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Childhood and adult 
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Background: Older people in low- and middle-income countries are more 
susceptible to the impact of childhood experiences. This study comprehensively 
examines how childhood socioeconomic status (SES) and adult SES collectively 
influence late-life healthy longevity from a life course perspective, providing 
insights for shaping health-related policies.

Methods: This study analyzed data from the Chinese Longitudinal Healthy 
Longevity Survey (1998–2018) with 37,264 individuals aged 65 and above. Using 
R software, we  applied continuous-time multi-state models incorporating 
the Rockwood frailty index with 38 indicators to assess participants’ health. 
Childhood SES or life course SES trajectories were core explanatory variables, 
while age and gender were controlled. Multinomial regression estimated annual 
transition probabilities between different states, and the multi-state life table 
method calculated total and frailty-specific life expectancy (LE).

Results: (1) Social mobility among older people in China showed an upward 
trend from childhood to adulthood. (2) Transition probabilities for robust-
frailty, robust-dead, and frailty-dead increased with age, while frailty-robust 
decreased. Transition probabilities and LE varied across different childhood SES 
(low, medium, high) or life-course SES trajectory categories (low-low, low-
medium, low-high, medium-low, medium-medium, medium-high, high-low, 
high-medium, high-high), with probabilities of robust-frailty, robust-dead, and 
frailty-dead decreasing sequentially across different categories, and frailty-
robust increasing sequentially across different categories. Total LE, robust LE, 
and robust LE proportion increased sequentially across different categories, 
while frailty LE decreased sequentially across different categories. (3) Women 
had higher total LE and frailty incidence, but lower recovery rate, mortality risk, 
robust LE, and robust LE proportion compared to men.

Conclusion: Favorable childhood SES and lifelong accumulation of SES 
advantages protect against frailty morbidity, improve recovery rate, reduce 
mortality risk, and increase total LE, robust LE, and robust LE proportion. High 
childhood SES has a stronger protective effect than high adult SES, indicating 
the lasting impact of childhood conditions on healthy longevity. Systematic 
interventions in education, food supply, and medical accessibility for children 
from impoverished families are crucial.
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1 Introduction

According to the findings of the China Seventh National Population 
Census, the population aged 65 and over accounted for 13.50 percent 
of the total national population, totaling 190 million individuals (1). 
Furthermore, it is noteworthy that China accounted for 25% of the 
global population aged 65 and over during the same period (2). In terms 
of life expectancy (LE), there has been a notable increase in both male 
and female LE at birth in China. From 1978 to 2021, male LE at birth 
rose from 61.1 years to 75.5 years, while female LE at birth increased 
from 65.5 years to 81.2 years (2). In contemporary China, a significant 
proportion of the older population has lived through challenging 
circumstances during their formative years, including war and social 
instability (3). Nevertheless, the majority of older people in China have 
experienced substantial enhancements in their living conditions 
throughout their adult and senior years (4). The contrast between the 
circumstances of their youth and the quality of life in their later years 
could exert a significant influence on their well-being (4–6). Therefore, 
applying a life course perspective to investigate health concerns among 
older people in China holds distinctive significance. Furthermore, 
China’s substantial population, accelerated aging, and rapid social and 
economic progress during the last 45 years have established the nation 
as a unique and globally influential research environment.

The life course approach suggests that the development of 
age-related illnesses, physical impairments, and mortality is influenced 
by a range of factors across different life phases, with socioeconomic 
status (SES) assuming a central role (7). The life course perspective 
encompasses the critical period model, the pathway model, the social 
trajectory model, the accumulation model, and the social mobility 
model (8, 9). The critical period model posits that adverse childhood 
experiences, once embedded in biological systems, may exert long-
lasting influences on adult health, irrespective of later life exposures 
(10). Multiple studies in the United States, Sweden, and Finland have 
corroborated the critical period model (11–15). The pathway model 
underscores the impact of early socioeconomic conditions on adult 
SES and their influence on life course trajectories (16), as confirmed 
by several studies in the United States and Europe (14, 17, 18). The 
social trajectory model delineates the interconnected pathways of risk, 
wherein one adverse exposure amplifies the likelihood of subsequent 
negative exposures (9, 19). The accumulation model emphasizes the 
impact of progressively accumulating risk factors over the course of 
one’s life on shaping health outcomes (20, 21), as evidenced by several 
studies in Sweden, Finland, the UK, France, and the USA (9, 11, 13, 
15, 22–27). The model of social mobility argues that SES attained in 

adulthood has the potential to ameliorate or counteract the impacts 
of early-life circumstances (8, 28), as confirmed by several studies in 
France, Sweden, Finland, and the United States (11–15, 22, 23, 25).

