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Objectives: To examine the impact of demographic, socioeconomic, and

behavioral factors on the development of cardiometabolic multimorbidity and

mortality in Chinese elders.

Methods: Data from the Chinese Longitudinal Healthy Longevity Survey

(CLHLS) 2002–2018 was used in the study. Cardiometabolic multimorbidity

was defined as the presence of two or more cardiometabolic disorders, such

as hypertension, diabetes, cardiovascular disease (CVD), heart disease, or

stroke. Cox regression model and multi-state Markov model were developed

to evaluate the association of the study factors with the progression of

cardiometabolic conditions and mortality. The outcomes included three

states (first cardiometabolic disease, cardiometabolic multimorbidity, and

all-cause mortality) and five possible transitions among the three states.

Results: Of the 13,933 eligible individuals, 7,917 (56.8%) were female, and

9,540 (68.50%) were over 80 years old. 2,766 (19.9%) participants had

their first cardiometabolic disease, 975 (7.0%) participants suffered from

cardiometabolic multimorbidity, and 9,365 (67.2%) participants died. The

progression to cardiometabolic multimorbidity was positively associated with

being female (HR = 1.42; 95%CI, 1.10 − 1.85), living in the city (HR = 1.41;

95%CI, 1.04 − 1.93), overweight (HR = 1.43; 95%CI, 1.08 − 1.90), and obesity

(HR = 1.75; 95% CI, 1.03 − 2.98). A higher risk for the first cardiometabolic

disease was associated with being female (HR = 1.26; 95% CI, 1.15 − 1.39),

higher socioeconomic status (SES, HR = 1.17; 95%CI, 1.07 − 1.28), lack of

regular physical activity (HR = 1.13; 95%CI, 1.04 − 1.23), smoking (HR = 1.20;

95%CI, 1.08 − 1.33), ≤ 5 h sleep time (HR = 1.15; 95%CI, 1.02 − 1.30),

overweight (HR = 1.48; 95% CI, 1.32 − 1.66), and obesity (HR = 1.34; 95%CI,
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1.06 − 1.69). It also should be noted that not in marriage, lower SES and

unhealthy behavioral patterns were risk factors for mortality.

Conclusion: This study emphasized the importance of lifestyle and SES in

tackling the development of cardiometabolic conditions among Chinese

elders and provided a reference for policy-makers to develop a tailored

stage-specific intervention strategy.

KEYWORDS

multi-state Markov model, cardiometabolic disease, multimorbidity, economic
status, behavior lifestyle

Introduction

Cardiometabolic multimorbidity is commonly defined as
the simultaneous presence of two or more cardiometabolic
disorders, such as hypertension, diabetes, cardiovascular disease
(CVD), heart disease, or stroke) (1–3). Considerable evidence
confirms the negative impact of cardiometabolic multimorbidity
on patients, family, and healthcare systems, including shorter
life expectancy, worse cognitive function, and great medical
burden (4–6). It is estimated that the worldwide prevalence of
multimorbidity ranges from 12.9% in the general population
to 95.1% in the population 65 years and older (7). With
the rapid urbanization, the economic transition, and Western
lifestyle popularization, the prevalence of non-communicable
multimorbidity is rising in low- and middle-income countries
(LMICs). According to the reviews of Abebe et al. the
prevalence of multimorbidity in LMICs has increased from
3.2 to 67.8% among people over 18 years old (8). Meta-
analyses have shown a 43% of prevalence of multimorbidity
of chronic conditions in Latin America and the Caribbean
(9, 10). Yao et al. have shown that multimorbidity occurred
in 42.4% of the participants aged at least 50 years in China
in 2011–2015 (11). Moreover, the burden of cardiometabolic
diseases rises rapidly in LMICs and is further aggravated
by the fragile health and social protection systems (12).
This implies that more sophisticated measurements and
management of cardiometabolic multimorbidity may have
important implications on individual, clinical, and public
health in LMICs.

With the continuous increment of life expectancy
(13), population aging has contributed substantially to the
development of multimorbidity of chronic conditions. It is
estimated that people 65 years or over will reach 727 million
worldwide in 2020 and 80% of the elderly population is
projected to live in LMICs by 2050 (12). Approximately 260
million people aged 60 and above lived in China in 2020, and
the share of the elderly population is expected to increase to
one-third by 2050. This phenomenon will inevitably bring

about a growing burden of non-communicable multimorbidity
in LMICs. In particular, the prevalence of cardiometabolic
multimorbidity has been increasing rapidly in recent years (14,
15). As a result, the increase in cardiometabolic multimorbidity
among older adults could pose a barrier to the development of
LMICs, especially in China, leading to a higher medical burden.

Conventional survival analyses have been widely used
in previous studies to explore the relationship between risk
factors and cardiometabolic diseases (1, 15–17). However,
the progress of cardiometabolic multimorbidity is in
succession from a healthy state to the first cardiometabolic
disease, cardiometabolic multimorbidity, and death. To date,
information on how the risk factors impact this sequential
progress from a longitudinal perspective is limited. In 2018, one
study explored the progress of cardiometabolic multimorbidity
in the United Kingdom, but it only included diabetes, coronary
heart disease, and stroke (18). Unfortunately, similar studies
have not been found among older adults in LMICs, such as
in China. Therefore, clarifying the successive progression
of cardiometabolic multimorbidity will provide targeted
preventive, diagnostic, prognostic, and treatment strategies for
older adults. Therefore, the study aimed to analyze how risk
factors impact the course of cardiometabolic multimorbidity
among Chinese elders during the 2002–2018 period.

