mortality

rates,29 but not for dairy intake.30 The Prospective Urban Rural

Epidemiology study suggested that metabolic factors were the

predominant risk factors for all-cause and cardiovascular mor-

tality, with hypertension and lipid markers as key factors.16,31

But most of these studies were conducted in participants with
14 Cell Reports Medicine 5, 101656, August 20, 2024
European ancestry. Our study moves one key step forward by

identifying lifestyle and metabolic risk factors for all-cause, car-

diovascular, and cancer mortality in men and women in China.

Among lifestyle risk factors, tobacco use was one of the lead-

ing contributors to cancer mortality, while unhealthy diet was the

third leading factor for all-cause and cardiovascular mortality.

Our study further showed that high alcohol consumption

(compared with never drinkers) was not significantly associated

with risks of all-cause and cardiovascular mortality but was

significantly associated with a higher risk of cancer mortality.

These results are consistent with the findings reported in many

other studies, which showed that the results could be biased

by sick quitter/healthy survivor bias.32,33 Furthermore, we found

a significant association of binge drinking with a higher risk of all-

causemortality (HR = 1.21, 95%CI = 1.06–1.39) and cancermor-

tality (HR = 1.40, 95% CI = 1.15–1.71; Table S4).

Our findings corroborate the notion that air pollution is an

increasingly important public health issue in China.34–36 It was

estimated that 1.24 million (95% CI: 1.08–1.40 million) deaths

in China were attributable to air pollution in 2017, including
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0.85 million (0.71–0.99 million) from ambient PM2.5 pollution.34

To promote national-wide air pollution control, the National Air

Pollution Prevention and Control Action Plan has set up a

wide range of control and prevention strategies and measures

since 2013.37 In our study, the annual average PM2.5 exposure

(47.5 mg/m3) was much higher than the annual average PM2.5

concentration threshold (5 mg/m3) recommended by the World

Health Organization Air Quality Guidelines 2021.38 Of note, due

to the absence of a real control group, this study is likely to un-

derestimate the effect of ambient PM2.5 pollution on mortality.

Among metabolic risk factors, hypertension was the leading

factor for cardiovascular mortality and the second leading factor

for all-cause mortality. Albuminuria was associated with a 1.5- to

3-fold higher risk of all-cause and cardiovascular mortality,

which needs more attention when designing future health pol-

icies. For LDL-C, our study revealed that elevated levels of

LDL-C were linked to an increased risk of cardiovascular mortal-

ity, whereas lower levels of LDL-C were associated with an

elevated risk of cancer mortality. This noteworthy trade-off be-

tween cardiovascular health and increased cancer risk provides

valuable insights into the potential implications for clinical man-

agement and risk assessment in the context of cardiovascular

disease and cancer.

Thus far, the most comprehensive estimates of the associa-

tions between risk factors and health outcomes among Chinese

adults are from the Global Burden of Disease Study by pooling

data from diverse sources usingmodeling strategies.1,13,14While

the subgroup analysis of Prospective Urban Rural Epidemiology

study in Chinese adults focused on all-cause and cardiovascular

mortality,15 our study represents a significant advancement

beyond existing studies. Specifically, we conducted a rigorous

comparative analysis of the contributions of modifiable factors

to cardiovascular and cancer mortality using centralized data

and standardized statistical models. Furthermore, we delved

deeper into risk factors associated with different subtypes of

cardiovascular disease. Our finding revealed distinct leading

risk factors for cardiovascular and cancer mortality (hyperten-

sion vs. low education, respectively), as well as different leading

risk factors for specific cardiovascular disease subtypes (un-

healthy diet for ischemic heart disease and hypertension for

stroke mortality). These findings together with insights gained

from LDL-C analysis highlighted the importance of setting up tar-

geted prevention strategies and optimal thresholds for control-

ling modifiable risk factors based on individuals’ disease status.

For gender difference, the sub-study of Prospective UrbanRu-

ral Epidemiology in 47,262 Chinese previously suggested that

mortality rate was higher in men compared with women, but

leading risk factors (e.g., lifestyle, hypertension and education)

for men and women were similar.15,30,31 Our results confirmed

the findings that metabolic factors (e.g., hypertension) were

leading factors for all-cause and cardiovascular mortality in

both men and women. Our study also provided robust evidence

to support that social determinants and lifestyle factors contrib-

uted differently to mortality in men and in women. Social deter-

minants contributed 6.5% and 9.8% higher PAFs to all-cause

and cardiovascular mortality in women than inmen, respectively,

whereas lifestyle factors contributed 15.0%, 9.0%, and 25.7%

higher PAFs to all-cause, cardiovascular, and cancer mortality
in men than in women, respectively. For instance, low education

was the top leading risk factor for ischemic heart disease mortal-

ity in women (27.7%) but only the sixth-ranked factor in men

(4.9%). This aligns with previous studies that showed that mor-

tality was mainly associated with women’s social status.39,40

Our finding provides evidence to support the prioritization of pol-

icies aimed at elevating the social status of women in China,

which is expected to yield significant social and health benefits

in the near future. Another well-known example was the influ-

ence of tobacco use on cancer mortality in men rather than in

women,41,42 which partly explained why lifestyle factors, such

as smoking, were leading causes of mortality only in men.43,44

We also demonstrated that unhealthy diet was the top-ranking

risk factor for all-cause, ischemic heart disease, and cancermor-

tality in men, but showed much lower contributions in women.

This finding aligns with evidence from existing literatures.45

The strengths and uniqueness of our study stem from several

key aspects. First, we completed follow-up for a large sample of

174,004 Chinese adults aged R40 years from 20 study sites

across mainland China. Second, we conducted a 10.1-year

follow-up, allowing us to assess the long-term impact of risk

factors onmortality outcomes. Third, we employed standardized

methods to measure risk factors and outcomes, ensuring data

consistency. Last, our study simultaneously analyzed all-

cause mortality, cardiovascular mortality, and cancer mortality,

providing comprehensive insights into different causes of death.

It also unveiled novel observations regarding the relationships

between established risk factors and mortality, specifically

emphasizing the heterogeneous effects of LDL-C on both cancer

mortality and cardiovascular mortality. These findings offer valu-

able contributions to the existing knowledge in this field.

Conclusions
In conclusion, our study indicates that cardiovascular disease

and cancer accounted for over 70% of all causes of death in

China. The majority of all-cause and cause-specific mortalities

can be attributed to the 17 modifiable risk factors examined in

the current study. The leading modifiable risk factors were

largely different between mortalities caused by cardiovascular

disease or cancer, between different cardiovascular disease

subtypes, and between women and men. This study provides

timely evidence to reduce the burden of metabolic disease to

control cardiovascular disease mortality, set up different control

targets for LDL-C to prevent cardiovascular and cancer death,

and address unhealthy diet for ischemic heart disease and hy-

pertension for stroke. It is crucial to promote healthy lifestyle

for cancer mortality, address tobacco use and unhealthy diet

among men, and enhance educational opportunities for women.