Research on health in old age from a life course perspective has 
primarily focused on high-income countries (HICs), with limited 
attention to low- and middle-income countries (LMICs), although 
some evidence exists from China. An investigation conducted through 
the Chinese Longitudinal Healthy Longevity Survey (CLHLS) in 2002 
and 2005 revealed a potential direct correlation between childhood 
SES and cognitive, physical, and self-rated health, as well as mortality 
risk, while indicating a limited influence of adult SES on these 
associations. Examination of social mobility patterns demonstrated 
that maintaining a high SES consistently offered the greatest protection 
against cognitive decline and mortality risk, whereas a sustained low 
SES had the most detrimental impact. In terms of self-rated health, it 
was observed that only a sustained high SES provided substantial 
protection, with upward mobility failing to counteract the negative 
effects of lower childhood SES on self-rated health in later life (29). A 
separate investigation, utilizing data from the CLHLS spanning 1998, 
2000, 2002, and 2005, revealed that women with non-agricultural 
working fathers exhibited more advantageous developmental paths 
(30). Study showed a correlation between SES during childhood and 
adulthood and the development of functional disability in older age. 
Specifically, lower paternal education was associated with limitations 
in instrumental activities of daily living (IADL). Conversely, higher 
educational attainment and improved economic circumstances in 
adulthood were identified as protective factors against both activities 
of daily living (ADL) and IADL disabilities (31). Another study found 
that childhood SES directly affects type 2 diabetes and indirectly 
influences it through adult SES (32). Additionally, a study revealed 
that low childhood SES has an unfavorable indirect effect on oral 
health mediated through adult SES (33).

The literature on health among older people from a life course 
perspective typically uses indicators such as self-rated health, ADL, 
IADL, and functional limitations (FL) to assess health status (13, 22, 
29, 31). However, these indicators may not be  comprehensive 
enough. Frailty, a common geriatric syndrome associated with 
disability, mortality, and hospitalization, is receiving increasing 
attention (34). Frailty is typically assessed using the frailty index (FI) 
(35). Research in Europe has shown that immigrants born in LMICs 
exhibit higher levels of frailty in Nordic/Western Europe (36). 
Multiple UK studies have explored frailty. One study revealed that 
lower childhood SES was associated with higher FI (37). 
Additionally, a study on twins showed a negative correlation 
between father’s occupational class and the participants’ Rockwood 
FI (38), while participants’ educational levels mediated the 
relationship between early life factors and FI (38, 39). A study in 
Germany found that women and those living below the poverty line 
have higher levels of FI in their later years (40). Furthermore, there 
is limited evidence from LMICs. A cross-border survey of older 
people from five major cities in Latin America revealed that 

Abbreviations: LE, life expectancy; SES, socioeconomic status; HICs, high-income 

countries; LMICs, low- and middle-income countries; CLHLS, the Chinese 
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childhood and adulthood adversity are associated with higher rates 
of frailty in later years, with women exhibiting a higher prevalence 
of frailty than men (41). There are only two pieces of evidence from 
China. A recent investigation revealed that the FI experienced an 
average increase of 0.10 within the most disadvantaged 
subpopulation compared to the most advantaged subpopulation 
(42). A comparative study between China and Europe found that 
experiencing three or more childhood adversities is associated with 
an increase in FI levels (43).

The life course theory, while widely supported, presents conflicting 
perspectives. An investigation into the health outcomes of U.S. men 
unveiled that the association between childhood SES and adult health 
exhibited a reduced strength among men from racial and ethnic 
minority groups in comparison to White men. Furthermore, the 
impact of childhood SES on health appeared to diminish with age 
specifically for African American and Mexican American men (44). 
In Sweden, a study found that gap in self-rated health increases from 
early to middle adulthood, but remains unchanged after the age of 55 
(45). Research in China indicated that health inequalities induced by 
childhood SES gradually widen before 60 years of age, but then 
gradually converge after 60 years of age (46), aligning with the 
age-neutral effect theory (47, 48).