Materials and methods

Study design and participants

This study data was from the Chinese Longitudinal Healthy
Longevity Survey (CLHLS), an ongoing mixed longitudinal
cohort established by Duke University and Peking University
in 1998 to investigate health-related factors among Chinese
elders.1 Participants were randomly selected from about half
of the cities/counties in 23 Chinese provinces, with a total

1 http://opendata.pku.edu.cn/
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FIGURE 1

Flowchart of sample selection.

of 113,000 household visits (19). Data were collected using
the structured questionnaire and clinical evaluation every
2 − 3 years. Details of the study design and data collection
have been described previously (20–22). CLHLS procedures
were approved by the Research Ethics Committees of Duke
University and Peking University (IRB00001052-13074). The
informed consent of participants and research ethics approval
were renewed at each follow-up.

The present study targeted 60–105-years-old participants
with no cardiometabolic diseases at the baseline and at least one
follow-up record with a definite follow-up time. Due to lacking
information on participants’ height and weight between 1998
and 2000, we extracted 28,738 participants from CLHLS 2002–
2018. Among these participants, 4,870 were excluded as they
were lost to follow-up at second wave, and 6,262 participants
were excluded because they had cardiometabolic disease at

the baseline or lacked a definite follow-up time. Participants
with missing information on smoking (n = 13), alcohol
consumption (n = 21), BMI (n = 2,512) and other covariates
(n = 1,127) were also excluded. Ultimately, 13,933 participants
were included in the final study population. Figure 1 shows the
participant flowchart.

Outcomes ascertainment

First cardiometabolic disease, cardiometabolic
multimorbidity, and mortality were the main outcome variables
in the study. Self-reported information on cardiometabolic
conditions was collected by trained research assistants. At each
investigation, participants were asked, “Have you ever been
told by a doctor that you are suffering from hypertension,
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diabetes, heart disease, stroke, or CVD?” There were three
possible answers for each disease: yes, no, and do not know.
The first cardiometabolic disease was identified as having only
one of the four diseases mentioned above. Cardiometabolic
multimorbidity was identified as having at least two of the four
diseases. For participants who died during the study, the details
before death were collected in interviews with one of their
close family members.

Socioeconomic status assessment

In this study, six economy-related variables were used to
measure socioeconomic status (SES). Education years were re-
categorized into four levels: no education (schooling years = 0),
elementary school (schooling years = 1 − 5), secondary school
(schooling years = 6 − 12), and university or above (schooling
years ≥ 13). Participants were asked about their sufficient
financial sources (yes or no), housing type (purchased or leased),
their own bedroom (yes or no), and pension (yes or no). Self-
reported economic condition was also collected and categorized
into very poor, poor, fair, rich, and very rich. To depict the
comprehensive SES of each participant, the six economy-related
variables were combined by principal component analyses to
extract a synthesized variable. The overall SES variable was
then classified into three tertiles, representing low SES, medium
SES, and high SES.

Health behavior assessment

We obtained five health behaviors: smoking, drinking,
physical activity, sleep duration, and BMI. Self-reported
smoking was divided into non-smoker (representing never
smokers) and smoker (representing ex-smokers or current

smokers) (22–24). Alcohol drinking was self-reported and
grouped into non-drinker and drinker. Regular physical activity,
referring to two or more purposeful fitness activities a week, was
recorded as yes or no. Sleep duration, including nighttime and
daytime sleep, was divided into four groups: ≤ 5.0 h, 5.1 − 7.0 h,
7.1 − 8.0 h, and > 8.0 h based on previous research (25). Height
and weight were measured by the trained research assistants
to calculate BMI as weight (kg) divided by square height
(m2). Underweight (BMI < 18.5), normal (18.5 ≤ BMI < 24),
overweight (24 ≤ BMI < 28), and obesity (BMI ≥ 28) were
defined according to the Chinese BMI criteria (26).

Some sociodemographic variables at the baseline were also
obtained, including marriage (in marriage and not in marriage),
age groups (60–69, 70–79, and 80 and over years old), gender
(male, female), and residence area (rural, town, and city).

Multi-state model and statistical
analyses

The baseline characteristics were presented as numbers
(percentages) and compared across different SES levels by
the Chi-squared tests. Cox regression model was firstly
used to explore risk factors of first cardiometabolic disease,
cardiometabolic multimorbidity, and mortality in separate
models. Proportionality of hazards was assessed for each
variable, and Schoenfeld residuals were visually inspected for
potential time-variant biases. A p-value threshold of 0.05
was used to determine the significance in assessing the
proportionality of hazards assumption and visual inspection of
Schoenfeld residuals. Multi-state analyses were used to explore
the effects of risk factors on transitions between the states.