Limitations of the study
There are some limitations in this study. First, data on several

important social determinants, including neighborhood and

physical environment, safe housing, food security, social sup-

port, stress, community engagement, healthcare coverage,

and access and quality of care were not collected. In addition,

data on indoor air pollution and individual economic status

were not collected. Second, the 4C study was not designed to

reflect a nationally representative sample by stratified multistage
Cell Reports Medicine 5, 101656, August 20, 2024 15
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sampling strategy. Consequently, the presence of selection

bias cannot be ruled out, and therefore the results might not

be applicable to the whole Chinese population. Nevertheless,

this nationwide prospective cohort study covered various

geographic regions with substantial heterogeneity in social

and economic circumstances, which enabled the capacity of

evaluating the contributions ofmodifiable risk factors tomortality

in the general adult population of China. Third, the interplay be-

tween age and various risk factors is substantial; thus, age-spe-

cific analyses are warranted in future studies to offer additional

insights for targeted health interventions. Fourth, although the

PAF calculation method in the present study offers advantages

over traditional formulaic calculations by mitigating redundant

contributions from multiple factors, it does not account for time

variables. Fifth, premature cardiovascular and cancer deaths

impose significant burdens on the majority of middle-income

countries. However, our cohort primarily comprised middle to

elderly participants, thereby restricting our capacity to examine

premature deaths. Future studies should be conducted to

explore this aspect further. Finally, since this study is observa-

tional in nature, it inherently limits the ability to infer causation

from the association observed.
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Data and code availability
d Data generated and/or analyzed in this study, excluding identifying personal information, are available from the lead contact,

Weiqing Wang (wqingw61@shsmu.edu.cn) with reasonable request to protect research participant privacy.

d This paper does not report the original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and population
The 4C Study is a multicenter, population-based, prospective cohort study that was designed to investigate the risk factors of car-

diovascular, cancer, and all-cause mortality in the Chinese population. In brief, a total of 20 communities from various geographic

regions were selected to represent the general population in mainland China. The selection of communities considered the coverage

of different geographic regions with various economic development status, as well as the feasibility of centralized sample collection

and successfully achieving long-term follow-up. Based on the national criteria for coordinated regional development according to

their socioeconomic development status at the time of recruitment, these 16 provinces were categorized into Eastern (Beijing, Zhe-

jiang, Guangzhou, Fujian, Shanghai, Liaoning, Shandong), Central (Heilongjiang, Jilin, Henan, Hubei, Jiangxi), and Western regions

(Guizhou, Sichuan, Gansu, Guangxi). Within each community, potential study participants were identified from the local residence

registration records and must be 40 years or older. There was no restriction on gender or ethnicity. Each eligible subject was ap-

proached by trained local community workers using a door-to-door invitation method. Overall, 204,467 agreed to participate and

signed informed consent, and were scheduled for a personal interview and a clinic visit within a week after the invitation. After

excluding 10,621 (5.2%) individuals who did not meet age eligibility criteria or withdrew their consents, 193,846 (94.8%) participants

underwent a detailed baseline examination and were enrolled in the 4C study between January 2011 and December 2012.

The study was approved by the Medical Ethics Committee of Ruijin Hospital, Shanghai Jiao-Tong University School of Medicine.

All study participants provided written informed consent prior to study participation.

Baseline data collection
We used standardized methods to collect information on risk factors at baseline. The personal interview was conducted by trained

study personnel using a structured questionnaire. All participants underwent an oral glucose tolerance test, and plasma glucose was

obtained at zero and 2 h during the test. Blood specimens and first morning spot urine samples were collected and aliquoted into

0.5-mL Eppendorf tubes within 2 h of collection and shipped in dry ice to the central laboratory of the study located at Shanghai Insti-

tute of Endocrine and Metabolic Diseases, which is accredited by the College of American Pathologists. All biochemical tests were

performed at the central clinical laboratory using validated and standardized protocols and procedures.
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We collected and evaluated 15 baseline individual-level and two community-level modifiable risk factors in this study. The 17 risk

factors were categorized into six social determinants (community level data of low gross domestic product per capita and high

ambient PM2.5 air pollution, and individual level data of low educational attainment, marital status of being single, divorced, sepa-

rated, or widowed, living alone and moderate or severe depression), five lifestyle risk factors (current or former tobacco use, former,

or high current alcohol consumption, unhealthy diet, low physical activity and long sleep duration), and six metabolic risk factors

(abdominal obesity, hypertension, diabetes, high low-density lipoprotein cholesterol (LDL-C), albuminuria and low estimated glomer-

ular filtration rate). Depression, recognized as a multifaceted construct that mirrors social factors, has been classified as a social

determinant in many studies,15,16 including the current study. A detailed summary of each risk factor, its measurement method,

and its categorization used to calculate the PAF was available in Table S5. Spearman correlation coefficients and multicollinearity

diagnosis indicated no high correlation or multicollinearity among these variables (Tables S6 and S7).

For social determinants, self-reported educational attainment was classified into three groups as primary education or less, middle

school, and high school or above. Low educational attainment was defined as middle school or less education. Depression severity

was assessed using the Patient Health Questionnaire-9, in which a score of R10 represents moderate or severe depression.46 For

lifestyle factors, physical activity was assessed using the International Physical Activity Questionnaire-Short Form.47 A semi-quan-

titative Chinese Food Frequency Questionnaire recommended by the National Institute for Nutrition and Health of Chinese Center for

Disease Control and Prevention was used to collect habitual dietary intake by asking about the consumption frequency and portion

size of typical food items during the previous 12months48 A diet score was calculated according to the recommendation of the Amer-

ican Heart Association andwas reported to associate with health outcomes in Chinese.21,49 Formetabolic factors, abdominal obesity

was defined as waist-to-hip ratio R0.95 for men and waist-to-hip ratio R0.90 for women.50 Hypertension was defined as systolic

blood pressure R140 mmHg or diastolic blood pressure R90 mmHg using the mean value of three readings or treatment with anti-

hypertensive medications. Diabetes was defined as fasting glucoseR7.0 mmol/L (126mg/dL) or 2-h postload glucoseR11.1mmol/

L (200 mg/dL) or hemoglobin A1c R48 mmol/mol (6.5%) or self-reported history of diabetes.51 LDL-C was divided into three sub-

groups: <3.4 mmol/L (<130 mg/dL),R3.4 and <4.9 mmol/L (130–190 mg/dL), andR4.9 mmol/L (R190 mg/dL).52,53 Non-high-den-

sity lipoprotein cholesterol was also used as an alternative risk factor to LDL-C. Albuminuria was defined as microalbuminuria (urine

albumin-creatinine ratio: 30-299 mg/g) or macroalbuminuria (urine albumin-creatinine ratio R300 mg/g).54 Estimated glomerular

filtration rate was calculated using the Chronic Kidney Disease-Epidemiology Collaboration equation, with low estimated glomerular

filtration rate defined as <60 mL/min per 1.73m2.55

For community-level risk factors, gross domestic product per capita of the city was obtained from government administrative data,

and low gross domestic product per capita was defined as gross domestic product per capita of the city lower than the average gross

domestic product per capita across China in 2011. Data on the annual average residential PM2.5 exposure in 2011 for each city were

collected from the Global Annual PM2.5 Grids,56 and participants were categorized into two groups using the upper quartile of PM2.5

levels (59.11 mg/m3) in our study as a cut-off threshold.

METHOD DETAILS

Follow-up and outcome assessment
The follow-up was conducted till November 30, 2021with amedian follow-up duration of 10.1 years. Death was ascertained by death

certificates from the local death registries of the National Disease Surveillance Point System, based on the International Classification

of Diseases, 10th Revision (ICD-10) codes. ICD-10 Codes used in the 4C study for causes of death were provided in Table S8. Ad-

judications for cardiovascular deaths and cancer deaths were performed by the investigators from the adjudication committee of the

4C study, which was composed of cardiologists, neurologists, oncologists, and physicians of internal medicine. Each death was

independently adjudicated by two members of the committee and discrepancies were discussed within the committee to make a

final decision. During the adjudication, medical records including pathology reports were obtained and reviewed by the adjudicators.

All members of the committee were unaware of the baseline risk factors of study participants.

QUANTIFICATION AND STATISTICAL ANALYSIS

Baseline characteristics of participants were summarized as mean ± SD, or number of participants and percentage, or median with

interquartile range, depending on the normality distribution of continuous variables or numbers with proportions for categorical

variables.

Missing data imputation
Multiple imputation by chained Equation 10 replications was conducted for all individual-level risk factors.57 Details of the imputation

process for risk factors, distributions of predictors before and after multiple imputations are provided in Table S9, Figures S6 and S7.