Older people in LMICs are more influenced by childhood 
experiences compared to HICs (32, 49). However, research on LMICs 
is limited and the conclusions are inconsistent. Only a small number 
of studies on healthy aging in China from a life course perspective use 
the FI to measure health diversity among older people (42, 43). Several 
studies have used various models such as linear regression (38, 42, 43), 
linear mixed effects (26, 46), structural equation (17, 18, 32, 33, 40), 
logistic regression (9, 13, 23–25, 29, 31, 41), and growth curve models 
(14, 44). Nevertheless, the dynamics of disability incidence, recovery, 
and mortality interaction might be  neglected by these models. 
Continuous-time multi-state models offer a comprehensive insight 
into the life experiences of disability and mitigate the risk of biased 
disability level estimates at the population scale (4, 50). There is scarce 
literature utilizing continuous time multi-state models to study 
healthy longevity in later years from a life course perspective. Only 
two exceptions exist, with one study using relatively short-term data 
and a limited sample size (4). Another study explored the impact of 
childhood starvation on healthy longevity in later years, using 
relatively limited indicators for childhood and adult SES, and a single 
measure for late health status (51).

This study aims to contribute to the existing body of research by 
employing the Rockwood FI, which includes 38 indicators, to 
thoroughly examine the combined impact of childhood and adult SES 
on healthy longevity in later life. Utilizing data from eight waves of 
CLHLS spanning from 1998 to 2018, and encompassing a substantial 
sample size, this research seeks to answer the primary question: How 
do childhood and adult SES jointly influence healthy longevity among 
the older population in China? The objective is to provide a nuanced 
understanding of the long-term effects of SES across the life course on 
health outcomes in old age. This is achieved through the application 
of continuous-time multi-state models, which effectively capture the 
dynamics of disability incidence, recovery, and mortality. The findings 
aim to inform health-related policies and interventions by highlighting 
the critical role of childhood SES and the lifelong accumulation of SES 
advantages in shaping health trajectories in later years, with a 
particular emphasis on the greater impact of childhood SES.

2 Methods

2.1 Data

The study utilized information obtained from the Chinese 
Longitudinal Healthy Longevity Survey (CLHLS), which involved 
conducting eight repeated cross-sectional surveys spanning from 1998 
to 2018. The survey interviewed individuals aged 65 and above in 
randomly selected counties and cities across 23 provinces/
municipalities/autonomous regions in China. The initial and 
follow-up surveys, which included replacements for deceased 
participants, were conducted in a randomly selected half of the 
counties and cities within 22 of mainland China’s 31 provinces during 
the years 1998, 2000, 2002, and 2005. The provinces surveyed were 
Liaoning, Jilin, Heilongjiang, Hebei, Beijing, Tianjin, Shanxi, Shaanxi, 
Shanghai, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi, Shandong, Henan, 
Hubei, Hunan, Guangdong, Guangxi, Sichuan, and Chongqing. 
Hainan was added as the 23rd province in the 5th, 6th, and 7th waves. 
The regions covered by these surveys represent approximately 85 
percent of China’s total population (52). The surveys included 631 
counties and cities in 1998, 777 in 2000, and 866 in 2002, with all 
subsequent surveys from 2002 onwards consistently including over 
860 counties and cities (53). The CLHLS survey stands out for its 
unparalleled breadth of older adult participants in longitudinal studies 
on a global scale (54), earning acclaim from scholars both domestically 
and abroad (55). The study received ethical approval from the 
Biomedical Ethics Committee of Peking University under the 
reference number IRB00001052-13,074, and written informed consent 
was obtained from all participants or their authorized representatives.

During the period from 1998 to 2014, a cohort of 44,298 
participants was individually recruited and longitudinally monitored 
until 2018. After applying the criteria for the multi-state model to 
investigate frailty status transitions, the final analysis encompassed 
37,264 participants, following the exclusion of individuals below 
65 years of age, respondents to a single survey wave, or those lacking 
age or frailty index (FI) data. The achieved response rate stood at 
84.12%. Comprehensive findings are delineated in 
Supplementary Figure S1.