In addition, the acyclic multi-state model shown in
Figure 2 was used to define an interconnected progressive

FIGURE 2

Schematic representation of the transitions between start of follow-up (without cardiometabolic disease), first cardiometabolic disease,
cardiometabolic multimorbidity, and mortality.
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cardiometabolic multimorbidity system for the elders. In
the system, four clinical states were determined: without
cardiometabolic diseases (state 1), first cardiometabolic
disease (state 2), cardiometabolic multimorbidity (state
3), and mortality (state 4). An individual began without
cardiometabolic diseases (state 1) and moved toward the
absorbing state to death (state 4) directly or through two
different intermediates. Possible disease progression for
participants included transition A (TA, transition from
without cardiometabolic diseases into first cardiometabolic
disease), transition B (TB, a direct transition from without
cardiometabolic diseases into mortality), transition C (TC,
participant developed the first cardiometabolic disease and
subsequently cardiometabolic multimorbidity), transition
D (TD, transition from cardiometabolic multimorbidity
into mortality), and transition E (TE, transition from
cardiometabolic multimorbidity into mortality).

Considering that intermediate events may change the
natural history of the disease development, that is to say, the role
of some risk factors may not be the same after the intermediate
events, we fitted an illness-death model without recovery using
the “mstate” package in R software (27) to explore factors’
effects during the disease progression. All subjects started in
the without cardiometabolic diseases state, and some subjects
remained in this state until the end of the study.

The robustness of our findings was checked using several
sensitivity analyses. Firstly, we imputed the missing values of
covariates using multiple imputation with a predictive mean
matching method (28). Secondly, we repeated all analyses by
calculating SES using latent class analyses (29). Thirdly, we
excluded individuals with disability at the baseline because
disability could influence both lifestyles and SES. Fourthly, we
repeated cox regression and multi-state model analyses for
participants with different genders and SES. The interactions
were also tested by comparing models with and without a cross-
product term between the risk factors and gender/SES for both
cox and multi-state models. Fifthly, we excluded individuals
with cardiometabolic diseases within 2 years after recruitment.
Finally, we used age instead of the time since baseline as the
time scale for the baseline hazards and tested whether age is
more appropriate than the time since baseline. All statistical
analyses in this study were performed using R version 3.3.2 (R
Foundation for Statistical Computing, Vienna, Austria), and a
two-sided p < 0.05 was considered statistically significant.

Results

Population characteristics

A total of 13,933 people in the CLHLS were included in
this study from 2002 to 2014, with 73399.06 person-years of
follow-up. Supplementary Table 1 shows the characteristics

of the subjects by survey wave. Table 1 shows the baseline
characteristics of the study population with cardiometabolic
conditions and mortality status at the end of follow-up.
Of the 13,933 participants, 6,016 (43.2%) were male, 9,418
(67.6%) resided in rural areas, 2,766 (19.9%) experienced
first cardiometabolic disease, 975 (7.0%) met the criteria of
multimorbidity, and 9,365 (67.2%) died over the follow-up
period. The demographic characteristics and life behaviors
were all consistently associated with the risk of the three
outcomes. The SES indicators among the participants, such
as self-assessed economic status, housing types, and adequate
financial resources might influence the prevalence of mortality.

Cox regression analyses

In the Cox regression, demographic indicators were
significantly associated with the odds of the three outcome
variables, as shown in Table 2. For example, city residents were
more likely to suffer from adverse outcomes. Higher age was
an important risk factor for the first cardiometabolic disease
and mortality. Especially, higher than 80 years had the strongest
association with mortality (HR = 7.83, 95% CI, 7.1 − 8.65).
Participants who were not in marriage had a higher risk of
mortality than their married counterparts (HR = 1.59, 95%
CI, 1.51 − 1.68). The difference in mortality between genders
indicated that females had longer life expectancy than males.

We further analyzed the association of SES with the three
outcomes. However, it was only found that higher SES might
decrease the risk for mortality (HR = 0.91, 95% CI, 0.87 − 0.96).
Among the behavioral risk factors, overweight/obesity had
a robust positive association with the incidence of first
cardiometabolic disease, cardiometabolic multimorbidity, and
mortality. Other behavioral risk factors such as physical
inactivity (HR = 1.24, 95% CI, 1.18 − 1.31), smokers (HR = 1.08,
95% CI, 1.02 − 1.15), and > 8 h of sleep duration (HR = 1.20,
95% CI, 1.15 − 1.26) were all more likely to increase the risk
for mortality but were not associated with the incidence of first
cardiometabolic disease and cardiometabolic multimorbidity.

Multi-state model analyses

The role of risk factors in the transitions from healthy
to multimorbidity and mortality is shown in Table 3. We
examined the associations of individual demographic, SES, and
behavioral risk factors with the transitions and found that
advanced age was the only risk factor for all four transitions
except for TC. Although females had a higher risk for first
cardiometabolic disease (TA) and multimorbidity (TC), they
had a lower incidence of mortality (TB and TD) than the males.
TA and TC were more likely to occur among city residents, but
the probability of transition E was lower. Participants who were
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TABLE 1 Baseline characteristics of study population with cardiometabolic conditions and mortality status at the end of follow-upa.