All primary analyses were performed using multiple-imputed data and SAS software (version 9.4, SAS Institute). The estimates from

each of the ten imputed datasets were combined into one overall estimate with the use of Rubin’s rule.58 Given the higher incidence

rate of stroke in China compared to other countries,10–12 we separated cardiovascular mortality into two subgroups, ischemic heart

disease mortality and stroke mortality, and conducted statistical analyses separately.
e2 Cell Reports Medicine 5, 101656, August 20, 2024
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Cox proportional hazards models
Cox proportional hazards models were used to calculate HRs and 95% CIs of individual risk factors associated with all-cause mor-

tality, while competing risk regression models were employed for cause-specific mortality, including cardiovascular, ischemic heart

disease, stroke and cancer mortality. The analyses were conducted by using SAS software (version 9.4, SAS Institute). The propor-

tional hazards assumptionwas not violated according to the tests of the interaction terms of variables and follow-up duration. A single

multivariable model was utilized to account for the mutually adjusted effects of the 15 individual-level risk factors, in addition to age,

gender, and area of residence (urban or rural). Since the information on gross domestic product per capita and ambient air pollution

was at community level, HRs were calculated in separate models after adjusting for age, gender, area of residence (urban or rural),

and 15 individual-level risk factors. We also estimated the HR of each risk factor with mortality in men and women separately. Mul-

tiplicative interactions of gender with risk factors were examined by including the product term (e.g., gender 3 risk factor) in the

models to assess whether the associations of risk factors with outcomes vary across different gender groups. Multiple testing

was not performed as the risk factors were mutually adjusted in the regression model. In these time-to-event analyses, participants

were censored at either the date of death or the date of last follow-up till November, 2021, whichever occurred first.

Average PAF calculation
Average PAFs of all-cause, cardiovascular, ischemic heart disease, stroke and cancer mortality related to individual and clusters of

social determinants, lifestyle, and metabolic risk factors were calculated using the approach described by Eide and Gefeller.59,60

PAFs quantify the proportional reduction in disease incidence that would be achieved if the risk factor is theoretically removed

from the population. PAFs were calculated with adjustment for age, gender, area of residence (urban or rural), and 15 individual-level

risk factors simultaneously, which enables to avoid the overlapping contributions of multiple factors to the same outcome. Since the

information on gross domestic product per capita and ambient air pollution was at the community level, the PAFs for these two fac-

tors were calculated separately, using the fully adjusted HRs and the exposure distributions based on the aforementioned formula:

PAF = p(HR-1)/(1 + p(HR-1)), where p is the population prevalence of the risk factor. Average PAFwas calculated by using the R pack-

age ’averisk’ (version 1.0.3) on R version 4.2.3 (R Foundation for Statistical Computing, Vienna, Austria).
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Supplementary Figures  
 
 

 
 
Figure S1. Participant flow diagram of the China Cardiometabolic Disease and Cancer 
Cohort (4C) Study, related to Table 1. 
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Figure S2. Cumulative incidence of all-cause mortality with each risk factor using Kaplan-Meier analysis, related to Table 2. 
A, educational attainment; B, marital status; C, living status; D, depression status; E, gross domestic product per capita; F, ambient PM2.5 air pollution; 
G, tobacco use; H, alcohol consumption; I, diet score; J, physical activity; K, sleep duration; L, abdominal obesity; M, hypertension; N, diabetes; O, 
low-density lipoprotein cholesterol; P, urine albumin-creatinine ratio; Q, estimated glomerular filtration rate  
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Figure S3. Cumulative incidence of cardiovascular mortality with each risk factor using Kaplan-Meier analysis, related to Table 3. 
A, educational attainment; B, marital status; C, living status; D, depression status; E, gross domestic product per capita; F, ambient PM2.5 air pollution; 
G, tobacco use; H, alcohol consumption; I, diet score; J, physical activity; K, sleep duration; L, abdominal obesity; M, hypertension; N, diabetes; O, 
low-density lipoprotein cholesterol; P, urine albumin-creatinine ratio; Q, estimated glomerular filtration rate  
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Figure S4. Cumulative incidence of cancer mortality with each risk factor using Kaplan-Meier analysis, related to Table 4. 
A, educational attainment; B, marital status; C, living status; D, depression status; E, gross domestic product per capita; F, ambient PM2.5 air pollution; 
G, tobacco use; H, alcohol consumption; I, diet score; J, physical activity; K, sleep duration; L, abdominal obesity; M, hypertension; N, diabetes; O, 
low-density lipoprotein cholesterol; P, urine albumin-creatinine ratio; Q, estimated glomerular filtration rate  
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Figure S5. Multivariable-adjusted hazard ratios for cause-specific mortalities according 
to levels of low-density lipoprotein cholesterol on a continuous scale, related to Table 2-
4. 
Solid lines are multivariable adjusted hazard ratios, with shade showing 95% confidence 
intervals derived from restricted cubic spline regressions plotted with a reference value of 3.4 
mmol/l for LDL-c using 3 knots at 5th, 50th, and 95th percentiles. Model was adjusted for 
age, sex, region and other individual risk factors. The highest and lowest 0.5% values of low-
density lipoprotein cholesterol were trimmed. 
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Figure S6. Distributions of variables used as predictors in multiple imputation, related 
to STAR Methods. 
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Figure S7. Distributions of predictors after multiple imputations, showing the first 
imputed data set, related to STAR Methods. 
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Table S1. Multivariable-adjusted hazard ratios and 95% CIs for ischemic heart disease mortality in overall population and by gender using competing risk regression model, related to Table 3  
Overall Women Men P interaction of 

women and men 
Case/N (%) HR (95%CI) Case/N (%) HR (95%CI) Case/N (%) HR (95%CI) 

Social determinants  
 

 
 

 
  

Educational attainment  
 

 
 

 
 

<.0001 
    High school or above 230/63519 (0.4) 1.00 (Reference) 51/38384 (0.1) 1.00 (Reference) 179/25135 (0.7) 1.00 (Reference)  
    Middle school 271/59786 (0.5) 1.02 (0.84-1.23) 106/37742 (0.3) 1.53 (1.07-2.20) 164/22044 (0.8) 0.88 (0.70-1.10)  
    Primary school or less 746/50699 (1.5) 1.43 (1.20-1.70) 478/37311 (1.3) 2.19 (1.57-3.05) 268/13388 (2.0) 1.16 (0.93-1.45)  
Marital status  

 
 

 
 

 
0.508 

    Married 1042/160298 (0.7) 1.00 (Reference) 494/102038 (0.5) 1.00 (Reference) 549/58260 (0.9) 1.00 (Reference)  
    Single, divorced, separated, or widowed 205/13706 (1.5) 1.11 (0.92-1.33) 142/11399 (1.3) 0.99 (0.79-1.24) 62/2307 (2.7) 1.32 (0.94-1.85)  
Living alone       0.595 
    No 1133/166267 (0.7) 1.00 (Reference) 563/107628 (0.5) 1.00 (Reference) 570/58639 (1.0) 1.00 (Reference)  
    Yes 114/7737 (1.5) 1.14 (0.91-1.43) 73/5809 (1.3) 1.07 (0.81-1.41) 41/1928 (2.1) 1.22 (0.82-1.79)  
Moderate or severe depression  

 
 

 
 