2.2 Variables

2.2.1 The frailty index (FI) and death
The Rockwood Frailty Index (FI) provides a dependable 

assessment of frailty in the CLHLS (54, 56, 57), employing 
standardized protocols (58) and incorporating 38 self-reported 
health deficits (59–61). These deficits, including ADL, bodily 
function, cognitive function, psychological status, sensory abilities, 
self-reported health, chronic illness, and other factors, were used to 
construct the FI, the detailed results are available in 
Supplementary Table S1, S2. Deficits with missing information were 
excluded from both the denominator and the numerator. In cases 
where over 30% of the deficits had missing data, the FI was classified 
as incomplete (61). The frailty index, graded on a scale from 0.00 to 
1.00, reflects the individual’s health status, with higher scores 
signifying increased frailty. In line with prior study (62), the frailty 
index is stratified into two tiers: robust (frailty index score ≤ 0.10) 
and frailty (frailty index score > 0.10). Data regarding mortality is 
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acquired from close relatives or primary caregivers, and the 
accuracy of the date and cause of death is confirmed through the 
examination of death certificates (63), thereby ensuring the high 
quality of the data. The follow-up duration is determined by 
measuring the time elapsed between the initial interview date and 
the date of death. During each survey wave, participants are 
categorized as either deceased or into one of two frailty states 
(robust and frailty), as depicted in Supplementary Figure S2. The 
health status of the respondents is represented by the variable state, 
with a value of 1 indicating robust, 2 indicating frailty, and 3 
indicating deceased.

2.2.2 Estimating childhood and adulthood SES

2.2.2.1 Childhood SES
Drawing from existing literature, the key indicators for assessing 

childhood SES encompass parental education level (6, 14, 18, 32, 33, 
44, 46, 64), father’s occupation (6, 14, 17, 18, 32, 33, 44, 46, 64), the 
presence of food scarcity or the economic status of childhood families 
(6, 14, 25, 33, 44, 64), whether the birthplace or primary childhood 
residence was in an urban setting (6, 33), and the availability of 
medical care (6, 33).

Childhood SES was assessed using four indicators: (1) birth type, 
indicating urban (1) or rural (0) birth; (2) hunger-free, denoting 
absence of frequent childhood hunger (1) or presence of hunger (0); 
(3) father’s occupation, categorized as non-agricultural (1) or 
agricultural/housework (0) based on specific job types (6, 31, 32); and 
(4) medical care, indicating adequate childhood medical service (1) 
or lack thereof (0). The four variables are well validated and commonly 
used in the literature on childhood SES for Chinese older people (6, 
29, 31, 33). In the early 20th century, China was predominantly an 
agricultural society with low education levels (32, 65), resulting in 
approximately 95% of respondents having mothers without formal 
education. The CLHLS only started collecting data on the education 
level of respondents’ parents in 2005, hence parental education level 
indicators were not included in the selection of childhood 
SES indicators.

The missing values for the four indicators are as follows: birth type 
missing value accounts for only 0.238%, hunger-free missing value 
accounts for 2.938%, father’s occupation missing value accounts for 
only 0.606%, and the missing value for medical care accounts for 
6.635%. Multiple imputation by chained equations was used to impute 
values for missing data (4). The imputation model for the childhood 
SES index included all other variables comprising the childhood SES 
index, and 100 imputed datasets were generated. Values for missing 
data were estimated as the mean of these 100 imputed values, rounded 
to the nearest whole number, and then converted to either 0 or 1. The 
scores of the four indicators for each respondent were summed, the 
total scores of the childhood SES index for all respondents were 
sorted, and the total scores were divided into 4 equal-width bins, 
categorizing childhood SES into three categories: low, medium, and 
high, denoted by 0, 1, 2, respectively (29).

2.2.2.2 Adulthood SES
Drawing from existing literature, the key indicators for assessing 

adult SES encompass educational attainment (18, 25, 33, 44, 46, 66), 
household income and wealth (14, 17, 44, 46, 66), and occupation (17, 
18). Furthermore, current urban–rural residence, pension status, and 

access to health care are endorsed by existing literature as effective 
proxies of SES in modern-day China (29, 67–69).

The assessment of adult SES encompasses six key indicators: (1) 
residence, reflecting the interviewee’s urban or rural dwelling, with 
urban areas assigned a value of 1 and rural areas a value of 0; (2) 
education, representing the years of schooling, with a value of 0 for no 
schooling and 1 for any years of schooling; (3) occupation, indicating 
the interviewee’s primary occupation before age 60, with 
non-agricultural jobs assigned a value of 1 and agricultural jobs or 
housework assigned a value of 0; (4) pension, denoting the presence 
of a pension, with a value of 1 for “yes” and 0 for “no”; (5) financial 
sufficiency, signifying whether the interviewee’s financial resources are 
adequate, with a value of 1 for “yes” and 0 for “no” or “so so”; (6) 
medical care at age 60, indicating whether the interviewee received 
adequate medical service, with a value of 1 for “yes” or “not sick” and 
0 for “no.” Our analysis assumes the stability of adult SES over time 
due to the limitations of the multi-state life table model in 
accommodating time-varying covariates. Consequently, income was 
not included as a measure of adult SES, given its time-varying nature.