Characteristics First cardiometabolic disease Cardiometabolic multimorbidity Mortality

No
(n= 11,167)

Yes
(n = 2,766)

P-valueb No
(n= 12,958)

Yes
(n = 975)

P-valueb No
(n = 4,568)

Yes
(n = 9,365)

P-valueb

Demographic indicators

Gender

Male 4,677 (41.9) 1,339 (48.4) <0.001 5,546 (42.8) 470 (48.2) 0.001 2,216 (48.5) 3,800 (40.6) <0.001

Female 6,490 (58.1) 1,427 (51.6) 7,412 (57.2) 505 (51.8) 2,352 (51.5) 5,565 (59.4)

Age (y)

60–69 1,340 (12.0) 820 (29.6) <0.001 1,791 (13.8) 369 (37.8) <0.001 1,660 (36.3) 500 (5.3) <0.001

70–79 1,441 (12.9) 792 (28.6) 1,928 (14.9) 305 (31.3) 1,249 (27.3) 984 (10.5)

≥80 8,386 (75.1) 1,154 (41.7) 9,239 (71.3) 301 (30.9) 1,659 (36.4) 7,881 (84.2)

Marriage

In marriage 3,378 (30.2) 1,546 (55.9) <0.001 4,339 (33.5) 585 (60.0) <0.001 2,696 (59.0) 2,228 (23.8) <0.001

Not in marriage 7,789 (69.8) 1,220 (44.1) 8,619 (66.5) 390 (40.0) 1,872 (41.0) 7,137 (76.2)

Residence

Rural 7,580 (67.9) 1,838 (66.4) 0.096 8,798 (67.9) 620 (63.6) 0.003 2,916 (63.8) 6,502 (69.4) <0.001

Town 1,998 (17.9) 544 (19.7) 2,359 (18.2) 183 (18.8) 861 (18.8) 1,681 (18.0)

City 1,589 (14.2) 384 (13.9) 1,801 (13.9) 172 (17.6) 791 (17.4) 1,182 (12.6)

Socioeconomic indicators

Education

No education 7,605 (68.1) 1,573 (56.9) <0.001 8,671 (66.9) 507 (52.0) <0.001 2,369 (51.9) 6,809 (72.7) <0.001

Elementary school 2,222 (19.9) 682 (24.7) 2,659 (20.5) 245 (25.1) 1,156 (25.3) 1,748 (18.7)

Secondary school 1,110 (9.9) 422 (15.3) 1,356 (10.5) 176 (18.1) 844 (18.5) 688 (7.3)

University or above 230 (2.1) 89 (3.2) 272 (2.1) 47 (4.8) 199 (4.3) 120 (1.3)

Housing types

Purchased 10,508 (94.1) 2,594 (93.8) 0.528 12,199 (94.1) 903 (92.6) 0.052 4,232 (92.6) 8,870 (94.7) <0.001

Leased 659 (5.9) 172 (6.2) 759 (5.9) 72 (7.4) 336 (7.4) 495 (5.3)

Have one’s own bedroom

Yes 10,170 (91.1) 2,521 (91.1) 0.907 11,808 (91.1) 883 (90.6) 0.553 4,167 (91.2) 8,524 (91.0) 0.695

No 997 (8.9) 245 (8.9) 1,150 (8.9) 92 (9.4) 401 (8.8) 841 (9.0)

Adequate financial resources

Yes 8,827 (79.0) 2,213 (80.0) 0.264 10,248 (79.1) 792 (81.2) 0.111 3,693 (80.8) 7,347 (78.5) 0.001

No 2,340 (21.0) 553 (20.0) 2,710 (20.9) 183 (18.8) 875 (19.2) 2,018 (21.5)

Self-assessed economic status

Very poor 320 (2.9) 58 (2.1) 0.140 366 (2.8) 12 (1.2) 0.001 93 (2.0) 285 (3.0) <0.001

Poor 1,493 (13.4) 373 (13.5) 1,759 (13.6) 107 (11.0) 542 (11.9) 1,324 (14.1)

Fair 7,647 (68.5) 1,885 (68.1) 8,853 (68.3) 679 (69.6) 3,158 (69.1) 6,374 (68.1)

Rich 1,596 (14.3) 416 (15.0) 1,848 (14.3) 164 (16.8) 715 (15.7) 1,297 (13.8)

Very rich 111 (1.0) 34 (1.2) 132 (1.0) 13 (1.3) 60 (1.3) 85 (0.9)

Pension

Yes 1,417 (12.7) 483 (17.5) <0.001 1,636 (12.6) 264 (27.1) <0.001 953 (20.9) 947 (10.1) <0.001

No 9,750 (87.3) 2,283 (82.5) 11,322 (87.4) 711 (72.9) 3,615 (79.1) 8,418 (89.9)

Behavioral indicators

Regular physical activity

Yes 2,625 (23.5) 858 (31.0) <0.001 3,180 (24.5) 303 (31.1) <0.001 1,425 (31.2) 2,058 (22.0) <0.001

No 8,542 (76.5) 1,908 (69.0) 9,778 (75.5) 672 (68.9) 3,143 (68.8) 7,307 (78.0)

