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Supplementary Method 1: assessment of frailty status 
 
In the study, frailty status was assessed by the frailty index, which is one of the extensively used measures of biological age.1 The 
frailty index, derived from the accumulation of deficits approach, condenses various health variables into a single continuous score 
that reflects an individual's overall health, and a reliable frailty index typically requires at least 30 variables across multiple domains.2 
The responses for each variable must be recoded to a scale from 0 to 1, where 0 indicates no deficit (the healthiest state) and 1 
indicates full deficit (the unhealthiest state). Dichotomous variables are coded 0 and 1 (e.g., no hyptertension =0, hyptertension =1). 
Interval or ordinal variables with three response levels are coded 0, 0.5, and 1, and those with four levels are coded 0, 0.33, 0.67, and 
1. A similar methodology is applied for variables with more than four response levels. Finally, the frailty index can be calculated by 
dividing the sum of recoded values (i.e., the sum of deficits) by the number of valid variables for a specific individual. For instance, in 
a dataset with 50 variables, an individual with a deficit sum of 2 and 45 valid variables (i.e., five variables with missing values) would 
have a frailty index of 0.04 (2/45). In the same dataset, an individual with a deficit sum of 5.5 and no variables with missing values 
will have an index of 0.11 (5.5/50). The frailty index is a continuous variable that ranges from 0.00 to 1.00, with higher values 
indicating a greater degree of frailty. Importantly, the frailty index should not be calculated for individuals if more than 20% of total 
variables are missing (e.g., over ten variables with missing values in a dataset with 50 variables).2 In this study, to rigorously eliminate 
potential biases (i.e., those caused by certain variables with missing values that may be associated with either smaller or larger 
deficits), each participant was ensured to have a complete set of frailty index variables.  

A 38-item frailty index has been created using data from four waves (i.e., 1998, 2000, 2002, and 2005) of the Chinese Longitudinal 
Healthy Longevity Survey (CLHLS),3 and the index has been widely used.4,5 Based on the available data from all waves of the CLHLS, 
we excluded two variables (i.e., heart rhythm and other chronic diseases) from the original 38-item set; additionally, we removed 
another variable (i.e., doing housework), as it is considered a domain of physical activity and served as a mediator in this study. 
Finally, we constructed a modified frailty index with 35 variables using a standardized procedure,2 and detailed information about 
these variables is provided in the table below.  

Generally, the frailty index constructed using population data shares certain characteristics:2 a right-skewed frequency 
distribution, index less than 0.70 for at least 99% of the samples, higher mean frailty index in females than males, and a positive 
correlation with age. In our study, the frailty index demonstrated similar characteristics (as shown in Figures A and B below).  

Based on the frailty index, frailty status can generally be categorized into five levels:6,7 robustness (frailty index ≤0.1), pre-frailty 
(frailty index >0.1 and ≤0.2), mild-frailty (frailty index >0.2 and ≤0.3), moderate-frailty (frailty index >0.3 and ≤0.4), and severe-frailty 
(frailty index >0.4). Due to the limited number of participants in the mild-, moderate-, and severe-frailty levels in our study (as shown 
in Figure A below), these were combined, finally resulting in three levels: robustness, pre-frailty, and frailty. 

 
Table. Variables used to construct frailty index 

 Variables Data type Corresponding scores based on the response optionsa 
1 Self‐reported health Ordinal very good =0, good =0.25, so so =0.5, bad =0.75, very bad =1 
2 Feel fearful or anxious Ordinal always =1, often =0.75, sometimes =0.5, seldom =0.25, never =0 
3 Feel useless with age Ordinal always =1, often =0.75, sometimes =0.5, seldom =0.25, never =0 
4 Look on the bright side of things Ordinal always =0, often =0.25, sometimes =0.5, seldom =0.75, never =1 
5 Make own decisions Ordinal always =0, often =0.25, sometimes =0.5, seldom =0.75, never =1 
6 Keep my belongings neat and clean Ordinal always =0, often =0.25, sometimes =0.5, seldom =0.75, never =1 

7 ADLs: bathing Ordinal without assistance =0, one part assistance =0.5, more than one part 
assistance =1 

8 ADLs: dressing Ordinal without assistance =0, need assistance for trying shoes =0.5, 
assistance in getting clothes and getting dressed =1 

9 ADLs: toileting Ordinal without assistance =0, assistance in cleaning or arranging clothes =0.5, 
don't use toilet =1 

10 ADLs: transferring Ordinal without assistance =0, with assistance =0.5, bedridden =1 
11 ADLs: continence Ordinal without assistance =0, occasional accidents =0.5, incontinent =1 
12 ADLs: feeding Ordinal without assistance =0, with some help =0.5, need feeding = 1 

13 Functional limitations: hand behind 
neck Ordinal both hands =0, left hand =0.5, right hand =0.5, neither hand =1 

14 Functional limitations: hand behind 
lower back Ordinal both hands =0, left hand =0.5, right hand =0.5, neither hand =1 

15 Functional limitations: able to 
stand up from sitting Ordinal yes, without using hands =0; yes, using hands =0.5; no =1 

16 Functional limitations: able to pick 
up a book from the floor Ordinal yes, standing =0; yes, sitting =0.5; no =1 

17 Functional limitations: able to use 
chopsticks to eat Binary yes =0, no =1 

18 Visual function Ordinal can see and distinguish =0, can see only =0.5, cannot see =1, blind =1 

19 Able to hear Binary yes (with or without hearing aids) =0, 
no (no; partly, despite using hearing aids) =1 
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 Variables Data type Corresponding scores based on the response optionsa 

20 
Number of steps used to turn 
around a 360 degree turn without 
help 

Binary <6 steps =0, 
≥6 steps or cannot turn around =1 

21 Number of times suffering from 
serious illness in the past two years Binary no serious illness =0, suffering from serious illness in the past two years 

≥1 time(s) or bedridden all the year around =1 

22 Interviewer rated health Ordinal surprisingly healthy =0, relatively healthy =0, moderately ill =0.5, very ill 
=1 

23 Hypertension Binary yes =1, no =0 
24 Diabetes Binary yes =1, no =0 
25 Heart disease Binary yes =1, no =0 
26 Stroke or cerebrovascular disease Binary yes =1, no =0 

27 Bronchitis, emphysema, 
pneumonia, asthma Binary yes =1, no =0 

28 Tuberculosis Binary yes =1, no =0 
29 Cancer Binary yes =1, no =0 
30 Gastric or duodenal ulcer Binary yes =1, no =0 
31 Parkinson's disease Binary yes =1, no =0 
32 Bedsore Binary yes =1, no =0 
33 Cataract Binary yes =1, no =0 
34 Glaucoma Binary yes =1, no =0 
35 Prostate tumor Binary yes =1, no =0 

a If response options are labeled as 'don't know' or 'missing' in the codebook, both were treated as 'missing' and excluded from the 
construction of the frailty index.  

Abbreviations: ADLs=activities of daily living. 
 
 
 
 
Figure. Characteristics of frailty index 
 
 

 
 
Note: 
(A) Frailty index for all participants: median=0.11, mean=0.13, range=0.00–0.72; a right-skewed frequency distribution; the 99th 

percentile index =0.42 (<0.70). 
(B) Frailty index by sex and age: higher mean frailty index in females than males (0.15±0.09 vs. 0.12±0.08, p<0.001); a positive 

correlation between frailty index and age, with Spearman correlations of 0.37 for females and 0.33 for males, respectively. The 
curves were generated by a linear regression model with a restricted cubic spline with three knots at the 10th, 50th, and 90th 
percentiles. 
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Supplementary Method 2: assessment of lifestyle factors, construction of healthy lifestyle score 
 
1. Assessment of lifestyle factors 
Four modifiable lifestyle factors were included in the study, based on previous studies and recommendations from the World Health 
Organization (WHO): cigarette smoking, alcohol consumption, physical activity, and diet.8-10 All lifestyle factors were obtained 
through structured questionnaires. The assessment of each lifestyle factor is detailed as follows. 
 
1.1 Cigarette smoking 
In the CLHLS, cigarette smoking is assessed through the following five self-report questions:  
(1) Do you smoke at present (response: yes/no)?  
(2) Did you smoke in the past (response: yes/no)? 
(3) How old were you when you began smoking (response: age)?  
(4) How old were you when you stopped smoking if you don`t smoke at present (response: age)?  
(5) If you smoke at the present time (or smoked in the past), how many times per day on average do (or did) you smoke (response: times)? 