Regarding missing data, the residence indicator exhibited no 
missing values, while the missing value rates for education, 
occupation, pension, financial sufficiency, and medical care at age 60 
were 0.429, 0.379, 0.106, 1.655, and 4.728%, respectively. To address 
missing data, multiple imputation by chained equations was employed, 
generating 100 imputed datasets (4). The imputation model for the 
adulthood SES index encompassed all other variables comprising the 
index. The imputed values were estimated as the mean of the 100 
imputed values, rounded to the nearest whole number, and then 
converted to either 0 or 1. Subsequently, the scores for the six 
indicators for each interviewee were summed, and the summed scores 
for all interviewees’ adulthood SES index were categorized into three 
classes: low, medium, and high, represented by 0, 1, and 2, 
respectively (29).

2.2.2.3 Life course SES trajectories
Life course SES trajectories are constructed based on a 

combination of childhood and adult SES indicators, resulting in nine 
distinct trajectories (3 childhood SES groups × 3 adulthood SES 
groups): low-low, low-medium, low-high, medium-low, medium-
medium, medium-high, high-low, high-medium, high-high, denoted 
by 1, 2, 3, 4, 5, 6, 7, 8, 9, respectively (4). The age of the participants is 
represented by the variable “age.” Previous research in the field has 
extensively explored gender disparities in health among older people 
(15, 22, 40, 41, 66, 70). Gender is represented by the variable “gender,” 
with male coded as 1 and female as 0. In the covariate selection 
process, this study deliberately excluded variables that could 
be influenced by frailty, such as indicators of present health behaviors 
or living conditions. Factors like changes in health behaviors (e.g., 
smoking or physical activity) may be a response to changes in frailty 
status (30), and these variables are also prone to change over time. 
Time-varying covariates were not included.

2.3 Modeling stochastic health processes 
and life expectancy computation

Continuous-time multi-state models, based on the principles of 
continuous-time Markov chains, excel at illustrating random 
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health-related developments over time, enabling the portrayal of 
different health phases or mortality. At a specific age, residual life 
expectancy (LE) can be divided into two categories: robust LE and 
frailty LE, with their collective sum representing the total LE. The 
multi-state life table (MSLT) method, widely endorsed in global 
literature, relies on cohort data to precisely depict the health status of 
the research population, resulting in more reliable research findings 
(4, 51, 61, 71, 72).

Initially, a comprehensive multi-state Markov model incorporating 
covariates was implemented utilizing the msm package within the R 
programming language (73). Following this, we utilized continuous-
time multi-state models to calculate total and frailty-specific LE in a 
two-stage procedure. Initially, a multinomial regression was applied 
to estimate the annual probability of transitioning between different 
health states, producing transition probability matrices for each 
gender and SES (either childhood SES or life course SES trajectory) 
combination. Subsequently, the annual transition probabilities derived 
from the initial stage were fed into the MSLT method to compute total 
and frailty-specific LE (robust LE and frailty LE) using the elect 
package in the R programming language (74). For detailed 
explanations, please refer to Supplementary material [Section 3 
Estimation methods of life expectancy (LE)].

In this study, the maximum age of the participants is 125 years old, 
and it was assumed that the maximum human age was 130 years old. 
When performing the calculation using the default “step” method for 
numerical approximation, the integral was approximated on a 0.1-year 
grid. A standard error was computed for each estimate using a 
bootstrapping method that involved 500 repeated estimates through 
random draws.

2.4 Statistical analysis

The analysis commenced with a descriptive statistical examination 
of the data, focusing on the distribution of participants’ age, gender, 
childhood SES, adulthood SES, and life course SES (child–adult). 
Subsequently, we present the annual transition probabilities based on 
childhood SES or life course SES trajectory, illustrating the transition 
probabilities from robust to frailty, frailty to robust, robust to dead, 
and frailty to dead by childhood SES or by life course SES trajectory. 
Finally, an analysis of life expectancy based on childhood SES or life 
course SES trajectory is presented, providing estimated robust, frailty, 
and total life expectancy (LE) at ages 65 and 75 by childhood SES or 
by life course SES trajectory.