Smoking

Non-smoker 7,667 (68.7) 1,780 (64.4) <0.001 8,823 (68.1) 624 (64.0) 0.008 2,973 (65.1) 6,474 (69.1) <0.001

Smoker 3,500 (31.3) 986 (35.6) 4,135 (31.9) 351 (36.0) 1,595 (34.9) 2,891 (30.9)

(Continued)
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TABLE 1 (Continued)

Characteristics First cardiometabolic disease Cardiometabolic multimorbidity Mortality

No
(n= 11,167)

Yes
(n = 2,766)

P-valueb No
(n= 12,958)

Yes
(n = 975)

P-valueb No
(n = 4,568)

Yes
(n = 9,365)

P-valueb

Alcohol drinking

Non-drinker 7,826 (70.1) 1,892 (68.4) 0.085 9,058 (69.9) 660 (67.7) 0.147 3,128 (68.5) 6,590 (70.4) 0.022

Drinker 3,341 (29.9) 874 (31.6) 3,900 (30.1) 315 (32.3) 1,440 (31.5) 2,775 (29.6)

Sleep duration

≤5.0 h 1,213 (10.9) 319 (11.5) <0.001 1,424 (11.0) 108 (11.1) <0.001 509 (11.1) 1,023 (10.9) <0.001

5.1–7.0 h 1,440 (12.9) 402 (14.5) 1,702 (13.1) 140 (14.4) 711 (15.6) 1,131 (12.1)

7.1–8.0 h 4,091 (36.6) 1,212 (43.8) 4,837 (37.3) 466 (47.8) 2,077 (45.5) 3,226 (34.4)

>8.0 h 4,423 (39.6) 833 (30.1) 4,995 (38.5) 261 (26.8) 1,271 (27.8) 3,985 (42.6)

BMI categories

Underweight 4,631 (41.5) 746 (27.0) <0.001 5,187 (40.0) 190 (19.5) <0.001 1,156 (25.3) 4,221 (45.1) <0.001

Normal 5,470 (49.0) 1,581 (57.2) 6,490 (50.1) 561 (57.5) 2,655 (58.1) 4,396 (46.9)

Overweight 850 (7.6) 364 (13.2) 1,038 (8.0) 176 (18.1) 608 (13.3) 606 (6.5)

Obesity 216 (1.9) 75 (2.7) 243 (1.9) 48 (4.9) 149 (3.3) 142 (1.5)

SES, socioeconomic status; BMI, body mass index (calculated as weight in kilograms divided by square of height in meters).
aData are presented as number (percentage) unless otherwise indicated. bThe χ2 test was used for categorical variables.

not in marriage had a higher risk for TB and TD. Higher SES
was associated with a higher risk for TA and a lower risk for TB
among the healthy participants.

Behavior risk factors like physical inactivity, smokers, and
longer or shorter sleep duration were all likely to increase the
risk for first cardiometabolic disease and mortality among the
healthy participants. Overweight and obesity were risk factors
for developing into first cardiometabolic disease and then
transitioning into multimorbidity. Furthermore, overweight
and obesity were associated with a decreased hazard of
mortality among participants with event-free state and first
cardiometabolic disease, respectively.

Supplementary Tables show the results of sensitivity
analyses. Before and after imputation, the differences in
the baseline characteristics were not statistically significant
(Supplementary Table 2). After using multiple imputations to
impute missing values of all covariates, we repeated all analyses
and observed similar findings (Supplementary Table 3). We
used a new SES indicator based on latent class analyses to
repeat all analyses in the multi-state model (Supplementary
Table 4), and the results were broadly consistent with our main
findings (Supplementary Table 5). After excluding participants
with disability at the baseline, the results remained similar
to the main findings (Supplementary Table 6). Moreover,
the results showed several statistically significant interactions
among participants after being stratified by gender and SES.
Nevertheless, most of them seemed clinically meaningless
(Supplementary Tables 7–16). After excluding cardiometabolic
disease occurring within 2 years after recruitment, the
results of multi-state models remained consistent in general
(Supplementary Table 17). Analysis using the time since

baseline with age as the time scale for the baseline hazards
found unchangeable results. Thus, the time since baseline was as
appropriate as the age for the baseline hazards (Supplementary
Table 18).

Discussion

To our best knowledge, this study is the first to examine
cardiometabolic multimorbidity progression based on a
large-scale, longitudinal cohort of older adults in LMICs,
China. The multi-state model and Cox model were adopted
simultaneously to investigate the role of demographic,
socioeconomic, and behavioral factors on cardiometabolic
progression. Two key findings were presented. First,
sociodemographic characteristics, such as female, age, not
in marriage, and urban residents, are important risk factors for
first cardiometabolic disease, multimorbidity, and mortality.
Especially, age is the strongest predictor of mortality in
those with cardiometabolic multimorbidity and without
cardiometabolic multimorbidity. Higher SES increases the
incidence of first cardiometabolic disease and decreases
cardiometabolic multimorbidity, which is contrary to the
results in high-income countries. Second, behavioral indicators
like smoking, physical inactivity, overweight/obesity, and
non-optimal sleep time are associated with a higher risk for
cardiometabolic progression and mortality.