 
0.305 

    No 1237/172458 (0.7) 1.00 (Reference) 629/112266 (0.6) 1.00 (Reference) 609/60192 (1.0) 1.00 (Reference)  
    Yes 10/1546 (0.6) 1.10 (0.56-2.19) 7/1171 (0.6) 1.54 (0.71-3.35) 2/375 (0.6) 0.55 (0.13-2.30)  
Gross domestic product per capita (yuan)*    0.008 
    ≥ 36,262  584/117187 (0.5) 1.00 (Reference) 279/76795 (0.4) 1.00 (Reference) 305/40392 (0.8) 1.00 (Reference)  
    < 36,262  663/56817 (1.2) 1.27 (1.10-1.46) 357/36642 (1.0) 1.43 (1.18-1.73) 306/20175 (1.5) 1.14 (0.93-1.38)  
Ambient PM2.5 air pollution (µg/m3) *       0.742 
    < 59.11 519/124871 (0.4) 1.00 (Reference) 262/81659 (0.3) 1.00 (Reference) 257/43212 (0.6) 1.00 (Reference)  
    ≥ 59.11 728/49133 (1.5) 2.37 (2.09-2.70) 374/31778 (1.2) 2.13 (1.78-2.55) 354/17355 (2.0) 2.59 (2.16-3.11)  
Lifestyle Risk Factors  

 
 

 
 

 
 

Tobacco use  
 

 
 

 
 

0.940 
    Never 915/139201 (0.7) 1.00 (Reference) 614/111225 (0.6) 1.00 (Reference) 301/27976 (1.1) 1.00 (Reference)  
    Former 92/8192 (1.1) 1.15 (0.90-1.47) 8/495 (1.5) 1.42 (0.65-3.09) 84/7697 (1.1) 1.09 (0.84-1.41)  
    Current 240/26611 (0.9) 1.31 (1.10-1.57) 14/1717 (0.8) 1.20 (0.70-2.06) 225/24894 (0.9) 1.29 (1.07-1.56)  
Alcohol consumption  

 
 

 
 

 
0.344 

    Never 1051/150967 (0.7) 1.00 (Reference) 618/110977 (0.6) 1.00 (Reference) 433/39990 (1.1) 1.00 (Reference)  
    Former 60/3832 (1.6) 1.36 (1.01-1.83) 6/484 (1.2) 1.57 (0.64-3.90) 54/3348 (1.6) 1.34 (0.99-1.82)  
    Current: low 25/4223 (0.6) 0.63 (0.42-0.96) 7/1026 (0.6) 1.09 (0.48-2.47) 19/3197 (0.6) 0.54 (0.34-0.88)  
    Current: moderate 51/7718 (0.7) 0.65 (0.48-0.89) 2/455 (0.6) 0.74 (0.19-2.91) 49/7263 (0.7) 0.64 (0.47-0.88)  
    Current: high 60/7264 (0.8) 0.82 (0.61-1.09) 3/495 (0.7) 0.88 (0.29-2.66) 56/6769 (0.8) 0.83 (0.62-1.13)  
Diet score       0.781 
    3 - 4 110/26744 (0.4) 1.00 (Reference) 53/17060 (0.3) 1.00 (Reference) 57/9684 (0.6) 1.00 (Reference)  

2 392/68396 (0.6) 1.16 (0.93-1.46) 200/44931 (0.4) 1.10 (0.80-1.52) 192/23465 (0.8) 1.22 (0.87-1.70)  
    0 - 1 745/78864 (1.0) 1.45 (1.17-1.81) 383/51446 (0.8) 1.29 (0.94-1.76) 362/27418 (1.3) 1.63 (1.21-2.19)  
Physical activity        0.498 
    High 370/47177 (0.8) 1.00 (Reference) 173/30718 (0.6) 1.00 (Reference) 197/16459 (1.2) 1.00 (Reference)  
    Moderate 403/67064 (0.6) 0.84 (0.72-0.97) 216/44346 (0.5) 0.92 (0.74-1.13) 187/22718 (0.8) 0.76 (0.62-0.94)  
    Low 474/59763 (0.8) 1.01 (0.87-1.17) 248/38373 (0.7) 1.03 (0.83-1.27) 227/21390 (1.1) 0.99 (0.81-1.22)  
Sleep duration (hours per night)  

 
 

 
 

 
0.057 

    6 - 8 573/105943 (0.5) 1.00 (Reference) 277/69424 (0.4) 1.00 (Reference) 297/36519 (0.8) 1.00 (Reference)  
    < 6 45/8945 (0.5) 0.79 (0.52-1.19) 23/5785 (0.4) 0.78 (0.45-1.35) 22/3160 (0.7) 0.80 (0.46-1.38)  
    > 8 629/59116 (1.1) 1.14 (0.99-1.32) 336/38228 (0.9) 1.17 (0.97-1.40) 292/20888 (1.4) 1.12 (0.91-1.38)  
Metabolic Risk Factors  

 
 

 
 

 
 

Abdominal obesity  
 

 
 

 
 

0.085 
    No 835/126976 (0.7) 1.00 (Reference) 376/78811 (0.5) 1.00 (Reference) 459/48165 (1.0) 1.00 (Reference)  
    Yes 412/47028 (0.9) 1.05 (0.92-1.20) 260/34626 (0.8) 0.94 (0.79-1.11) 152/12402 (1.2) 1.18 (0.97-1.44)  
Hypertension  

 
 

 
 

 
0.006 

    No 346/97980 (0.4) 1.00 (Reference) 156/66968 (0.2) 1.00 (Reference) 190/31012 (0.6) 1.00 (Reference)  
    Yes 901/76024 (1.2) 1.46 (1.28-1.67) 480/46469 (1.0) 1.62 (1.32-1.97) 421/29555 (1.4) 1.30 (1.08-1.56)  
Diabetes    0.816 
    No 760/133871 (0.6) 1.00 (Reference) 385/88907 (0.4) 1.00 (Reference) 375/44964 (0.8) 1.00 (Reference)  
    Yes 487/40133 (1.2) 1.40 (1.24-1.58) 251/24530 (1.0) 1.39 (1.17-1.64) 236/15603 (1.5) 1.39 (1.17-1.66)  
Low-density lipoprotein cholesterol 
(mmol/l) 

      0.353 

    < 3.4 842/127247 (0.7) 1.00 (Reference) 402/80717 (0.5) 1.00 (Reference) 440/46530 (0.9) 1.00 (Reference)  
    3.4 - <4.9 362/43490 (0.8) 1.19 (1.05-1.35) 209/30230 (0.7) 1.19 (1.01-1.42) 153/13260 (1.2) 1.19 (0.98-1.44)  
    ≥ 4.9 43/3267 (1.3) 1.81 (1.32-2.48) 25/2490 (1.0) 1.50 (1.00-2.26) 18/777 (2.3) 2.52 (1.55-4.09)  
Urine albumin-creatinine ratio (mg/g)  

 
 

 
 

 
0.045 

    < 30 826/155501 (0.5) 1.00 (Reference) 382/100742 (0.4) 1.00 (Reference) 444/54759 (0.8) 1.00 (Reference)  
    30 - <300 322/16320 (2.0) 1.87 (1.62-2.15) 198/11288 (1.8) 2.00 (1.65-2.42) 124/5032 (2.5) 1.67 (1.34-2.08)  
    ≥ 300 99/2183 (4.5) 3.23 (2.55-4.08) 56/1407 (4.0) 3.32 (2.43-4.54) 43/776 (5.5) 3.05 (2.12-4.37)  
Estimated glomerular filtration rate < 60 
(ml/min per 1.73m2) 

 
 

 
 

 
 

0.834 

    No 1125/170897 (0.7) 1.00 (Reference) 577/111600 (0.5) 1.00 (Reference) 549/59297 (0.9) 1.00 (Reference)  
    Yes 122/3107 (3.9) 1.45 (1.17-1.79) 59/1837 (3.2) 1.38 (1.03-1.86) 62/1270 (4.9) 1.54 (1.14-2.08) 

 