3 Results

3.1 Descriptive analysis

In Table 1, the final analysis included 37,264 participants, with a 
mean age of 88.44 years (SD: 11.18). The proportion of males (41.2%) 
was slightly lower than that of females. Regarding childhood SES, 
67.7% were classified as low, 20.7% as medium, and 11.6% as high. 
Notably, 98% of the participants were born between 1895 and 1945, a 
period marked by challenging living circumstances, societal upheaval, 
prolonged food scarcity, and childhood exposure to infectious diseases 
(3), leading to a relatively high proportion of participants with 

disadvantaged childhood SES. In terms of adulthood SES, 52.1% were 
classified as low, 33.5% as medium, and 14.4% as high, reflecting an 
overall upward social mobility trend from childhood to adulthood 
among older people in China. Specifically, based on social mobility 
classification (29, 64, 75), 41.6% of participants consistently remained 
in a low position (low–low) in terms of Life Course SES (child–adult), 
8.2% consistently remained in a medium position (medium–
medium), and 5.2% consistently remained in a high position (high–
high). The proportion of participants experiencing upward mobility 
(low–medium, low–high, medium–high) was 29.7%, while the 
proportion experiencing downward mobility (medium–low, high–
low, high–medium) was only 15.2%, significantly lower than the 
proportion experiencing upward mobility. This study categorized 
participants’ childhood SES and adulthood SES into three classes (low, 
medium, and high), represented by 0, 1, and 2, respectively. Therefore, 
according to the accumulation model (13, 20, 21), the proportion of 
participants with an accumulated advantage of 0 (low–low) was 
41.6%, an accumulated advantage of 1 (low–medium, medium–low) 
was 29.3%, an accumulated advantage of 2 (low–high, medium–
medium, high–low) was 15.4%, an accumulated advantage of 3 
(medium–high, high–medium) was 8.4%, and an accumulated 
advantage of 4 (high–high) was 5.2%, showing a decreasing trend.

The differences in childhood SES (low, medium, high) were 
examined, revealing statistically significant differences among the 
three groups in terms of gender, age, and state (p < 0.001). Similarly, 
the analysis of adulthood SES (low, medium, high) and life course SES 
(low-low, low-medium, low-high, medium-low, medium-medium, 
medium-high, high-low, high-medium, high-high) demonstrated 
statistically significant differences in gender, age, and state (p < 0.001). 
Detailed results of the hypothesis tests are provided in 
Supplementary Table S3.

3.2 Annual transition probability

3.2.1 Annual transition probability by childhood 
SES

Figure 1 depicts the annual transition probabilities from robust to 
frailty based on childhood SES, with separate analyses for males and 
females. The data indicates that, as individuals age, the annual 
transition probabilities from robust to frailty increase across all three 
categories of childhood SES (low, medium, high), regardless of gender. 
Specifically, male participants with low, medium, and high childhood 
SES show annual transition probabilities from robust to frailty ranging 
from 23 to 51%, 21 to 48%, and 19 to 44%, respectively, between the 
ages of 65 and 95. These results suggest that the annual transition 
probabilities from robust to frailty for male participants in the three 
categories of childhood SES (low, medium, high) have decreased 
sequentially, with the lowest transition probability for the most 
favorable childhood SES category, the highest for the least favorable, 
and the medium category falling in between, with female participants 
showing the same characteristics. Moreover, across all ages, female 
participants in all three childhood SES categories (low, medium, high) 
had higher annual transition probabilities from robust to frailty than 
their male counterparts in the same categories. These findings align 
with prior research in Latin American cities (41) and a study in 
Germany (40), which concluded that the frailty rate is higher in 
women than in men. Furthermore, this preliminary evidence supports 
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TABLE 1 Participant demographics at baseline, n (%).

Enrolled in 
1998

Enrolled in 
2000

Enrolled in 
2002

Enrolled in 
2005

Enrolled in 
2008

Enrolled in 
2011

Enrolled in 
2014

Total

N 8,090 5,383 8,362 5,941 7,547 1,071 870 37,264

Age (mean (SD)) 92.33 (7.70) 90.37 (7.51) 83.06 (12.76) 88.02 (12.20) 89.26 (11.45) 87.94 (12.47) 88.48 (9.88) 88.44 (11.18)

Gender
Male 3,215 (39.7) 2,293 (42.6) 3,585 (42.9) 2,406 (40.5) 3,049 (40.4) 448 (41.8) 373 (42.9) 15,369 (41.2)

Female 4,875 (60.3) 3,090 (57.4) 4,777 (57.1) 3,535 (59.5) 4,498 (59.6) 623 (58.2) 497 (57.1) 21,895 (58.8)

Childhood SES

Low 3,895 (48.2) 2,988 (55.5) 6,093 (72.9) 4,403 (74.1) 6,205 (82.2) 925 (86.4) 724 (83.2) 25,233 (67.7)