Age is important for almost all transitions in the defined
progressive cardiometabolic multimorbidity system. A higher
age corresponds to a higher risk for first cardiometabolic disease
and mortality. Previous studies have shown that aging leads to
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TABLE 2 Association of factors with cardiometabolic conditions and mortality using Cox regression model.

Factors First cardiometabolic disease Cardiometabolic multimorbidity Mortality

n HR (95%CI) n HR (95%CI) N HR (95%CI)

Gender

Male 1,339 1.00 [Ref.] 470 1.00 [Ref.] 3,800 1.00 [Ref.]

Female 1,427 0.99 (0.90–1.08) 505 1.08 (0.92–1.27) 5,565 0.89 (0.85–0.94)

Age (y)

60–69 820 1.00 [Ref.] 369 1.00 [Ref.] 500 1.00 [Ref.]

70–79 792 1.18 (1.07–1.31) 305 1.09 (0.94–1.28) 984 2.02 (1.81–2.25)

≥80 1,154 1.26 (1.13–1.40) 301 1.02 (0.86–1.22) 7,881 7.83 (7.10–8.65)

Marriage

In marriage 1,546 1.00 [Ref.] 585 1.00 [Ref.] 2,228 1.00 [Ref.]

Not in marriage 1,220 0.94 (0.86–1.03) 390 1.04 (0.89–1.21) 7,137 1.59 (1.51–1.68)

Residence

Rural 1,838 1.00 [Ref.] 620 1.00 [Ref.] 6,502 1.00 [Ref.]

Town 544 1.07 (0.97–1.18) 183 1.03 (0.87–1.22) 1,681 1.01 (0.96–1.07)

City 384 1.20 (1.07–1.34) 172 1.48 (1.24–1.78) 1,182 1.12 (1.05–1.19)

SES

Low SES 878 1.00 [Ref.] 291 1.00 [Ref.] 3,218 1.00 [Ref.]

Medium SES 1,121 1.00 (0.91–1.11) 341 0.87 (0.73–1.04) 4,153 0.99 (0.94–1.04)

High SES 781 0.92 (0.84–1.01) 345 1.05 (0.90–1.23) 2,043 0.91 (0.87–0.96)

Regular physical activity

Yes 858 1.00 [Ref.] 303 1.00 [Ref.] 2,058 1.00 [Ref.]

No 1,908 0.94 (0.87–1.03) 672 1.14 (0.99–1.32) 7,307 1.24 (1.18–1.31)

Smoking

Non-smoker 1,780 1.00 [Ref.] 624 1.00 [Ref.] 6,474 1.00 [Ref.]

Smoker 986 1.03 (0.93–1.14) 351 0.99 (0.83–1.17) 2,891 1.08 (1.02–1.15)

Alcohol drinking

Non-drinker 1,892 1.00 [Ref.] 660 1.00 [Ref.] 6,590 1.00 [Ref.]

Drinker 874 0.94 (0.85–1.04) 315 1.00 (0.85–1.18) 2,775 1.04 (0.98–1.10)

Sleep duration

≤5.0 h 319 1.04 (0.92–1.18) 108 0.95 (0.77–1.18) 1,023 1.04 (0.97–1.12)

5.1–7.0 h 402 1.01 (0.90–1.13) 140 0.93 (0.77–1.12) 1,131 1.00 (0.93–1.07)

7.1–8.0 h 1,212 1.00 [Ref.] 466 1.00 [Ref.] 3,226 1.00 [Ref.]

>8.0 h 833 0.98 (0.90–1.08) 261 0.89 (0.76–1.03) 3,985 1.20 (1.15–1.26)

BMI categories

Underweight 746 0.87 (0.79–0.95) 190 0.69 (0.59–0.82) 4,221 1.22 (1.17–1.27)

Normal 1,581 1.00 [Ref.] 561 1.00 [Ref.] 4,396 1.00 [Ref.]

Overweight 364 1.33 (1.19–1.50) 176 1.63 (1.37–1.94) 606 0.86 (0.79–0.94)

Obesity 75 1.28 (1.01–1.61) 48 2.02 (1.50–2.72) 142 1.00 (0.85–1.19)

SES, socioeconomic status; BMI, body mass index (calculated as weight in kilograms divided by square of height in meters); HR, hazard ratio. Bold values indicate that there are statistically
significant differences.

rapid increases in the prevalence of cardiometabolic diseases
(6, 17). However, the risk of cardiometabolic multimorbidity
decreases with age, which agrees with previous studies. Yao
et al. have found that the prevalence of multimorbidity sharply
increases with age and then slightly decreases among the oldest-
old adults (11). Abebe et al. have reported that the prevalence of
multimorbidity rises in the population at the age around 40 years

and then flattens population at the age over 70 years (8). The
possible reasons are as follows. Firstly, the cognitive function of
the elderly may be impaired, which means that there is a recall
bias in the collected information, resulting in a low reporting
rate of chronic diseases. Secondly, it is possible that the older
adults who survived to the oldest-old but had fewer chronic
diseases were enrolled. Thirdly, the compression of morbidity
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TABLE 3 Role of factors in transitions between cardiometabolic conditions and mortality.