For the 15 individual-level risk factors (excluding gross domestic product per capita and ambient PM2.5 air pollution), each model was adjusted for age, sex, region (urban or rural), and all other individual-
level risk factors. For the two community-level risk factors of gross domestic product per capita and ambient PM2.5 air pollution, a separate model was employed with adjustment for age, sex, region (urban 
or rural) and the remaining 15 individual-level risk factors. 
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Table S2. Multivariable-adjusted hazard ratios and 95% CIs for stroke mortality in overall population and by gender using competing risk regression model, related to Table 3 
  

 Overall  Women  Men P interaction of 
women and men 

Case/N (%) HR (95%CI) Case/N (%) HR (95%CI) Case/N (%) HR (95%CI) 
Social determinants  

 
 

 
 

 

Educational attainment  
 

 
 

 
 

0.330 
    High school or above 239/63519 (0.4) 1.00 (Reference) 76/38384 (0.2) 1.00 (Reference) 163/25135 (0.7) 1.00 (Reference)  
    Middle school 345/59786 (0.6) 1.28 (1.08-1.52) 127/37742 (0.3) 1.26 (0.94-1.68) 218/22044 (1.0) 1.31 (1.06-1.62)  
    Primary school or less 771/50699 (1.5) 1.69 (1.43-2.00) 445/37311 (1.2) 1.67 (1.27-2.19) 326/13388 (2.4) 1.70 (1.36-2.11)  
Marital status  

 
 

 
 

 
0.239 

    Married 1159/160298 (0.7) 1.00 (Reference) 518/102038 (0.5) 1.00 (Reference) 641/58260 (1.1) 1.00 (Reference)  
    Single, divorced, separated, or widowed 196/13706 (1.4) 1.08 (0.90-1.30) 130/11399 (1.1) 0.99 (0.79-1.23) 66/2307 (2.9) 1.25 (0.89-1.76)  
Living alone  

 
 

 
 

 
0.291 

    No 1246/166267 (0.8) 1.00 (Reference) 584/107628 (0.5) 1.00 (Reference) 662/58639 (1.1) 1.00 (Reference)  
    Yes 109/7737 (1.4) 1.11 (0.88-1.39) 64/5809 (1.1) 1.01 (0.76-1.35) 45/1928 (2.4) 1.20 (0.80-1.79)  
Moderate or severe depression  

 
 

 
 

 
0.308 

    No 1345/172458 (0.8) 1.00 (Reference) 644/112266 (0.6) 1.00 (Reference) 701/60192 (1.2) 1.00 (Reference)  
    Yes 10/1546 (0.7) 1.12 (0.55-2.27) 4/1171 (0.4) 0.84 (0.31-2.26) 6/375 (1.5) 1.49 (0.58-3.83)  
Gross domestic product per capita (yuan)*       0.277 
    ≥ 36,262  708/117187 (0.6) 1.00 (Reference) 336/76795 (0.4) 1.00 (Reference) 372/40392 (0.9) 1.00 (Reference)  
    < 36,262  647/56817 (1.1) 1.29 (1.14-1.46) 312/36642 (0.9) 1.34 (1.13-1.59) 335/20175 (1.7) 1.25 (1.05-1.50)  
Ambient PM2.5 air pollution (µg/m3) *       0.455 
    < 59.11 746/124871 (0.6) 1.00 (Reference) 353/81659 (0.4) 1.00 (Reference) 393/43212 (0.9) 1.00 (Reference)  
    ≥ 59.11 609/49133 (1.2) 1.34 (1.19-1.52) 295/31778 (0.9) 1.32 (1.11-1.56) 314/17355 (1.8) 1.36 (1.14-1.62)  
Lifestyle Risk Factors        
Tobacco use  

 
 

 
 

 
0.037 

    Never 1004/139201 (0.7) 1.00 (Reference) 624/111225 (0.6) 1.00 (Reference) 380/27976 (1.4) 1.00 (Reference)  
    Former 90/8192 (1.1) 0.86 (0.68-1.09) 5/495 (1.1) 1.10 (0.46-2.62) 85/7697 (1.1) 0.81 (0.63-1.03)  
    Current 261/26611 (1.0) 1.04 (0.88-1.24) 19/1717 (1.1) 1.67 (1.04-2.68) 242/24894 (1.0) 0.96 (0.80-1.15)  
Alcohol consumption       0.533 
    Never 1100/150967 (0.7) 1.00 (Reference) 633/110977 (0.6) 1.00 (Reference) 467/39990 (1.2) 1.00 (Reference)  
    Former 57/3832 (1.5) 1.28 (0.96-1.70) 2/484 (0.3) 0.43 (0.06-2.88) 56/3348 (1.7) 1.37 (1.03-1.83)  
    Current: low 32/4223 (0.8) 0.78 (0.54-1.14) 4/1026 (0.4) 0.71 (0.27-1.87) 27/3197 (0.9) 0.81 (0.54-1.21)  
    Current: moderate 73/7718 (0.9) 0.90 (0.69-1.17) 2/455 (0.5) 0.71 (0.18-2.84) 70/7263 (1.0) 0.92 (0.70-1.21)  
    Current: high 93/7264 (1.3) 1.20 (0.94-1.53) 7/495 (1.4) 1.86 (0.86-3.99) 86/6769 (1.3) 1.20 (0.93-1.55)  
Diet score       0.702 
    3 - 4 123/26744 (0.5) 1.00 (Reference) 54/17060 (0.3) 1.00 (Reference) 69/9684 (0.7) 1.00 (Reference)  

2 457/68396 (0.7) 1.23 (0.99-1.52) 224/44931 (0.5) 1.26 (0.91-1.73) 234/23465 (1.0) 1.20 (0.90-1.60)  
    0 - 1 775/78864 (1.0) 1.40 (1.14-1.71) 370/51446 (0.7) 1.36 (1.00-1.84) 404/27418 (1.5) 1.44 (1.08-1.91)  
Physical activity        0.255 
    High 369/47177 (0.8) 1.00 (Reference) 172/30718 (0.6) 1.00 (Reference) 196/16459 (1.2) 1.00 (Reference)  
    Moderate 478/67064 (0.7) 1.01 (0.88-1.16) 241/44346 (0.5) 1.01 (0.83-1.24) 236/22718 (1.0) 1.00 (0.82-1.22)  
    Low 508/59763 (0.9) 1.12 (0.96-1.30) 234/38373 (0.6) 1.02 (0.82-1.26) 274/21390 (1.3) 1.21 (0.99-1.49)  
Sleep duration (hours per night)       0.563 
    6 - 8 623/105943 (0.6) 1.00 (Reference) 296/69424 (0.4) 1.00 (Reference) 327/36519 (0.9) 1.00 (Reference)  
    < 6 50/8945 (0.6) 0.78 (0.55-1.11) 22/5785 (0.4) 0.69 (0.39-1.20) 28/3160 (0.9) 0.87 (0.56-1.35)  
    > 8 682/59116 (1.2) 1.24 (1.09-1.40) 330/38228 (0.9) 1.23 (1.03-1.47) 352/20888 (1.7) 1.24 (1.05-1.46)  
Metabolic Risk Factors  

 
 

 
 

 
 

Abdominal obesity  
 

 
 

 
 

0.706 
    No 919/126977 (0.7) 1.00 (Reference) 369/78811 (0.5) 1.00 (Reference) 550/48165 (1.1) 1.00 (Reference)  
    Yes 436/47027 (0.9) 1.04 (0.92-1.17) 279/34626 (0.8) 1.05 (0.89-1.24) 157/12402 (1.3) 1.00 (0.83-1.20)  
Hypertension       0.152 
    No 333/97980 (0.3) 1.00 (Reference) 152/66968 (0.2) 1.00 (Reference) 180/31012 (0.6) 1.00 (Reference)  
    Yes 1022/76024 (1.3) 1.93 (1.69-2.21) 496/46469 (1.1) 2.02 (1.65-2.46) 527/29555 (1.8) 1.84 (1.53-2.21)  
Diabetes       0.758 
    No 821/133871 (0.6) 1.00 (Reference) 384/88907 (0.4) 1.00 (Reference) 437/44964 (1.0) 1.00 (Reference)  
    Yes 534/40133 (1.3) 1.47 (1.31-1.65) 264/24530 (1.1) 1.48 (1.25-1.75) 270/15603 (1.7) 1.46 (1.24-1.71)  
Low-density lipoprotein cholesterol 
(mmol/l) 