On the whole, cigarette smoking was classified as current, former, or never. Although a pooled analysis indicated that the risk of 
all-cause mortality among former smokers approached that of never smokers after 15 years of smoking cessation, the overall 
mortality risk remained high, despite lacking statistical significance.11 In addition, several other studies have also shown that that 
both current and former smokers exhibit a higher mortality risk in comparison to individuals who have never smoked.12,13 Moreover, 
despite the CLHLS questionnaire does not inquire about the reasons for smoking cessation, there exists a possibility of a potential 
"sick-quitter" phenomenon (i.e., cessation of smoking might result from disease onset and changes in health conditions).13,14 
Therefore, for these reasons, we excluded all former smokers from the healthy group. 

 Finally, we defined never smoking as a healthy level in the present study. 
 
1.2 Alcohol consumption 
In the CLHLS, alcohol consumption is assessed through the following six self-report questions:  
(1) Do you drink alcohol at present (response: yes/no)?  
(2) Did you drink alcohol in the past (response: yes/no)? 
(3) How old were you when you began drinking alcohol (response: age)? 
(4) How old were you when stopped drinking alcohol if you don`t drink alcohol at present (response: age)?  
(5) If you drink alcohol at the present time (or drank in the past), what kind of alcohol do (or did) you drink (response: very strong liquor [≥38% 

alcohol], not very strong liquor [<38% alcohol], wine, rice wine, beer, and others)?  
(6) If you drink alcohol at the present time (or drank in the past), how much alcohol per day on average do (or did) you drink (response: 

Liang [Chinese Unit]; 1 Liang equals to 50 g)?  
It was assumed that each participant drank one kind at a time, and the total amount of pure alcohol consumed daily could be 

calculated based on the alcohol content (v/v) of common Chinese alcoholic beverages:15-17 very strong liquor (53%), not very strong 
liquor (35%), wine (12%), rice wine (15%), beer (4%), and others (24%, with an average alcohol content of the other five kinds). For 
example, if a participant drinks 1 Liang (50 g) of very strong liquor with a v/v of 53%, the amount of pure alcohol is calculated as 
follows:  

• First, density of very strong liquor (v/v: 53%, 100 ml):  

�
1 𝑔𝑔
𝑚𝑚𝑚𝑚

× 47 𝑚𝑚𝑚𝑚 [𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤]
+

0.789 𝑔𝑔
𝑚𝑚𝑚𝑚

× 53 𝑚𝑚𝑚𝑚 [𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑜𝑜𝑜𝑜]
� ÷ 100 𝑚𝑚𝑚𝑚 = 0.888 𝑔𝑔

𝑚𝑚𝑚𝑚
  

• Second, volume for 50 g very strong liquor:  
50 𝑔𝑔 ÷ 0.888 𝑔𝑔

𝑚𝑚𝑚𝑚
= 56.3 𝑚𝑚𝑚𝑚  

• Third, amount of pure alcohol for 50 g very strong liquor: 
56.3 𝑚𝑚𝑚𝑚 × 53% × 0. 789 𝑔𝑔

𝑚𝑚𝑚𝑚
= 23.5 𝑔𝑔  

Therefore, the densities were 0.926 g/ml, 0.975 g/ml, 0.968 g/ml, 0.992 g/ml, and 0.949 g/ml for not very strong liquor (35%), 
wine (12%), rice wine (15%), beer (4%), and others (24%), respectively. 

The dietary guidelines for Chinese residents (2022) recommend that adults should consume no more than 15 g of pure alcohol per 
day.18 Additionally, in consideration of several studies indicating a higher mortality risk among former drinkers compared to never 
drinkers14,19 and the potential sick-quitter phenomenon (i.e., cessation of alcohol consumption due to disease onset or changes in 
health conditions),14 former drinkers who consumed more than 15 g of pure alcohol per day were excluded from the healthy group. 

Finally, in the present study, a healthy level of alcohol consumption was defined as either never drinking or consuming ≤15 g of 
pure alcohol daily, both historically and currently—i.e., never or healthy drinking. 

 
1.3 Physical activity 
Based on the 2020 WHO guidelines on physical activity and sedentary behavior,20 physical activity is defined as any bodily movement 
produced by skeletal muscles that requires energy expenditure, and its levels can be assessed in various domains, including leisure-
time, occupation, education, household, and transportation, as well as exercise. 
  In the CLHLS, assessment of physical activity mainly includes two questions:  

(1) Do you do exercises regularly at present (response: yes/no)?  
(2) Do you now perform the following activities regularly? Across seven waves, these activities encompass seven forms of physical 
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activity and sedentary behavior (i.e., doing housework, engaging in personal outdoor activities [in the wave 1998: growing vegetables and other field 

work], doing garden work, raising domestic animals, reading newspapers/books, playing cards/mah-jong, and watching TV/listening to 
radio), with response options ranging from almost everyday to never.  

Based on the two questions mentioned, we finally included five types of available physical activity: doing exercises, doing 
housework, engaging in personal outdoor activities, doing garden work, and raising domestic animals. The WHO guidelines20 suggest 
older adults (aged 65 years and older) should do at least 150–300 minutes of moderate-intensity aerobic physical activity, or at least 
75–150 minutes of vigorous-intensity aerobic physical activity, or an equivalent combination of moderate- and vigorous-intensity 
activity throughout the week, for substantial health benefits. However, information on the weekly duration of each specific type of 
physical activity is unavailable in the CLHLS. Given that older individuals are less likely to engage in prolonged periods of physical 
activity at one time, it is plausible that those who frequently engage in physical activity may meet the recommended duration of 
physical activity as per WHO guidelines.   

Finally, for this study, we defined participants who exercised regularly (as mentioned in question 1) or engaged in physical activity 
almost everyday (as mentioned in question 2) as having a healthy level of physical activity. 

 
1.4 Diet 
In the CLHLS, self-reported dietary intake information is collected using a simplified food frequency questionnaire, which has been 
widely recognized and utilized in various studies.21-23   

Based on the available food items across all seven waves of the CLHLS, a total of 12 food items were utilized to evaluate the 
healthful diet index for each participant. These 12 food items were categorized into three groups based on the previous studies:23,24 
healthful plant foods (staple food [coarse cereals], fresh fruit, fresh vegetables, beans, garlic, and tea), less healthful plant foods 
(staple food [rice, wheat flour], salt-preserved vegetables, and sugar), and animal foods (eggs, meat, and fish and aquatic products). 
Among the animal foods, numerous studies have demonstrated a negative association between higher consumption of eggs and 
meat and overall health outcomes,25-29 indicating that these foods are less healthful; conversely, there is a positive association 
between the consumption of fish and other aquatic products and favorable health outcomes,30-32 suggesting that the food is more 
healthful. 

To calculate the healthful diet index, intake frequency scores were initially assigned to each food item: participants received 
positive intake frequency scores for each healthy food item but reverse scores for each less healthy food item (as shown in the table 
below). Then, the healthful diet index for each participant was calculated by summing the scores of the 12 food items, resulting in an 
index range between 13 and 49. A higher healthful diet index indicated a more healthful diet.   

Finally, a healthy diet was defined as the health diet index in the top two-fifths of distribution.10,33,34 
 
Table. Intake frequency score for each food itema 

 All seven waves From wave 1998  
to wave 2005 From wave 2008 to wave 2014 

Healthful foods    
Staple food  
[coarse cereals] 5   

Fresh fruit . almost every day =5,  
. quite often/except 
winter =4,  
. occasionally =2,  
. rarely or never =1 

  Fresh vegetables 

Beans 

 
. almost everyday =5,  
. occasionally =2,  
. rarely or never =1 

. almost everyday =5,  

. not everyday, but at least once per week =4,  

. not every week, but at least once per month =3,  

. not every month, but occasionally =2,  

. rarely or never =1 

Garlic 
Tea 
Fish and aquatic 
products 

Less healthful foods    
Staple food  
[rice, wheat flour] 1   

Salt-preserved 
vegetables 

 
. almost everyday =1,  
. occasionally =4, 
. rarely or never =5 

. almost everyday =1,  

. not everyday, but at least once per week =2,  

. not every week, but at least once per month =3,  

. not every month, but occasionally =4,  

. rarely or never =5 

Sugar 
Eggs 
Meat 

a For certain food items with varying response options across different waves, we assigned corresponding scores based on the 
response options. 