Factors HR (95% CI)

A
(healthy→

first disease)

B
(healthy→
mortality)

C (first disease→
multimorbidity)

D (first disease→
mortality)

E
(multimorbidity→

mortality)

Gender

Male 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

Female 1.26 (1.15–1.39) 0.84 (0.80–0.89) 1.42 (1.10–1.85) 0.84 (0.73–0.97) 1.25 (0.73–2.15)

Age (y)

60–69 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

70–79 1.31 (1.18–1.44) 1.41 (1.26–1.57) 0.76 (0.59–0.98) 2.18 (1.81–2.62) 2.34 (1.43–3.81)

≥80 1.08 (0.97–1.21) 6.00 (5.48–6.57) 0.41 (0.29–0.59) 5.75 (4.84–6.83) 4.40 (2.33–8.33)

Marriage

In marriage 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

Not in marriage 0.85 (0.77–0.94) 1.64 (1.54–1.74) 0.99 (0.75–1.29) 1.24 (1.08–1.43) 1.13 (0.68–1.89)

Residence

Rural 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

Town 1.20 (1.09–1.32) 0.99 (0.93–1.05) 1.07 (0.81–1.41) 0.99 (0.85–1.15) 0.98 (0.58–1.65)

City 1.33 (1.19–1.50) 1.12 (1.05–1.20) 1.41 (1.04–1.93) 0.93 (0.76–1.13) 0.43 (0.21–0.88)

SES

Low SES 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

Medium SES 1.15 (1.04–1.27) 0.94 (0.89–0.99) 0.76 (0.56–1.03) 1.03 (0.89–1.20) 1.26 (0.71–2.24)

High SES 1.17 (1.07–1.28) 0.85 (0.81–0.90) 1.08 (0.85–1.37) 0.87 (0.76–1.00) 1.27 (0.79–2.04)

Regular physical activity

Yes 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

No 1.13 (1.04–1.23) 1.18 (1.12–1.24) 1.11 (0.89–1.40) 1.11 (0.98–1.27) 0.79 (0.50–1.27)

Smoking

Non-smoker 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

Smoker 1.20 (1.08–1.33) 1.02 (0.96–1.09) 1.06 (0.80–1.42) 1.01 (0.86–1.18) 2.25 (1.22–4.15)

Alcohol drinking

Non-drinker 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

Drinker 1.01 (0.91–1.12) 1.01 (0.95–1.07) 0.87 (0.65–1.16) 1.06 (0.91–1.23) 1.10 (0.62–1.97)

Sleep duration

≤5.0 h 1.15 (1.02–1.30) 0.98 (0.91–1.06) 0.85 (0.59–1.23) 1.17 (0.96–1.42) 0.80 (0.37–1.73)

5.1–7.0 h 1.15 (1.02–1.28) 0.94 (0.88–1.02) 0.83 (0.59–1.16) 1.05 (0.87–1.27) 1.15 (0.63–2.12)

7.1–8.0 h 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

>8.0 h 1.04 (0.95–1.14) 1.15 (1.10–1.21) 0.87 (0.66–1.14) 1.24 (1.09–1.43) 1.05 (0.64–1.74)

BMI categories

Underweight 0.87 (0.80–0.95) 1.19 (1.14–1.25) 0.75 (0.54–1.03) 1.20 (1.05–1.37) 1.21 (0.67–2.18)

Normal 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.] 1.00 [Ref.]

Overweight 1.48 (1.32–1.66) 0.81 (0.73–0.89) 1.43 (1.08–1.90) 0.93 (0.76–1.15) 1.21 (0.69–2.13)

Obesity 1.34 (1.06–1.69) 1.10 (0.92–1.31) 1.75 (1.03–2.98) 0.52 (0.31–0.89) 1.17 (0.35–3.90)

SES, socioeconomic status; BMI, body mass index (calculated as weight in kilograms divided by square of height in meters); HR, hazard ratio. Bold values indicate that there are statistically
significant differences.

proposed by Andersen is also one possible explanation. With
the population aging, the hazard of age-related diseases and
overall morbidity becomes progressively less (30). Compared
to males, females are more likely to develop cardiometabolic
conditions but have a lower risk for mortality, partly attributed
to their longer life expectancy and higher health awareness
(31–33). Higher risk for TB and TD are observed among the
participants who are not in marriage, possibly because married

individuals might enjoy a healthier lifestyle, which provides
long-term benefits for wellbeing (34, 35). However, individuals
without a partner lack social support and are more likely to
suffer adverse health outcomes. Moreover, urban residents have
a higher risk of multimorbidity than rural residents. Generally,
our results are consistent with most previous studies on the
roles of demographic factors on cardiometabolic conditions and
mortality (33, 35).
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Our results revealed a statistically significant socioeconomic
gradient in that the risk of first cardiometabolic disease
increases with the SES level. Once a cardiometabolic disease
is diagnosed, affluent participants have the ability to pay
for ongoing treatment, which would improve their health
literacy. Participants with high SES have greater access to
health-care services. Thus, their non-communicable diseases
are more likely to be diagnosed or even over-diagnosed
than participants with low SES (36, 37). Because of the low
accessibility of health facilities and poor health literacy among
deprived individuals, cardiometabolic diseases might be under-
reported and neglected, resulting in higher mortality risk
(38–41). Low healthcare-seeking behavior and the probability
of underdiagnoses might have contributed to the increased
mortality of people with low SES in China.