      0.644 

    < 3.4 984/127247 (0.8) 1.00 (Reference) 440/80717 (0.5) 1.00 (Reference) 545/46530 (1.2) 1.00 (Reference)  
    3.4 - <4.9 335/43490 (0.8) 0.94 (0.82-1.06) 188/30230 (0.6) 0.95 (0.80-1.13) 146/13260 (1.1) 0.91 (0.76-1.10)  
    ≥ 4.9 36/3267 (1.1) 1.30 (0.93-1.82) 20/2490 (0.8) 1.04 (0.67-1.63) 16/777 (2.1) 1.87 (1.12-3.13)  
Urine albumin-creatinine ratio (mg/g)  

 
 

 
 

 
0.056 

    < 30 972/155501 (0.6) 1.00 (Reference) 426/100742 (0.4) 1.00 (Reference) 546/54759 (1.0) 1.00 (Reference)  
    30 - <300 301/16320 (1.8) 1.51 (1.31-1.73) 177/11288 (1.6) 1.69 (1.39-2.06) 124/5032 (2.5) 1.30 (1.05-1.60)  
    ≥ 300 82/2183 (3.8) 2.34 (1.82-3.01) 45/1407 (3.2) 2.50 (1.77-3.51) 37/776 (4.8) 2.16 (1.48-3.15)  
Estimated glomerular filtration rate < 60 
(ml/min per 1.73m2) 

 
 

 
 

 
 

0.973 

    No 1247/170897 (0.7) 1.00 (Reference) 599/111600 (0.5) 1.00 (Reference) 648/59297 (1.1) 1.00 (Reference)  
    Yes 108/3107 (3.5) 1.33 (1.07-1.65) 49/1837 (2.7) 1.26 (0.92-1.72) 59/1270 (4.7) 1.41 (1.05-1.90) 

 

For the 15 individual-level risk factors (excluding gross domestic product per capita and ambient PM2.5 air pollution), each model was adjusted for age, sex, region (urban or rural), and all other individual-
level risk factors. For the two community-level risk factors of gross domestic product per capita and ambient PM2.5 air pollution, a separate model was employed with adjustment for age, sex, region (urban 
or rural) and the remaining 15 individual-level risk factors.  
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Table S3. Population attributable fractions for all-cause and cause-specific mortalities associated with low gross domestic product per capita and 
high ambient PM2.5 air pollution, related to Figure 1-3. 
 

  
All-cause mortality Cardiovascular mortality 

Ischemic heart disease  

mortality 
Stroke mortality Cancer mortality 

Total population      

  Low gross domestic product per capita 7.8% (6.1% - 9.7%) 13.3% (10.3% - 16.4%) 8.9% (3.8% - 14.1%) 9.2% (4.7% - 14.1%) 8.7% (5.8% - 11.6%) 

  High ambient PM2.5 air pollution 4.3% (3.0% - 5.8%) 13.4% (10.8% - 16.1%) 28.3% (23.7% - 32.9%) 9.7% (5.6% - 13.6%) 2.2% (0.0% - 4.6%) 

Women      

  Low gross domestic product per capita 8.3% (5.8% - 10.9%) 16.2% (11.9% - 20.7%) 13.2% (6.1% - 20.5%) 10.4% (3.7% - 17.6%) 6.4% (2.2% - 10.7%) 

  High ambient PM2.5 air pollution 3.5% (1.4% - 5.6%) 11.4% (7.7% - 15.2%) 24.5% (17.9% - 31.2%) 8.9% (3.3% - 14.8%) -0.6% (-3.8% - 3.0%) 

Men      

  Low gross domestic product per capita 7.7% (5.1% - 10.2%) 10.2% (6.2% - 14.8%) 5.1% (-2.0% - 12.3%) 8.2% (1.6% - 15.0%) 10.7% (6.8% - 14.8%) 

  High ambient PM2.5 air pollution 5.2% (3.1% - 7.2%) 15.3% (11.4% - 19.1%) 31.7% (25.1% - 38.3%) 10.3% (4.7% - 16.1%) 4.7% (1.4% - 7.9%) 

Notes: The PAFs were calculated using the aforementioned formula: PAF = p(HR-1) / (1+ p(HR-1)), where p is the population prevalence of the risk factor. 
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Table S4. Multivariable-adjusted hazard ratios and 95% confidence intervals of alcohol consumption with all-cause and cause-specific mortalities, 
related to Table 2-4. 
 

Alcohol consumption category All-cause mortality Cardiovascular 
mortality 

Ischemic heart disease 
mortality Stroke mortality Cancer mortality 

 Never 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 

 Former 1.16 (1.04 – 1.30) 1.25 (1.04 – 1.50) 1.34 (1.00 – 1.79) 1.27 (0.95 – 1.70) 1.11 (0.92 – 1.34) 

 Current: low 0.85 (0.74 – 0.96) 0.76 (0.61 – 0.96) 0.62 (0.41 – 0.93) 0.77 (0.53 – 1.11) 0.94 (0.77 – 1.15) 

 Current: moderate 0.87 (0.79 – 0.96) 0.72 (0.61 – 0.86) 0.65 (0.48 – 0.88) 0.89 (0.69 – 1.16) 1.07 (0.93 – 1.23) 

 Current: high but not binge drinking*  0.97 (0.86 – 1.10) 0.91 (0.73 – 1.13) 0.73 (0.50 – 1.06) 1.14 (0.85 – 1.54) 1.06 (0.88 – 1.28) 

 Current: high and binge drinking at least once a year* 1.21 (1.06 – 1.39) 1.09 (0.86 – 1.39) 0.96 (0.63 – 1.46) 1.32 (0.93 – 1.87) 1.40 (1.15 – 1.71) 

Notes: *At the baseline of our cohort, we had asked the participants “How many times have you experienced binge drinking in the past year?” Based on their 
responses to this item, we further categorized the subjects with current high alcohol consumption into two groups: current: high and not experiencing binge 
drinking, and current: high and experiencing binge drinking at least once a year. 
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Table S5. Summary of Risk Factors: Definitions, Measurement Methods, and Categorizations for the Calculation of Population Attributable Fractions (PAFs), related to STAR Methods 
 

Risk Factor Measurement and definition Risk category  Reference category 
Social determinants 
Individual Level 
Educational attainment Education was self-reported, and classified into three groups: primary school or less, middle school education, or high school or above). Low educational attainment 

(primary school or less, 
middle school education) 

High school or above 

Marital status Marital status was self-reported and categorized as married or having a partner; single, divorced, separated, or widowed. Single, divorced, separated, 
or widowed 

Married or having a 
partner 

Living arrangements Living arrangements were self-reported and categorized as living with children and/or a spouse; or living alone. Living alone Living with children 
and/or a spouse 

Depression Depression was assessed with the self-reported Patient Health Questionnaire 9 (PHQ-9). The PHQ-9 consists of nine items based on the Diagnostic 
and Statistical Manual of Mental Disorders, 4th edition (DSM-IV). Participants were asked how often they had been bothered by nine psychiatric 
symptoms over the past 2 weeks. Each of the nine items is scored as 0, 1, 2, or 3, which represents symptom severity of ‘not at all’, ‘several days’, 
‘more than half the days’, or ‘nearly every day’, respectively. The nine items are summed to give the PHQ-9 total score. A score of ≥10 represents 
moderate or severe depression.1  