 
 
 
 



 7 / 33 
 

2. Construction of healthy lifestyle score: weighted and simple methods 
Given the interrelated nature of various lifestyle factors and their associations with overall survival, we constructed two types of 
healthy lifestyle scores: a weighted score and a simple score, and both scores encompassed cigarette smoking, alcohol consumption, 
physical activity, and diet. The two types of scores were applied to different analytical contexts.  

Based on the previous studies,35,36 a weighted healthy lifestyle score was constructed to account for varied magnitudes of the 
association between different lifestyle factors and overall survival. The weighted score was derived based on the β coefficients of 
each lifestyle factor within an accelerated failure model that included all four lifestyle factors while adjusting for sex, age, education, 
marital status, occupation prior to the age of 60 years, pension systems, residence, co-residence, and frailty status. For each lifestyle 
factor, the reference group (i.e., unhealthy level) was assigned a value of 0, and the β coefficient was assigned to the other category 
(i.e., healthy level). Subsequently, the assigned values were summed for each participant; then, the sum was divided by the total sum 
of the β coefficients, resulting in a weighted healthy lifestyle score for each participant, with the weighted score ranging from 0 to 1. 

Furthermore, a simple method was used to construct another healthy lifestyle score.10,13,37 For each lifestyle factor, a score of 1 
was assigned for a healthy level and 0 for an unhealthy level. Finally, the total score was calculated as the sum of these scores, 
ranging between 0 and 4, with higher scores indicating higher adherence to healthy lifestyles. Although the underlying assumption 
was that the associations between different lifestyle factors and the outcome were identical, which might not be true, this simple 
method has been used widely and provides a more practical approach. 

In general, the weighted healthy lifestyle score was used for mediation analysis on the association between frailty status and 
overall survival, while the simple healthy lifestyle score served as sensitivity analysis. Conversely, the simple healthy lifestyle score 
was used to examine the interactions and joint association of frailty status and lifestyles with overall survival, given its greater 
explanatory power and public significance; whereas the weighted healthy lifestyle score served as sensitivity analysis.     
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Supplementary Method 3: statistical analysis 
 
1. Directed acyclic graphs 
 

  
 
Note: 
The directed acyclic graph provides a hypothesized theoretical framework to elucidate the association among exposures, mediators, 
covariates, and outcomes. However, one limitation of this method is that establishing causal associations among these elements can 
be challenging at times. Drawing on expert knowledge and previous studies regarding the associations among frailty status, lifestyles, 
covariates, and overall survival, the directed acyclic graph was developed for this study. Although some studies have indicated that 
unhealthy lifestyles contribute to the onset and progression of frailty,38,39 it is conceptually and temporally more plausible to view 
frailty as a precursor to reduced physical activity (i.e., frailty → decreased activity → worse outcomes). Therefore, in the present 
study, the potential for bidirectional mediation was not taken into account during the mediation analysis. 

Red node=frailty status (exposure), green node= lifestyles (mediator), blue node=overall survival (outcome), gray 
node=adjustment set used in the study. 
 
2. Accelerated failure time models 
Accelerated failure time models were used to evaluate the association of frailty status with overall survival, because Schoenfeld 
Residuals indicated a violation of proportional hazards assumption in the Cox proportional hazards models.40,41 The model estimate 
the time ratio, which is interpreted as the expected time to events in one category relative to the reference group. Unlike 
interpreting proportional hazards model results where hazard ratios larger than 1 indicate higher risk, a time ratio greater than 1 is 
considered indicative of a longer time to events compared to the reference group.40,41 Based on the minimum Akaike Information 
Criterion among different survival distributions (e.g., weibull, lognormal, logLogistic, and gaussian), we identified weibull distribution 
as most suitable for overall survival (as shown in the table below).  
 
Table. Values of Akaike Information Criterion statistic of different distributions for survival time 

 Values of Akaike Informa�on Criterion sta�s�c 

Weibull  66205.6 
Exponen�al 67699.8 
Gaussian 76180.8 
Logis�c 75983.5 
Lognormal 68216.7 
LogLogis�c 67209.2 

 
3. Mediation analysis 
Mediation analysis explores the mechanisms that underlie the observed association between an exposure variable and an outcome 
variable, while also examining their connection to a third intermediate variable known as the mediator.42 Recently, significant 
advancements in mediation analysis have emerged through the application of the counterfactual framework, which has allowed for 
definitions of direct and indirect effects and for decomposition of a total effect into direct and indirect effects even in models with 
interactions and non-linearities.42,43  

In this study, we performed a regression-based causal mediation analysis within the direct counterfactual framework to evaluate 
how healthy lifestyles mediate the association between frailty status and overall survival.44,45 In brief, two regression models were 
fitted: one for the outcome (i.e., overall survival, using an accelerated failure model) and another for the mediator (i.e. weighted 
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healthy lifestyle score, using linear regression). In the two models, frailty status was treated as a categorical variable (robustness, 
pre-frailty, frailty), while the weighted healthy lifestyle score served as a linear term. Standard errors were estimated via 
bootstrapping with 1000 samples. All models were adjusted for potential confounders. The interaction between exposure and 
mediator was statistically insignificant; thus, results were calculated without considering the interaction. 

Analyses were conducted in R (version 4.2.2) using the CMAverse package.46   
  
4. Remaining life expectancy and years of life lost 
We calculated the remaining life expectancy for participants of different levels of frailty status and simple healthy lifestyle scores 
after the specific age of 65 years and before the age of 100 years. To determine the remaining life expectancy, we employed a 
recently published method47,48 that has been validated by other studies,48-50 and a comprehensive guide on how to implement this 
method–utilizing a specific R package called "lillies"–has also been available.51  

Moreover, we also calculated the years of life lost for participants of different levels of frailty status and simple healthy lifestyle 
scores in comparison to the reference population (i.e., those of robustness and four healthy lifestyle factors) of the same age at 
baseline. Finally, the relationship between age and years of life lost was smoothed using a linear regression model with a restricted 
cubic spline with three knots at the 10th, 50th, and 90th percentiles.  

Importantly, the remaining life expectancy and years of life lost provided by "lillies" are intended to serve solely as a descriptive 
tool, rather than a basis for drawing causal conclusions.51 

  
5. Multiple imputation 
Evidence suggests that excluding participants without outcomes will tend to be a better strategy when fitting the outcome model 
(i.e., multiple imputation, then deletion).52 Under the strategy, all participants are included in the imputation process; however, 
those for whom the outcome is imputed are excluded when fitting the outcome model. The strategy will tend to more efficient (i.e., 
reduced variability) than fitting the outcome model across all participants; in addition, the method is robust against bad imputation 
in the outcome.  

In this analysis, multiple imputation was conducted on 42705 participants using chained equations to generate five datasets. 
Subsequently, 7320 participants with missing outcomes were excluded, and the remaining 35385 participants were used for the final 
analysis.  

 
6. Cause-specific survival 
The International Classification of Diseases, 10th Revision, was employed to evaluate the underlying cause of death among 
participants. Three waves (i.e., 2008, 2011, and 2014) did not provide details regarding the cause of death; therefore, we classified 
these deaths recorded during these waves as having an unknown cause.  

Among the deaths, details of cause of death for 7815 participants were successfully obtained, including cardiovascular disease 
(CVD) mortality (n=1325, codes I00–I99) and non-CVD mortality (n=6490), and 5193 decedents were without a known cause of 
death. For assessing the association between frailty status and CVD-specific survival, survival status was categorized as "deceased" 
for participants who died from CVD, while it was defined as "censoring" for those who survived, died from non-CVD causes or had an 
unknown cause of death. A similar approach was used to assess the association between frailty status and non-CVD-specific survival. 
  In light of the fact that the three waves (i.e., 2008, 2011, and 2014) did not provide specific details regarding the causes of death, 
the analysis of cause-specific survival was considered exploratory in nature. 
 