Our finding also highlights that adverse behavior
factors, such as physical inactivity, smoking, and longer
or shorter sleep duration, are likely to increase the risk
for first cardiometabolic disease and mortality in healthy
participants. It is globally known that healthy lifestyles
decrease the risk of cardiometabolic conditions and mortality
and increase life expectancy (31, 42), particularly in those
without cardiometabolic conditions. Both experimental and
epidemiological studies have shown that the decline in sleep
time and sleep quality is a risk factor for cardiometabolic
abnormalities (43, 44), consistent with our results. Previous
studies have identified a “U” or “J” relationship between sleep
time and all-cause death. A “U”-shaped association represents
that longer or shorter sleep is associated with an increased
risk of death (45). However, our present study found that only
older adults who sleep longer have a higher mortality risk (46).
Overweight or obese participants tend to develop into first
cardiometabolic disease and then transfer into multimorbidity
in contrast with participants with normal weight. Studies have
suggested that obese participants have a higher risk for any CVD
than those with normal weight (47–49). It has been inferred
that obesity could cause dyslipidemia, systemic inflammation,
and a series of metabolic abnormalities, which in turn increase
the risk of vascular diseases and diabetes (50).

The two key findings in the present study have important
implications for preventing and controlling cardiometabolic
diseases. Firstly, some sociodemographic characteristics, such
as being female, age, not in marriage, and residency,
contribute to the occurrence of the first cardiometabolic disease,
multimorbidity, and mortality. High SES plays an important
role in increasing the risk for the first cardiometabolic disease
and decreasing the risk for cardiometabolic multimorbidity.
Previous studies have also found that socioeconomic factors are
associated with multimorbidity. However, most of these studies
are confined to a unique outcome rather than the progression
from the first cardiometabolic disease to multimorbidity
and death within a single analytic framework (1, 15–17).
The importance of sociodemographic characteristics for the

incidence of the first cardiometabolic disease, multimorbidity,
and mortality suggests that basic sociodemographic factors
should be targeted sufficiently in primary prevention. To
minimize transition risks for cardiometabolic morbidity and
mortality, policymakers also need to evaluate these facts from
a financial perspective, providing and implementing sufficient
required health preventive strategies, especially for those with
low SES. Secondly, our results indicate that adverse behavior
factors promote the development of the first disease and
mortality in the healthy participants. A previous study has
shown that midlife behavioral factors increase mortality among
participants with cardiometabolic diseases (51). The CHANCES
study confirmed that at the age of 50 years, a healthy lifestyle
increases life expectancy by 7.4 − 15.7 years and leads to free
of chronic diseases in most cases (52). Li et al. have found
that a low-risk lifestyle will prevent 90% of diabetes, 80% of
coronary heart diseases, and 70% of cardiovascular mortality in
the United States (53). However, the evidence on the effective
measures to treat patients with several medical conditions is
limited in LMICs, in which persons may face accumulating and
overwhelming complexity due to the uncoordinated responses
to the problems. Thus, our results could provide the priority
directed to reorienting and strengthening the health care system
in tackling this challenge in LMICs. Our study has several
strengths. Firstly, the study was derived from large samples
in China. Secondly, the long-term follow-up allowed us to
obtain complete data on health outcomes and analyze clinically
diagnosed incident diseases. Thirdly, the overall SES variable
established in this study empowered us to comprehensively
evaluate the complex relationship of SES with mortality and
with the progression of cardiometabolic conditions. Fourthly,
the robustness of our findings was further evaluated using a
series of sensitivity analyses. Fifthly, the role of risk factors
in the progression from the first cardiometabolic disease to
multimorbidity and death was evaluated within a single analytic
framework and using conventional survival analyses.

Nevertheless, our study has several limitations. Firstly,
data used in this study were collected every 2–3 years.
Therefore, some transitions might be missed during the long
interval between measurements. Secondly, all risk factors were
assessed at the baseline; changes in risk factor levels due
to the onset of disease or lifestyle modification were not
examined. Thirdly, although the key personal characteristics
and lifestyle behaviors were considered during the analyses,
other potential confounders were not excluded. Furthermore,
the study was observational. Therefore, a certain causal
relationship cannot be demonstrated. Finally, to simplify
the analyses and interpretation, the multi-state model only
included five transitions rather than all possible transitions
between individual diseases and outcomes and between pairs of
diseases. Beyond that, data about the cardiometabolic diseases
were self-reported based on the subject’s memory, which
might be flawed.
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Conclusion

Our analyses presented potential risk factors for individual
cardiometabolic disease transitions. Behavioral factors, such
as smoking, physical inactivity, overweight/obesity, and
non-optimal sleep duration are the key determinants of
cardiometabolic progression and mortality. Higher SES is
associated with a greater prevalence of the first cardiometabolic
disease and a lower risk for mortality among healthy
participants. These findings highlight the importance of lifestyle
and SES modifications in reducing disease burden and have
important implications for policy-makers to address the
upstream social and behavioral determinants of health.
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