Moderate or severe 
depression (PHQ-9 score 
≥10) 

PHQ-9 score< 10 

Community level 
Gross domestic product per 
capita 

Gross domestic product per capita was retrieved from the Statistical Report on the National Economy and Social Development for each city in 
2011. Participants were categorized into two groups using a cut-off value equal to the average gross domestic product per capita in China in 2011 
(5614.4 US$, 36,262 Chinese Yuan [CNY]) according to World Bank data.2 

Low gross domestic product 
per capita (< 5614.4 US$) 

≥ 5614.4 US$ 
 

Ambient fine particulate 
matter (PM2.5) air pollution 

Data on the annual average residential PM2.5 exposure in 2011 for each city were collected from the Global Annual PM2.5 Grids,3 which combines 
AOD retrievals from multiple satellite algorithms including the NASA MODerate resolution Imaging Spectroradiometer Collection 6.1 (MODIS 
C6.1), Multi-angle Imaging SpectroRadiometer Version 23 (MISRv23), MODIS Multi-Angle Implementation of Atmospheric Correction 
Collection 6 (MAIAC C6), and the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) Deep Blue Version 4. Participants were categorized into 
two groups using a cut-off value equal to the upper quartile of PM2.5 levels in our study (59.11 µg/m3) according to World Health Organization 
[WHO] data).4  

High PM2.5 (> 59.11 µg/m3) ≤ 59.11 µg/m3 

Lifestyle factors 

Tobacco use Self-reported tobacco use using a standard tobacco use frequency questionnaire, categorized as never, former, or current. 
Never: never smoked or had not smoked cigarettes regularly (<100 cigarettes in a lifetime). 
Former: not currently smoking cigarettes but had smoked at least 7 cigarettes/week for at least 6 months in a lifetime. 
Current: smoke every day or almost every day, with at least 7 cigarettes/week for at least 6 months. 

Current or former tobacco 
use 

Never tobacco use 

Alcohol consumption Self-reported alcohol consumption using a standard alcohol consumption frequency questionnaire, categorized as never, former, or current.  
Never: never consumed alcohol. 
Former: not currently but had consumed alcohol once per week regularly for at least 6 months in a lifetime. 
Current: consumed alcohol once per week regularly during the past 6 months. 
Current drinkers’ alcohol consumption was further classified as low (≤ 7 drinks/week), moderate (8-21 drinks/week for men and 8-14 drinks/week 
for women), or high (> 21 drinks/week for men and > 14 drinks/week for women).  

Heavy alcohol consumption 
(Former, or high current 
consumption) 

Never, or low or 
moderate current 
consumption 

Diet score Diet score was calculated according to recommendations from the American Heart Association, though whole grain consumption was replaced with 
bean consumption.5,6 It was calculated as the sum of each of the following components: fruits and vegetables ≥ 4.5 cups/day (1 point); fish ≥ 198 
g/week (1 point); sweets/sugar-sweetened beverages ≤ 450 kcal/week (1 point); and soy protein ≥ 25 g/day (1 point). Diet score was categorized into 
poor (0-1), intermediate (2), or healthy (3-4).  

Unhealthy diet (Diet score: 
0-2) 

Diet score: 3-4 

Physical activity Physical activity was evaluated using the International Physical Activity Questionnaire,7 and categorized as low (< 600 metabolic equivalents [MET] 
× minutes per week or < 150 minutes per week of moderate intensity physical activity), moderate (600-3,000 MET × minutes or 150-750 minutes 
per week) or high (> 3000 MET × minutes or > 750 minutes per week).8,9 

Low physical activity Moderate or high 
physical activity 

Sleep duration Sleep duration was self-reported with standardized questions and defined as the interval between evening bedtime and morning wake-up time. It 
was categorized into three groups (<6 hours/night, 6-8 hours/night, and > 8 hours/night).10-12 

Long sleep duration (> 8 
hours/night) 

Sleep duration ≤ 8 
hours/night 

Metabolic risk factors 
Abdominal obesity Waist and hip circumference were measured and used to calculate the waist-to-hip ratio (WHR). Abdominal obesity was defined as WHR ≥ 0.95 

for men and ≥ 0.90 for women.13 
Abdominal obesity (WHR ≥ 
0.95 in men and ≥ 0.90 in 
women) 

WHR < 0.95 in men 
and < 0.90 in women 

Hypertension Three blood pressure measurements were obtained with participants in a seated position after five minutes of quiet rest using an automated 
electronic device (OMRON Model HEM-752 FUZZY, Dalian, China). Hypertension was defined as a systolic blood pressure ≥ 140 mmHg or 
diastolic blood pressure ≥ 90 mmHg using the mean of three readings; or treatment with antihypertensive medications. 

Definition of hypertension 
met 

Definition of 
hypertension not met 

Diabetes Fasting and 2-hour postload glucose levels were measured using a glucose oxidase or hexokinase method. Hemoglobin A1c was measured using 
high-performance liquid chromatography (VARIANT II System, Bio-Rad Laboratories, CA, USA). Diabetes was defined as fasting glucose ≥7.0 
mmol/L or 2-hour postload glucose ≥ 11.1mmol/L; hemoglobin A1c ≥ 48 mmol/mol (6.5%); self-reported history of diabetes.14 

Definition of 
diabetes met 

Definition of diabetes 
not met 

Low-density lipoprotein 
cholesterol (LDL-C) 

Serum fasting LDL-C was measured using an auto-analyzer (ARCHITECT ci16200 analyzer, Abbott Laboratories, Illinois, USA). LDL-C was 
divided into three subgroups: <3.4 mmol/L (<130 mg/dL), ≥3.4 and <4.9 mmol/L (130-190 mg/dL), and ≥4.9 mmol/L (≥190 mg/dL).15-16 

High LDL-C (LDL-C ≥ 3.4 
mmol/L [130 mg/dL]) 

LDL-C < 3.4 mmol/L 
(130 mg/dL] 

Albuminuria Urinary albumin concentration was measured by immunonephelometry using Siemens BNII and BN ProSpec nephelometers (Siemens Healthcare 
Diagnostics, Marburg, Germany). Urinary creatinine was determined by an enzymatic method (ADVIA Chemistry XPT System; Siemens 
Healthcare, Erlangen, Germany). Urine albumin-creatinine ratio was calculated. Albuminuria was defined as microalbuminuria (urine albumin-
creatinine ratio: 30-299 mg/g) or macroalbuminuria (urine albumin-creatinine ratio ≥ 300 mg/g).17  

Albuminuria (Urine 
albumin-creatinine ratio ≥ 30 
mg/g) 

Urine albumin-
creatinine ratio < 30 
mg/g 

Low estimated glomerular 
filtration rate 

Serum fasting creatinine was measured using an auto-analyzer (ARCHITECT ci16200 analyzer, Abbott Laboratories, Illinois, USA). Estimated 
glomerular filtration rate was calculated using the Chronic Kidney Disease-Epidemiology Collaboration equation.18 

Low estimated glomerular 
filtration rate (estimated 
glomerular filtration rate < 
60 ml/min per 1.73m2) 

Estimated glomerular 
filtration rate ≥ 60 
ml/min per 1.73m2 
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Table S6. Spearman correlation coefficients across risk factors, related to STAR Methods 
  