Medium 2,713 (33.5) 1,522 (28.3) 1,412 (16.9) 928 (15.6) 898 (11.9) 119 (11.1) 113 (13.0) 7,705 (20.7)

High 1,482 (18.3) 873 (16.2) 857 (10.3) 610 (10.3) 444 (5.9) 27 (2.5) 33 (3.8) 4,326 (11.6)

Adulthood SES

Low 4,555 (56.3) 2031 (37.7) 4,214 (50.4) 3,035 (51.1) 4,422 (58.6) 655 (61.2) 505 (58.1) 19,417 (52.1)

Medium 2,666 (33.0) 2,343 (43.5) 2,697 (32.3) 1870 (31.5) 2,238 (29.7) 373 (34.8) 298 (34.3) 12,485 (33.5)

High 869 (10.7) 1,009 (18.7) 1,451 (17.4) 1,036 (17.4) 887 (11.8) 43 (4.0) 67 (7.7) 5,362 (14.4)

Life course SES 

(child–adult)

Low-low 2,692 (33.3) 1,462 (27.2) 3,612 (43.2) 2,666 (44.9) 4,044 (53.6) 602 (56.2) 440 (50.6) 15,518 (41.6)

Low-medium 994 (12.3) 1,214 (22.6) 1878 (22.5) 1,286 (21.7) 1731 (22.9) 292 (27.3) 250 (28.7) 7,645 (20.5)

Low-high 209 (2.6) 312 (5.8) 603 (7.2) 451 (7.6) 430 (5.7) 31 (2.9) 34 (3.9) 2070 (5.6)

Medium-low 1,538 (19.0) 484 (9.0) 513 (6.1) 306 (5.2) 337 (4.5) 48 (4.5) 63 (7.2) 3,289 (8.8)

Medium-medium 940 (11.6) 750 (13.9) 559 (6.7) 368 (6.2) 351 (4.7) 63 (5.9) 38 (4.4) 3,069 (8.2)

Medium-high 235 (2.9) 288 (5.4) 340 (4.1) 254 (4.3) 210 (2.8) 8 (0.8) 12 (1.4) 1,347 (3.6)

High-low 325 (4.0) 85 (1.6) 89 (1.1) 63 (1.1) 41 (0.5) 5 (0.5) 2 (0.2) 610 (1.6)

High-medium 732 (9.1) 379 (7.0) 260 (3.1) 216 (3.6) 156 (2.1) 18 (1.7) 10 (1.2) 1771 (4.8)

High-high 425 (5.3) 409 (7.6) 508 (6.1) 331 (5.6) 247 (3.3) 4 (0.4) 21 (2.4) 1945 (5.2)
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the critical period model (10), suggesting that advantageous childhood 
SES exerts a protective influence on frailty rates, regardless of gender.

The annual transition probabilities from frailty to robust by 
childhood SES for men and women are depicted in Figure 2. It is 
apparent that as individuals age, the transition probabilities from 
frailty to robust decrease, regardless of gender. When examining male 
participants, those with low childhood SES experience a decrease 
from 20% at age 65 to 2.13% at age 95, while those with medium 
childhood SES decrease from 21% at age 65 to 2.27% at age 95, and 
those with high childhood SES decrease from 22% at age 65 to 2.37% 
at age 95. Notably, the transition probabilities for male participants 
tend to converge at age 95. Similarly, female participants exhibit a 
similar trend, with lower transition probabilities compared to their 
male counterparts in the same categories. It is evident that 
advantageous childhood SES has a protective effect on the recovery 
rate from frailty to robust, with the recovery rate for females being 

lower than that for males. However, with increasing age, the recovery 
rates tend to converge, regardless of gender.

Figure 3 illustrates the increasing annual transition probabilities 
from robust to dead by childhood SES for both genders as individuals 
age. Male participants with low, medium, and high childhood SES 
experience incremental increases in annual transition probabilities 
from robust to dead, with the lowest probability for the most favorable 
childhood SES category and the highest for the least favorable, 
mirroring the trend observed in female participants. Additionally, 
female participants across all age groups demonstrate lower annual 
transition probabilities from robust to dead than their male 
counterparts in the same categories, aligning with previous research 
conclusions that females have poorer health conditions but generally 
live longer than males (66, 76). Furthermore, the differences in 
transition probabilities from robust to dead among participants in the 
three childhood SES categories show an increasing trend as individuals 

FIGURE 1

Annual transition probabilities from robust to frailty based on childhood SES, CLHLS 1998–2018. (A) Male. (B) Female.