7. Study of osteoporotic fractures index 
We conducted the sensitivity analysis by repeating the main analysis using the study of osteoporotic fractures (SOF) index as an 
indicator of frailty status.53 In this study, we employed a modified SOF index based on data available from the CLHLS,54,55 which 
comprised three components: (1) underweight (body mass index < 18.5 kg/m2); (2) weak muscle strength (inability to stand up from 
a chair without the assistance of arms); and (3) low energy level (indicated by a positive response to the question "Over the last 6 
months, have you been limited in activities because of a health problem?"). Subsequently, frailty status was categorised into three 
levels: robustness (0 components), pre-frailty (1 component), and frailty (2 or 3 components).54,55 

Since the components of the SOF index were collected starting from wave 2011, only participants from waves 2011 to 2014 were 
included in the analysis (n=6629). 

 
8. A 23-item frailty index 
Conceptually and temporally, the impaired function captured by the frailty index should precede unhealthy lifestyles, particularly 
reduced physical activity (i.e., frailty → decreased physical activity → worse outcomes). However, it is essential to emphasize that the 
frailty index incorporates 12 specific items that are conceptually closely linked to physical activity. This inclusion may lead to 
potential overlap or interdependence between these items and physical activity. These items included ADLs, functional limitations, 
and the number of steps taken to complete a 360-degree turn without assistance. Although physical activities as lifestyle behaviors—
such as doing exercises, doing housework, engaging in personal outdoor activities, doing garden work, and raising domestic 
animals—were not directly included in the 35-item frailty index developed for this study, bidirectional causality or residual overlap 
cannot be entirely ruled out; for instance, prolonged inactivity may also accelerate frailty. Consequently, we excluded these 12 items 
from the original 35-item frailty index and recalibrated it accordingly (resulting in a revised 23-item frailty index). Following this 
adjustment, we conducted the primary analysis again as a sensitivity analysis. 
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Supplementary Table 1. Definitions of baseline covariates in the present study 
 Questions 

in the CLHLS questionnaire Options for the questions Scales of reclassification in the present study 

Sex  . male 
. female 

. Male: male 

. Female: female 
Age   . Continuous (years) 

Education How many years did you 
attend school? 

. years of school 

. don't know 

. missing 

. No school: years of school =0 

. 1 year or more: years of school ≥1 

. missing: don't know, missing 

Marital status Current marital status? 

. currently married and living with spouse 

. separated 

. divorced 

. widowed 

. never married 

. don't know 

. missing 

. Not in marriage: separated, divorced, widowed, never 
married 
. In marriage: currently married and living with spouse 
. missing: don't know, missing 

Occupations before the 
age of 60 years 

What was your primary 
occupation before the age of  
60 years? 

Waves 1998 and 2000 
. professional and technical personnel 
. governmental, institutional or managerial personnel 
. agriculture, forest, animal husbandry 
. fishery worker 
. industrial worker 
. commercial or service worker 
. military personnel 
. housework 
. others 
. missing 
 
Waves 2002, 2005, 2008, 2011, and 2014 
. professional and technical personnel 
. governmental, institutional or managerial personnel 
. staff/service workers/industrial workers 
. self-employed 
. personnel in agriculture fishery forestry animal husbandry 
. housework 
. military personnel 
. unemployed 
. others 
. missing 

Since all participants in our study were retired (age ≥65 
years), we used the primary occupation before the age of 60 
years as the occupational levels. Based on the previous 
studies (①Am J Respir Crit Care Med 2013;187(3):303-310; ②J Epidemiol Glob Health 

2023;13(2):322-332), occupations were categorized into three 
levels:  
. Low occupational grade: agriculture, forestry, animal 
husbandry, fishery, housework, unemployed or others 
. Medium occupational grade: staff, service/industrial 
workers, self-employed or military personnel 
. High occupational grade: 
governmental/institutional/managerial personnel, and 
professional/technical personnel 
. missing: missing 

Pension systems What is your primary means 
of financial support? 

Waves 1998, 2000, and 2002 
. retirement wages 
. spouse 

. Without pensions: spouse, child(ren), grandchild(ren), 
relative(s), local government or community, work, other, no 
other means  
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 Questions 
in the CLHLS questionnaire Options for the questions Scales of reclassification in the present study 

. child(ren) 

. grandchild(ren)  

. relative(s) 

. local government or community 

. work 

. other 

. missing 
 
Waves 2005, 2008, 2011, and 2014 
. retirement wages 
. spouse 
. child(ren) 
. grandchild(ren)  
. relative(s) 
. local government or community 
. work 
. other 
. no other means 
. missing 

. With pensions: retirement wages 

. missing: missing 

Residence Current residence area of 
interviewees? 

Wave 1998 
. urban (city and town) 
. rural 
 
Waves 2000, 2002, 2005, 2008, 2011, and 2014 
. city 
. town  
. rural 

. Rural: rural 

. Urban: city, town 

Co-residence Co-residence? 

. with family member(s) 

. alone 

. in a nursing home 

. missing 

. With family members: with household member(s) 

. Alone: alone 

. In an institution: in a nursing home 

. missing: missing 
More detailed information about these covariates can be found on: https://agingcenter.duke.edu/CLHLS. 
Abbreviations: CLHLS=Chinese Longitudinal Healthy Longevity Surveys. 
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Supplementary Table 2. Distributions of baseline covariates with missing data 
  Number of missing data Percentage of missing data (%) 
Sex 0 0.00 
Age 0 0.00 
Education 108 0.51 
Marital status 8 0.04 
Occupation before the age of 60 years 61 0.29 
Pension systems 3 0.01 
Residence 0 0.00 
Co-residence 5 0.02 

Missing data were assumed to be completely random, and participants with missing information were excluded from the main 
analyses. Nevertheless, we also conducted multiple imputation as a sensitivity analysis. 
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Supplementary Table 3. Baseline characteristics of participants included or excluded from analyses 

  All Included 
participants  

Excluded 
participantsa p value 

No. of participants 43247 17476 25771  

Sex: male 17727 (41.0%) 10753 (61.5%) 6974 (27.1%)  <0.001 
Age (years) 90.0 (80.0–99.0) 87.0 (80.0–95.0) 92.0 (81.0–100.0) <0.001 
Education     <0.001 

No school 27901 (65.0%) 9560 (54.7%) 18341 (72.0%)  

1 year or more 15042 (35.0%) 7916 (45.3%) 7126 (28.0%)   

Marital status     <0.001 
Not in marriage 31846 (73.7%) 11690 (66.9%) 20156 (78.3%)  

In marriage 11369 (26.3%) 5786 (33.1%) 5583 (21.7%)   

Occupation before the age of 60 years     <0.001 
Low occupational grade 33121 (77.0%) 12492 (71.5%) 20629 (80.7%)  

Medium occupational grade 6926 (16.1%) 3328 (19.0%) 3598 (14.1%)   

High occupational grade 2992 (7.0%)  1656 (9.5%)  1336 (5.2%)   

Pension systems     <0.001 
Without pensions 35946 (83.1%) 13777 (78.8%) 22169 (86.1%)  

With pensions 7287 (16.9%) 3699 (21.2%) 3588 (13.9%)   

Residence     <0.001 
Rural 25076 (58.0%) 9926 (56.8%) 15150 (58.8%)  

Urban 18171 (42.0%) 7550 (43.2%) 10621 (41.2%)  

Co-residence     <0.001 
With family members 36052 (83.4%) 14743 (84.4%) 21309 (82.8%)  

Alone 5540 (12.8%) 2070 (11.8%) 3470 (13.5%)   

In an institution 1625 (3.8%)  663 (3.8%)  962 (3.7%)  

Comorbidities     

Hypertension 6736 (16.4%) 2634 (15.1%) 4102 (17.3%)  <0.001 
Diabetes 821 (2.0%)  294 (1.7%)  527 (2.2%) <0.001 
Heart disease 3428 (8.3%)  1353 (7.7%)  2075 (8.8%)  <0.001 
Stroke or cerebrovascular disease 1984 (4.8%)  713 (4.1%)  1271 (5.4%)  <0.001 
Bronchitis, emphysema, pneumonia, asthma 4855 (11.7%) 2128 (12.2%) 2727 (11.4%)  0.018 
Tuberculosis 290 (0.7%)  133 (0.8%)  157 (0.7%) 0.256 
Cancer 184 (0.5%)  72 (0.4%) 112 (0.5%) 0.359 
Gastric or duodenal ulcer 1831 (4.6%)  696 (4.0%)  1135 (5.1%)  <0.001 
Parkinson's disease 241 (0.6%)  103 (0.6%)  138 (0.6%) 0.944 
Bedsore 312 (0.8%)  96 (0.5%) 216 (1.0%) <0.001 
Cataract 5564 (13.5%) 2027 (11.6%) 3537 (14.9%)  <0.001 
Glaucoma 981 (2.5%)  329 (1.9%)  652 (2.9%) <0.001 
Prostate tumor 1172 (4.3%)  658 (3.8%)  514 (5.2%) <0.001 