  Spearman correlation coefficients 

  RF1 RF2 RF3 RF4 RF5 RF6 RF7 RF8 RF9 RF10 RF11 RF12 RF13 RF14 RF15 RF16 RF17 

RF1 1.00  0.32  -0.01  0.03  0.01  -0.06  0.02  0.02  -0.04  -0.01  <0.01  -0.02  -0.01  -0.06  -0.02  <0.01  -0.02  

RF2 0.32  1.00  -0.01  0.03  0.01  -0.02  0.06  0.02  -0.02  0.01  <0.01 0.04  0.01  -0.03  -0.01  <0.01 <0.01  

RF3 -0.01  -0.01  1.00  0.05  0.07  0.01  0.03  0.01  -0.01  0.04  0.01  -0.05  0.07  0.02  0.01  <0.01 0.11  

RF4 0.03  0.03  0.05  1.00  0.11  -0.01  -0.02  -0.05  -0.03  0.02  -0.01  0.08  0.11  -0.03  -0.03  <0.01  -0.01  

RF5 0.01  0.01  0.07  0.11  1.00  -0.01  0.05  -0.01  <0.01 0.07  0.02  0.09  0.16  -0.02  -0.01  -0.02  0.06  

RF6 -0.06  -0.02  0.01  -0.01  -0.01  1.00  0.11  0.14  0.06  0.07  0.04  -0.01  0.07  0.05  0.02  0.01  0.02  

RF7 0.02  0.06  0.03  -0.02  0.05  0.11  1.00  0.16  0.07  0.18  0.07  0.10  0.10  0.02  0.01  -0.01  0.07  

RF8 0.02  0.02  0.01  -0.05  -0.01  0.14  0.16  1.00  0.06  0.12  0.06  <0.01  0.02  0.02  0.02  0.01  0.03  

RF9 -0.04  -0.02  -0.01  -0.03  <0.01  0.06  0.07  0.06  1.00  0.03  0.02  0.03  -0.01  0.02  0.01  <0.01 0.07  

RF10 -0.01  0.01  0.04  0.02  0.07  0.07  0.18  0.12  0.03  1.00  0.12  0.04  0.08  0.03  0.02  <0.01  0.06  

RF11 <0.01  <0.01  0.01  -0.01  0.02  0.04  0.07  0.06  0.02  0.12  1.00  -0.02  0.02  0.04  0.02  <0.01 -0.03  

RF12 -0.02  0.04  -0.05  0.08  0.09  -0.01  0.10  <0.01  0.03  0.04  -0.02  1.00  0.07  -0.04  -0.01  <0.01 0.28  

RF13 -0.01  0.01  0.07  0.11  0.16  0.07  0.10  0.02  -0.01  0.08  0.02  0.07  1.00  0.03  0.01  -0.02  0.03  

RF14 -0.06  -0.03  0.02  -0.03  -0.02  0.05  0.02  0.02  0.02  0.03  0.04  -0.04  0.03  1.00  0.50  0.03  -0.02  

RF15 -0.02  -0.01  0.01  -0.03  -0.01  0.02  0.01  0.02  0.01  0.02  0.02  -0.01  0.01  0.50  1.00  0.04  -0.03  

RF16 <0.01 <0.01 <0.01 <0.01 -0.02  0.01  -0.01  0.01  <0.01 <0.01 <0.01 <0.01 -0.02  0.03  0.04  1.00  -0.02  

RF17 -0.02  <0.01 0.11  -0.01  0.06  0.02  0.07  0.03  0.07  0.06  -0.03  0.28  0.03  -0.02  -0.03  -0.02  1.00  

Spearman correlation analysis is conducted based on 174,004 participants after imputation. 
RF1 = Tobacco use; RF2 = Alcohol excess; RF3 = Unhealthy diet; RF4 = Low physical activity; RF5 = Long sleep 
duration; RF6 = Abdominal obesity; RF7 = Hypertension; RF8 = Diabetes; RF9 = High low-density lipoprotein 
cholesterol; RF10 = Albuminuria; RF11 = Low estimated glomerular filtration rate; RF12 = Low gross domestic product 
per capita; RF13 = Low education; RF14 = Single, divorced, separated, or widowed; RF15 = Living alone; RF16 = 
Depression; RF17 = High ambient PM2.5 air pollution 
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Table S7. Multicollinearity diagnostics of all the risk factors, related to STAR Methods 

  Eigen Value Condition Index Tolerance Variance 
Inflation 

RF1 1.43  2.09  0.89  1.13  

RF2 1.15  2.33  0.89  1.12  

RF3 1.06  2.42  0.97  1.03  

RF4 0.99  2.51  0.97  1.04  

RF5 0.86  2.70  0.95  1.05  

RF6 0.81  2.78  0.96  1.04  

RF7 0.78  2.83  0.92  1.09  

RF8 0.69  3.01  0.94  1.06  

RF9 0.64  3.12  0.98  1.02  

RF10 0.59  3.26  0.94  1.07  

RF11 0.58  3.28  0.98  1.02  

RF12 0.52  3.48  0.89  1.12  

RF13 0.49  3.55  0.94  1.06  

RF14 0.45  3.71  0.74  1.35  

RF15 0.40  3.95  0.75  1.34  

RF16 0.26  4.92  1.00  1.00  

RF17 0.07  9.56  0.90  1.11  
 
Regression analysis is conducted based on 174,004 participants after imputation with all-
cause mortality as dependent variables and 17 individual risk factors as independent 
variables.  
RF1 = Tobacco use; RF2 = Alcohol excess; RF3 = Unhealthy diet; RF4 = Low physical activity; RF5 
= Long sleep duration; RF6 = Abdominal obesity; RF7 = Hypertension; RF8 = Diabetes; RF9 = High 
low-density lipoprotein cholesterol; RF10 = Albuminuria; RF11 = Low estimated glomerular 
filtration rate; RF12 = Low gross domestic product per capita; RF13 = Low education; RF14 = 
Single, divorced, separated, or widowed; RF15 = Living alone; RF16 = Depression; RF17 = High 
ambient PM2.5 air pollution 
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Table S8. ICD-10 Codes used in the 4C study for causes of death, related to STAR Methods 
 

Causes of death ICD-10 codes 
Cardiovascular disease I00-I99 

Fatal ischemic heart disease I20-I25 
Fatal stroke I60-I64, I69 
Fatal congestive heart failure I50 
Other cardiovascular deaths I00-I99 (not including I20-I25, I50, I60-I64, I69) 

Cancer C00-C97, D00-D09 
Renal disease N17-N19 
Diabetes mellitus E10-E14 
Respiratory disease (exclude pneumonia) J20-J99 
Pneumonia J12-J18 
Other infectious disease A00-A99, B00-B09, B20-B99 
Liver disease B15-B19, K70-K77 
Alzheimer’s and related conditions F00-F03, G30-G32 
Injury and external causes S00-W99, X00-X59, X85-X99, Y00-Y09, Y85-Y86 
Intentional self-harm X60-X84, Y87.0 
All other causes combined  
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Table S9. Variables used in the imputation algorithm, related to STAR Methods 
 
Demographic factors age, sex, study center 
Lifestyle factors tobacco use, alcohol consumption, sleep duration, physical activity, and diet 

score 
Social determinants 
factors 

educational attainment, marital status, living arrangements, urban/rural region, 
depression, and PM2.5 air pollution 

Family medical history family history of cancer, family history of diabetes, family history of coronary 
heart disease, and family history of stroke 

Health status previous diagnosis of diabetes, current oral antidiabetic medication use, current 
insulin treatment, history of cardiovascular disease, current antihypertensive 
medication use, current lipid-lowering medication use, history of cancer, and 
previous diagnosis of hypertension 

Physical examination body mass index, waist-to-hip ratio, systolic blood pressure, and diastolic 
blood pressure 

Biochemical measures fasting glucose, 2-hour post-load glucose, hemoglobin A1c, fasting insulin, 
high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, 
triglycerides, total cholesterol, alanine transaminase, aspartate transaminase, 
glutamyl-transpeptidase, urinary albumin-creatinine ratio, and creatinine 

Outcome at follow-up all-cause mortality, ischemic heart disease mortality, stroke mortality, cancer 
mortality and the time to death or the last follow-up. 
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