Never smoking 29548 (68.4%) 9956 (57.0%) 19592 (76.2%) <0.001 
Never or healthy drinking 33554 (78.4%) 12255 (70.1%) 21299 (84.2%) <0.001 
Healthy physical activity 25306 (58.6%) 11392 (65.2%) 13914 (54.1%) <0.001 
Healthy diet 17511 (41.1%) 7643 (43.7%) 9868 (39.3%)  <0.001 
Simple healthy lifestyle score 3.0 (2.0–3.0) 2.0 (2.0–3.0) 3.0 (2.0–3.0) <0.001 
Weighted healthy lifestyle score 0.58 (0.36–0.86) 0.58 (0.36–0.86) 0.58 (0.36–0.86) 0.109 
Frailty index 0.11 (0.08–0.16) 0.11 (0.08–0.16) 0.11 (0.08–0.17) <0.001 

Values are median (IQR) or n (%).  
a Each variable was shown by the actual sample size. 
Abbreviations: IQR = interquartile range. 
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Supplementary Table 4. Associations between frailty status and overall survival 
  Robustness pre-Frailty Frailty 
No. of participants 7766 7116 2594 
No. of deaths 5164 5528 2316 
Crude TR (95% CI), p 1.00 (ref) 0.63 (0.61–0.65) 0.35 (0.34–0.37) 
Adjusted TR (95% CI), p       
  model 1a 1.00 (ref) 0.84 (0.81–0.86) 0.59 (0.57–0.62) 
  model 2b 1.00 (ref) 0.84 (0.82–0.86) 0.59 (0.57–0.62) 
  model 3c 1.00 (ref) 0.86 (0.83–0.88) 0.64 (0.61–0.66) 

a Model 1 with adjustment for sex and age.  
b Model 2 with adjustment for covariates in model 1 and additional factors such as education, marital status, occupation before the 

age of 60 years, pension systems, residence, and co-residence. Overall survival showed a significantly shorter trend with increased 
frailty severity (p-value for trend <0.001), and the p-value for this trend was derived from Wald tests of a linear association of frailty 
severity as a numeral (robustness =1, pre-frailty =2, and frailty =3) and overall survival. 

c Model 3 with adjustment for covariates in model 2 plus weighted healthy lifestyle score. 
Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Table 5. Associations between healthy lifestyle score, as well as each healthy lifestyle factor, and overall survival 

  

Weighted healthy 
lifestyle score 
(as a continuous 
variable) 

Simple healthy lifestyle 
score d 
(as a continuous variable) 

Never smoking Never or healthy drinking Healthy physical activity Healthy diet 

Changes per 0.1 increase per 1 increase yes vs. no yes vs. no yes vs. no yes vs. no 
No. of participants 17476 17476 9956 vs. 7520 12255 vs. 5221 11392 vs. 6084 7643 vs. 9833 
No. of deaths 13008 13008 7558 vs. 5450 9160 vs. 3848 7759 vs. 5249 5403 vs. 7605 
Crude TR (95% CI), p 1.105 (1.098–1.111) 1.165 (1.147–1.184)     

Adjusted TR (95% CI), p       

   model 1a 1.051 (1.046–1.056) 1.117 (1.102–1.132)     

   model 2b 1.048 (1.043–1.054) 1.109 (1.094–1.124)     

   model 3c 1.034 (1.029–1.039) 1.082 (1.068–1.097) 1.10 (1.06–1.13) 1.03 (1.00–1.06) 1.18 (1.15–1.22) 1.05 (1.02–1.07) 
a Model 1 with adjustment for sex and age.  
b Model 2 with adjustment for covariates in model 1 and additional factors such as education, marital status, occupation before the age of 60 years, pension systems, residence, and co-

residence. 
c Model 3 with adjustment for covariates in model 2 plus frailty status, and for each healthy lifestyle factor, further adjustments were made for the other remaining healthy lifestyle factors. 
d When the simple healthy lifestyle score was considered as a categorical variable, the adjusted TRs were 1.12 (1.04–1.20) for a score of 1, 1.22 (1.14–1.30) for a score of 2, 1.32 (1.23–1.41) 

for a score of 3, and 1.39 (1.29–1.50) for a score of 4, with a score of 0 serving as the reference. 
Abbreviations: CI=confidence interval, TR=time ratio.  
 
Supplementary Table 6. Linear regression for the association between frailty index and healthy lifestyle score 

  
Frailty index (as a categorical variable) Frailty index  

(as a continuous variable), per 0.1 increase Robustness pre-Frailty Frailty 
No. of participants 7766 7116 2594 17476 
Weighted healthy lifestyle score     

Crude coefficient (95% CI), p 1.00 (ref) -0.08 (-0.09 to -0.07) -0.25 (-0.26 to -0.23)  

Adjusted coefficient (95% CI), p        

   model 1a 1.00 (ref) -0.07 (-0.08 to -0.06) -0.22 (-0.23 to -0.21)  

   model 2b 1.00 (ref) -0.07 (-0.08 to -0.06) -0.22 (-0.23 to -0.21) -0.096 (-0.101 to -0.091) 
     

Simple healthy lifestyle score     

Crude coefficient (95% CI), p 1.00 (ref) -0.14 (-0.18 to -0.11) -0.44 (-0.48 to -0.40)  

Adjusted coefficient (95% CI), p      

   model 1a 1.00 (ref) -0.17 (-0.20 to -0.13) -0.49 (-0.53 to -0.44)  

   model 2b 1.00 (ref) -0.16 (-0.20 to -0.13) -0.49 (-0.54 to -0.45) -0.215 (-0.233 to -0.196) 
a Model 1 with adjustment for sex and age.  
b Model 2 with adjustment for covariates in model 1 and additional factors such as education, marital status, occupation before the age of 60 years, pension systems, residence, and co-

residence. 
Abbreviations: CI=confidence interval.
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Supplementary Table 7. Mediation analysis of lifestyles on the association between frailty status and overall survival: subgroup 
analysis 

Associationa Robustness pre-Frailty Frailty 
Sex: male (n=10753)b    

Total effect; TR (95% CI) 1.00 (ref) 0.82 (0.79–0.85) 0.57 (0.54–0.61) 
Natural direct effect; TR (95% CI)  0.84 (0.81–0.87) 0.62 (0.58–0.66) 
Natural indirect effect; TR (95% CI)  0.978 (0.972–0.983) 0.928 (0.914–0.942) 
Mediation proportion; % (95% CI)  10.4 (7.6–14.4) 10.5 (7.8–13.3) 

    

Sex: female (n=6723)b    

Total effect; TR (95% CI) 1.00 (ref) 0.87 (0.83–0.91) 0.61 (0.57–0.65) 
Natural direct effect; TR (95% CI)  0.89 (0.85–0.93) 0.66 (0.62–0.70) 
Natural indirect effect; TR (95% CI)  0.975 (0.967–0.983) 0.927 (0.911–0.944) 
Mediation proportion; % (95% CI)  17.1 (10.8–27.0) 12.2 (8.9–16.0) 

    

Age: <80 years (n=3910)c    

Total effect; TR (95% CI) 1.00 (ref) 0.79 (0.73–0.85) 0.51 (0.44–0.59) 
Natural direct effect; TR (95% CI)  0.80 (0.74–0.86) 0.54 (0.47–0.63) 
Natural indirect effect; TR (95% CI)  0.989 (0.981–0.995) 0.935 (0.902–0.964) 
Mediation proportion; % (95% CI)  4.1 (1.6–8.4) 7.2 (4.0–11.9) 

    

Age: ≥80 years (n=13566)c    

Total effect; TR (95% CI) 1.00 (ref) 0.77 (0.74–0.80) 0.48 (0.46–0.50) 
Natural direct effect; TR (95% CI)  0.80 (0.77–0.83) 0.53 (0.51–0.56) 
Natural indirect effect; TR (95% CI)  0.962 (0.956–0.969) 0.898 (0.885–0.911) 
Mediation proportion; % (95% CI)   13.0 (10.4–16.1) 10.4 (8.6–12.1) 

a Natural direct effect and natural indirect effect estimated the effect of frailty status on overall survival that did not or did act 
through the mediator (i.e., lifestyles, measured by weighted healthy lifestyle score), respectively. The mediation proportion 
estimated the percentage of the effect of frailty status, on the log(TR) scale, that acted through the mediator (i.e., lifestyles, 
measured by weighted healthy lifestyle score).  

b The model was adjusted for age, education, marital status, occupation prior to the age of 60 years, pension systems, residence, and 
co-residence. 

c The model was adjusted for sex, education, marital status, occupation prior to the age of 60 years, pension systems, residence, and 
co-residence. 

Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Table 8. Mediation analysis of lifestyles on the association between frailty status and overall survival: reverse 
causation, censoring losses at different time points, and without comorbidities 

Associationa Robustness pre-Frailty Frailty 
Excluding deaths within the first year (n=15426)    

Total effect; TR (95% CI) 1.00 (ref) 0.88 (0.86–0.90) 0.68 (0.65–0.71) 
Natural direct effect; TR (95% CI)  0.89 (0.87–0.92) 0.71 (0.69–0.75) 
Natural indirect effect; TR (95% CI)  0.985 (0.982–0.989) 0.950 (0.940–0.960) 
Mediation proportion; % (95% CI)  10.6 (7.8–14.8) 11.1 (8.6–13.8) 

    

Losses censored at the median follow-up time (n=20945)    

Total effect; TR (95% CI) 1.00 (ref) 0.86 (0.84–0.88) 0.68 (0.65–0.71) 
Natural direct effect; TR (95% CI)  0.88 (0.85–0.90) 0.73 (0.70–0.76) 
Natural indirect effect; TR (95% CI)  0.980 (0.976–0.983) 0.935 (0.925–0.945) 
Mediation proportion; % (95% CI)  12.6 (9.8–16.2) 14.7 (12.2–17.8) 

    

Losses censored at the mean follow-up time (n=20945)    

Total effect; TR (95% CI) 1.00 (ref) 0.87 (0.84–0.89) 0.71 (0.68–0.74) 
Natural direct effect; TR (95% CI)  0.88 (0.86–0.91) 0.76 (0.73–0.80) 
Natural indirect effect; TR (95% CI)  0.980 (0.976–0.984) 0.935 (0.924–0.945) 
Mediation proportion; % (95% CI)  13.3 (10.2–17.4) 17.2 (13.9–21.1) 

    

Without comorbiditiesb (n=9903)    

Total effect; TR (95% CI) 1.00 (ref) 0.81 (0.78–0.84) 0.56 (0.52–0.61) 
Natural direct effect; TR (95% CI)  0.83 (0.80–0.87) 0.61 (0.56–0.66) 
Natural indirect effect; TR (95% CI)  0.972 (0.963–0.979) 0.926 (0.908–0.943) 
Mediation proportion; % (95% CI)   12.5 (8.7–17.8) 10.3 (7.3–13.7) 

a Natural direct effect and natural indirect effect estimated the effect of frailty status on overall survival that did not or did act 
through the mediator (i.e., lifestyles, measured by weighted healthy lifestyle score), respectively. The mediation proportion 
estimated the percentage of the effect of frailty status, on the log(TR) scale, that acted through the mediator (i.e., lifestyles, 
measured by weighted healthy lifestyle score). The model was adjusted for sex, age, education, marital status, occupation prior to 
the age of 60 years, pension systems, residence, and co-residence. 

b If participants were free of all comorbidities listed in Table 1, they were classified as "without comorbidities". 
Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Table 9. Mediation analysis of lifestyles on the association between frailty status and survival: multiple imputation 
and cause-specific survival 

Associationa Robustness pre-Frailty Frailty 
Multiple imputationb (n=35385)    

Total effect; TR (95% CI) 1.00 (ref) 0.84 (0.82–0.86) 0.62 (0.60–0.64) 
Natural direct effect; TR (95% CI)  0.86 (0.84–0.88) 0.67 (0.65–0.69) 
Natural indirect effect; TR (95% CI)  0.973 (0.969–0.976) 0.920 (0.912–0.927) 
Mediation proportion; % (95% CI)  14.4 (12.1–17.2) 14.3 (12.5–16.1) 

    

CVD-specific survivalc (n=17476)    

Total effect; TR (95% CI) 1.00 (ref) 0.69 (0.61–0.80) 0.34 (0.29–0.41) 
Natural direct effect; TR (95% CI)  0.72 (0.64–0.83) 0.39 (0.33–0.47) 
Natural indirect effect; TR (95% CI)  0.961 (0.948–0.975) 0.877 (0.839–0.917) 
Mediation proportion; % (95% CI)  9.2 (5.3–17.2) 7.4 (4.6–11.3) 

    

non-CVD-specific survivalc (n=17476)    

Total effect; TR (95% CI) 1.00 (ref) 0.79 (0.75–0.84) 0.52 (0.49–0.56) 
Natural direct effect; TR (95% CI)  0.83 (0.78–0.87) 0.60 (0.56–0.64) 
Natural indirect effect; TR (95% CI)  0.960 (0.952–0.968) 0.876 (0.859–0.894) 
Mediation proportion; % (95% CI)   15.9 (11.7–21.8) 15.5 (12.5–19.1) 

a Natural direct effect and natural indirect effect estimated the effect of frailty status on survival that did not or did act through the 
mediator (i.e., lifestyles, measured by weighted healthy lifestyle score), respectively. The mediation proportion estimated the 
percentage of the effect of frailty status, on the log(TR) scale, that acted through the mediator (i.e., lifestyles, measured by 
weighted healthy lifestyle score). The model was adjusted for sex, age, education, marital status, occupation prior to the age of 60 
years, pension systems, residence, and co-residence. 

b We used imputed dataset 1 to assess the association, and the results obtained from imputations 2 to 5 were similar (data not 
shown). For detailed information regarding multiple imputation, please refer to Supplementary Method 3. 

c For detailed information regarding cause-specific survival, please refer to Supplementary Method 3.  
Abbreviations: CI=confidence interval, CVD=cardiovascular disease, TR=time ratio. 
 
 
 
 
Supplementary Table 10. Mediation analysis of lifestyles on the association between frailty status and overall survival: several 

additional methodologies for mediation analysis (n=17476) 
Associationa Robustness pre-Frailty Frailty 
Regression-based approachb    

Total effect; TR (95% CI) 1.00 (ref) 0.84 (0.81–0.86) 0.59 (0.57–0.61) 
Natural direct effect; TR (95% CI)  0.86 (0.83–0.88) 0.64 (0.61–0.66) 
Natural indirect effect; TR (95% CI)  0.978 (0.973–0.982) 0.929 (0.918–0.939) 
Mediation proportion; % (95% CI)  11.9 (8.8–15.1) 11.1 (9.0–13.1) 

    

G-formula approachc    

Total effect; TR (95% CI) 1.00 (ref) 0.84 (0.82–0.86) 0.59 (0.57–0.62) 
Natural direct effect; TR (95% CI)  0.86 (0.83–0.88) 0.64 (0.61–0.66) 
Natural indirect effect; TR (95% CI)  0.978 (0.973–0.982) 0.929 (0.918–0.938) 
Mediation proportion; % (95% CI)   11.9 (9.2–15.3) 11.1 (9.2–13.3) 

a Natural direct effect and natural indirect effect estimated the effect of frailty status on overall survival that did not or did act 
through the mediator (i.e., lifestyles, measured by weighted healthy lifestyle score), respectively. The mediation proportion 
estimated the percentage of the effect of frailty status, on the log(TR) scale, that acted through the mediator (i.e., lifestyles, 
measured by weighted healthy lifestyle score). The model was adjusted for sex, age, education, marital status, occupation prior to 
the age of 60 years, pension systems, residence, and co-residence. 

b Causal effect was estimated through the closed-form parameter function estimation, and standard errors of causal effect were 
estimated through the delta method. 

c Causal effect was estimated through the direct counterfactual imputation estimation, and standard errors of causal effect were 
estimated through the bootstrapping. 

Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Table 11. Mediation analysis of lifestyles on the association between frailty status and overall survival: alternative 
methodologies used for the mediator and the frailty status (n=17476) 

Associationa Robustness pre-Frailty Frailty   
Healthy lifestyle factors as multiple mediatorsb     

Total effect; TR (95% CI) 1.00 (ref) 0.84 (0.82–0.87) 0.60 (0.57–0.62)  

Natural direct effect; TR (95% CI)  0.86 (0.83–0.88) 0.64 (0.61–0.66)  

Natural indirect effect; TR (95% CI)  0.983 (0.977–0.985) 0.938 (0.925–0.947)  

Mediation proportion; % (95% CI)  9.3 (7.4–13.4) 9.7 (8.0–12.3)  
     

Simple healthy lifestyle score as a mediator     

Total effect; TR (95% CI) 1.00 (ref) 0.84 (0.81–0.86) 0.59 (0.57–0.62)  

Natural direct effect; TR (95% CI)  0.85 (0.82–0.87) 0.61 (0.59–0.64)  

Natural indirect effect; TR (95% CI)  0.987 (0.984–0.990) 0.962 (0.955–0.969)  

Mediation proportion; % (95% CI)  6.7 (4.7–8.8) 5.7 (4.5–6.9)  
     

Frailty index as a continuous variablec     

Total effect; TR (95% CI)    0.79 (0.78–0.80) 
Natural direct effect; TR (95% CI)    0.81 (0.80–0.83) 
Natural indirect effect; TR (95% CI)    0.970 (0.965–0.975) 
Mediation proportion; % (95% CI)       11.5 (9.5–13.6) 

a Natural direct effect and natural indirect effect estimated the effect of frailty status on overall survival that did not or did act 
through the mediator, respectively. The mediation proportion estimated the percentage of the effect of frailty status, on the 
log(TR) scale, that acted through the mediator. The model was adjusted for sex, age, education, marital status, occupation prior to 
the age of 60 years, pension systems, residence, and co-residence. 

b Four healthy lifestyle factors (i.e, never smoking, never or healthy drinking, healthy physical activity, and healthy diet) were 
included as multiple mediators. 

c Frailty index was considered as a continuous variable, and TR was given per 0.1 increase of frailty index. 
Abbreviations: CI=confidence interval, TR=time ratio. 
 
 
 
 
Supplementary Table 12. Mediation analysis of lifestyles on the association between frailty status and overall survival: using the 

study of osteoporotic fractures index or the 23-item frailty index to assess frailty status 
Associationa Robustness pre-Frailty Frailty 
Study of osteoporotic fractures index (n=6629)    

Total effect; TR (95% CI) 1.00 (ref) 0.72 (0.68–0.77) 0.54 (0.50–0.58) 
Natural direct effect; TR (95% CI)  0.74 (0.69–0.79) 0.59 (0.55–0.64) 
Natural indirect effect; TR (95% CI)  0.980 (0.972–0.987) 0.914 (0.893–0.934) 
Mediation proportion; % (95% CI)  5.4 (3.3–8.5) 11.0 (8.1–14.7) 

    

23-item frailty index (n=17476)    

Total effect; TR (95% CI) 1.00 (ref) 0.86 (0.83–0.89) 0.71 (0.68–0.74) 
Natural direct effect; TR (95% CI)  0.88 (0.85–0.91) 0.75 (0.71–0.78) 
Natural indirect effect; TR (95% CI)  0.977 (0.972–0.981) 0.944 (0.936–0.952) 
Mediation proportion; % (95% CI)   14.6 (11.2–19.4) 14.2 (11.6–17.2) 

a Natural direct effect and natural indirect effect estimated the effect of frailty status on overall survival that did not or did act 
through the mediator (i.e., lifestyles, measured by weighted healthy lifestyle score), respectively. The mediation proportion 
estimated the percentage of the effect of frailty status, on the log(TR) scale, that acted through the mediator (i.e., lifestyles, 
measured by weighted healthy lifestyle score). The model was adjusted for sex, age, education, marital status, occupation prior to 
the age of 60 years, pension systems, residence, and co-residence. 

Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Table 13. Mediation analysis of lifestyles on the association between frailty status and overall survival: each 
lifestyle factor (n=17476) 

Associationa Robustness pre-Frailty Frailty 
Never smoking    

Total effect; TR (95% CI) 1.00 (ref) 0.86 (0.83–0.88) 0.64 (0.61–0.66) 
Natural direct effect; TR (95% CI)  0.86 (0.83–0.88) 0.64 (0.61–0.67) 
Natural indirect effect; TR (95% CI)  1.000 (0.998–1.001) 1.000 (0.997–1.001) 
Mediation proportion; % (95% CI)  0.0 (-0.7–1.5) 0.1 (-0.2–0.6) 

    

Never or healthy drinking    

Total effect; TR (95% CI) 1.00 (ref) 0.86 (0.83–0.88) 0.64 (0.61–0.67) 
Natural direct effect; TR (95% CI)  0.86 (0.83–0.88) 0.64 (0.61–0.67) 
Natural indirect effect; TR (95% CI)  1.000 (1.000–1.001) 1.000 (1.000–1.001) 
Mediation proportion; % (95% CI)  0.0 (-0.5–0.2) 0.0 (-0.2–0.1) 

    

Healthy physical activity    

Total effect; TR (95% CI) 1.00 (ref) 0.84 (0.82–0.87) 0.60 (0.57–0.62) 
Natural direct effect; TR (95% CI)  0.86 (0.83–0.88) 0.64 (0.61–0.67) 
Natural indirect effect; TR (95% CI)  0.984 (0.980–0.987) 0.939 (0.929–0.950) 
Mediation proportion; % (95% CI)  8.9 (6.8–11.9) 9.7 (7.6–11.7) 

    

Healthy diet    

Total effect; TR (95% CI) 1.00 (ref) 0.86 (0.83–0.88) 0.63 (0.61–0.66) 
Natural direct effect; TR (95% CI)  0.86 (0.83–0.88) 0.64 (0.61–0.67) 
Natural indirect effect; TR (95% CI)  0.998 (0.997–1.000) 0.997 (0.995–0.999) 
Mediation proportion; % (95% CI)   1.3 (0.3–2.1) 0.5 (0.2–0.9) 

a Natural direct effect and natural indirect effect estimated the effect of frailty status on overall survival that did not or did act 
through the mediator (i.e., each lifestyle factor), respectively. The mediation proportion estimated the percentage of the effect of 
frailty status, on the log(TR) scale, that acted through the mediator (i.e., each lifestyle factor). The model was adjusted for sex, age, 
education, marital status, occupation prior to the age of 60 years, pension systems, residence, co-residence, and other healthy 
lifestyle factors.  

Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Figure 1. Flow chart of participants selection for main analyses 
 

 
 
 
 
 
Supplementary Figure 2. Associations between frailty index, weighted healthy lifestyle score, and overall survival 
 

  
 
Note: 
(A) The red solid line represents TRs for overall survival associated with the frailty index, while the shaded area represents the 

corresponding 95% CIs. The frailty index was modeled using a restricted cubic spline with three knots at the 10th, 50th, and 90th 
percentiles, and TRs (95% CIs) were derived from the accelerated failure model with adjustment for sex, age, education, marital 
status, occupation prior to the age of 60 years, pension systems, residence, and co-residence. 

(B) The red solid line represents TRs for overall survival associated with the weighted healthy lifestyle score, while the shaded area 
represents the corresponding 95% CIs. The weighted healthy lifestyle score was modeled using a restricted cubic spline with 
three knots at the 10th, 50th, and 90th percentiles, and TRs (95% CIs) were derived from the accelerated failure model with 
adjustment for sex, age, education, marital status, occupation prior to the age of 60 years, pension systems, residence, co-
residence, and frailty status. 

Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Figure 3. Correlations between frailty index and weighted healthy lifestyle score 
 

 
 
Note: 
The correlation was assessed using the Spearman method, and the curve was generated by a linear regression model with a 
restricted cubic spline with three knots at the 10th, 50th, and 90th percentiles. The correlation between the frailty index and the 
simple healthy lifestyle score was found to be comparable (data not shown). 
(A) For overall participants.  
(B) For participants with different levels of frailty status. 
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Supplementary Figure 4. Associations of lifestyles with overall survival by frailty status: subgroup analysis 
 

 
 
Note: 
Across the 12 subgroups shown, all p-values for trend were <0.050, with the exception of one subgroup (i.e., pre-frail participants under 80 years, p=0.105). 
For the adjustment of covariates, please consult the corresponding sensitivity analyses for the mediation analysis. 
Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Figure 5. Associations of lifestyles with overall survival by frailty status: reverse causation, censoring losses at different time points, without comorbidities, and multiple 
imputation 

 

 
 
Note: 
Across the 12 subgroups shown, all p-values for trend were <0.001, with the exception of one subgroup (i.e., frail participants without comorbidities, p=0.610). 
a If participants were free of all comorbidities listed in Table 1, they were classified as "without comorbidities". 
b Multiple imputation was performed by chained equations to create five datasets, and the model estimates (TR with 95% CI) for each were combined using Rubin`s rules. For detailed 

information regarding multiple imputation, please refer to Supplementary Method 3. 
For the adjustment of covariates, please consult the corresponding sensitivity analyses for the mediation analysis. 
Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Figure 6. Associations of lifestyles with overall survival by frailty status: weighted healthy lifestyle score, cause-specific survival, SOF index, and 23-item frailty index 
 

 
 
Note: 
Across the 15 subgroups shown, all p-values for trend were <0.050, with the exception of one subgroup (i.e., robust participants in assessing CVD-specific survival, p=0.117). 
a The weighted healthy lifestyle score was grouped by quartiles: quartile 1 = no or one healthy lifestyle factor, quartile 2 = two healthy lifestyle factors, quartile 3 = three healthy lifestyle 

factors, and quartile 4 = four healthy lifestyle factors. 
b For detailed information regarding cause-specific survival, please refer to Supplementary Method 3. 
c Frailty status was defined by the study of osteoporotic fractures index. For detailed information, please refer to Supplementary Method 3. 
d Frailty status was defined by the 23-item frailty index. For detailed information, please refer to Supplementary Method 3. 
For the adjustment of covariates, please consult the corresponding sensitivity analyses for the mediation analysis. 
Abbreviations: CI=confidence interval, CVD= cardiovascular disease, SOF=study of osteoporotic fractures, TR=time ratio.
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Supplementary Figure 7. Joint associations of frailty status and lifestyles with overall survival: subgroup analysis 
 

 
 
Note: 
Across the four subgroups shown, all p-values for trend were <0.001. 
For the adjustment of covariates, please consult the corresponding sensitivity analyses for the mediation analysis. 
Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Figure 8. Joint associations of frailty status and lifestyles with overall survival: reverse causation, censoring losses at different time points, without comorbidities, and 
multiple imputation 

 

 
 
Note: 
Across the four types of sensitivity analyses shown, all p-values for trend were <0.001. 
a If participants were free of all comorbidities listed in Table 1, they were classified as "without comorbidities". 
b Multiple imputation was performed by chained equations to create five datasets, and the model estimates (TR with 95% CI) for each were combined using Rubin`s rules. For detailed 

information regarding multiple imputation, please refer to Supplementary Method 3. 
For the adjustment of covariates, please consult the corresponding sensitivity analyses for the mediation analysis. 
Abbreviations: CI=confidence interval, TR=time ratio. 
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Supplementary Figure 9. Joint associations of frailty status and lifestyles with overall survival: weighted healthy lifestyle score, cause-specific survival, SOF index, and 23-item frailty index 
 

 
 
Note: 
Across the five types of sensitivity analyses shown, all p-values for trend were <0.001. 
a The weighted healthy lifestyle score was grouped by quartiles: quartile 1 = no or one healthy lifestyle factor, quartile 2 = two healthy lifestyle factors, quartile 3 = three healthy lifestyle 

factors, and quartile 4 = four healthy lifestyle factors. 
b For detailed information regarding cause-specific survival, please refer to Supplementary Method 3.  
c Frailty status was defined by the study of osteoporotic fractures index. For detailed information, please refer to Supplementary Method 3. 
d Frailty status was defined by the 23-item frailty index. For detailed information, please refer to Supplementary Method 3. 
For the adjustment of covariates, please consult the corresponding sensitivity analyses for the mediation analysis. 
Abbreviations: CI=confidence interval, CVD= cardiovascular disease, SOF=study of osteoporotic fractures, TR=time ratio.
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Supplementary Figure 10. Estimated remaining life expectancy at the age of 65 years 
 

 
 
 
 
 
Supplementary Figure 11. Attribution of the causes of death 
 

 
 
Note: 
When comparing participants of frailty and no or one healthy lifestyle factor to those of robustness and four healthy lifestyle factors, 
the weighted average of years of life lost after the age of 65 was found to be 4.0 years for the former group. The loss was due to 
increased deaths from CVD (1.7 years, accounting for 42.5% of the total years lost) and non-CVD causes (2.3 years, accounting for 
57.5% of the total years lost).  
Abbreviations: CVD= cardiovascular disease. 
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Supplementary file: STROBE checklist—all the items listed below have been confirmed, and item 6(b) is not relevant to the 
present study 

 Item No Recommendation 
Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the 

abstract 
(b) Provide in the abstract an informative and balanced summary of what was 
done and what was found 

Introduction 
Background/rationale 2 Explain the scientific background and rationale for the investigation being 

reported 
Objectives 3 State specific objectives, including any prespecified hypotheses 
Methods 
Study design 4 Present key elements of study design early in the paper 
Setting 5 Describe the setting, locations, and relevant dates, including periods of 

recruitment, exposure, follow-up, and data collection 
Participants 6 (a) Give the eligibility criteria, and the sources and methods of selection of 

participants. Describe methods of follow-up 
(b) For matched studies, give matching criteria and number of exposed and 
unexposed 

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and 
effect modifiers. Give diagnostic criteria, if applicable 

Data sources/ measurement 8* For each variable of interest, give sources of data and details of methods of 
assessment (measurement). Describe comparability of assessment methods if 
there is more than one group 

Bias 9 Describe any efforts to address potential sources of bias 
Study size 10 Explain how the study size was arrived at 
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, 

describe which groupings were chosen and why 
Statistical methods 12 (a) Describe all statistical methods, including those used to control for 

confounding 
(b) Describe any methods used to examine subgroups and interactions 
(c) Explain how missing data were addressed 
(d) If applicable, explain how loss to follow-up was addressed 
(e) Describe any sensitivity analyses 

Results 
Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers 

potentially eligible, examined for eligibility, confirmed eligible, included in the 
study, completing follow-up, and analysed 
(b) Give reasons for non-participation at each stage 
(c) Consider use of a flow diagram 

Descriptive data 14* (a) Give characteristics of study participants (eg demographic, clinical, social) 
and information on exposures and potential confounders 
(b) Indicate number of participants with missing data for each variable of 
interest 
(c) Summarise follow-up time (eg, average and total amount) 

Outcome data 15* Report numbers of outcome events or summary measures over time 
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 

estimates and their precision (eg, 95% confidence interval). Make clear which 
confounders were adjusted for and why they were included 
(b) Report category boundaries when continuous variables were categorized 
(c) If relevant, consider translating estimates of relative risk into absolute risk 
for a meaningful time period 

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and 
sensitivity analyses 

Discussion 
Key results 18 Summarise key results with reference to study objectives 
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or 

imprecision. Discuss both direction and magnitude of any potential bias 
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 Item No Recommendation 
Interpretation 20 Give a cautious overall interpretation of results considering objectives, 

limitations, multiplicity of analyses, results from similar studies, and other 
relevant evidence 

Generalisability 21 Discuss the generalisability (external validity) of the study results 
Other information 
Funding 22 Give the source of funding and the role of the funders for the present study 

and, if applicable, for the original study on which the present article is based 
*Give information separately for exposed and unexposed groups.  
Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and published 
examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely available on the Web 
sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at http://www.annals.org/, and Epidemiology 
at http://www.epidem.com/). Information on the STROBE Initiative is available at http://www.strobe-statement.org. 
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