FIGURE 2

Annual transition probabilities from frailty to robust based on childhood SES, CLHLS 1998–2018. (A) Male. (B) Female.
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age, providing preliminary evidence of the protective effect of 
advantageous childhood SES on the risk of death (29).

The annual transition probabilities from frailty to death by 
childhood SES for men and women are depicted in Figure 4. As age 
increases, the transition probabilities show an upward trend across all 
childhood SES categories. When considering gender, the annual 
transition probabilities from frailty to death for male participants in 
the three childhood SES categories (low, medium, high) decreased 
sequentially, while female participants exhibited a similar pattern. 
Notably, female participants in all age groups showed lower transition 
probabilities compared to their male counterparts in the same 
categories, indicating a potential longevity advantage for females (66, 
76). Moreover, the differences in transition probabilities from frailty 
to death among participants in the three childhood SES categories 
show a slight widening trend with increasing age, suggesting a 

potential protective effect of favorable childhood SES on the risk of 
death (29).

3.2.2 Annual transition probability by life course 
SES

The findings presented in Figure 5 depict the annual transition 
probabilities from robust to frailty based on life-course SES trajectory 
for both men and women. As participants age, there is a discernible 
increasing trend in transition probabilities from robust to frailty 
across the nine SES trajectory categories. Irrespective of gender, 
participants in the nine categories of life-course SES trajectory (low-
low, low-medium, low-high, medium-low, medium-medium, 
medium-high, high-low, high-medium, high-high) demonstrate a 
sequential decrease in transition probabilities, with the most favorable 
category (high-high) exhibiting the lowest transition probability and 

FIGURE 3

Annual transition probabilities from robust to mortality based on childhood SES, CLHLS 1998–2018. (A) Male. (B) Female.

FIGURE 4

Annual transition probabilities from frailty to mortality based on childhood SES, CLHLS 1998–2018. (A) Male. (B) Female.
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the least favorable category (low-low) showing the highest. Notably, 
female participants consistently exhibit higher transition probabilities 
than their male counterparts in the same categories, indicating a 
higher frailty rate for females. The substantial differences in annual 
transition probabilities from robust to frailty between the most and 
least favorable SES trajectory categories underscore the close 
connection between lifelong SES disadvantage and frailty rates.

When comparing male participants with low-high and high-high 
life-course SES trajectory, the transition probability is 3.83% higher at 
age 65 and 5.83% higher at age 95 for those with low-high trajectory, 
indicating a significantly higher frailty rate for individuals with low 
childhood SES compared to high childhood SES, with the gap 
widening with age. Similarly, when comparing male participants with 
low-low and high-low life-course SES trajectory, the transition 
probability is 4.15% higher at age 65 and 5.98% higher at age 95 for 
those with low-low trajectory, indicating a protective effect of high 
childhood SES on frailty rates among individuals with low adulthood 
SES. Lastly, when comparing male participants with low-low and 
low-high life-course SES trajectories, the transition probability was 
found to be 1.58% higher at age 65 and 2.03% higher at age 95 for 
those with the low-low trajectory. This, combined with the results of 
comparing male participants with life-course SES trajectories of 
low-low and high-low, indicates a stronger protective effect of high 
childhood SES compared to high adulthood SES on frailty rates. This 
suggests that the transition probability from robust to frailty is more 
influenced by childhood SES rather than adulthood SES. Similar 
conclusions can be drawn from female participants. These findings 
further validate the critical period model (10) and the accumulation 
model (13, 20, 21).

The analysis depicted in Figure  6 demonstrates a consistent 
decline in annual transition probabilities from frailty to robust as 
individuals age across the nine life-course SES trajectory categories, 
regardless of gender. Irrespective of gender, the annual transition 
probabilities from frailty to robust increase sequentially across the 
nine life-course SES trajectory categories (low-low, low-medium, 
low-high, medium-low, medium-medium, medium-high, high-low, 
high-medium, high-high), with the most favorable category 

(high-high) exhibiting the highest transition probability, and the least 
favorable category (low-low) showing the lowest transition probability. 
Additionally, it is evident that across all age groups, the annual 
transition probabilities from frailty to robust for female participants 
in the nine life-course SES trajectory categories are lower than those 
for male participants in the same category, indicating a lower recovery 
rate for females compared to males. Regardless of gender, the 
difference in annual transition probabilities from frailty to robust 
between the most favorable (high-high) and the least favorable (low-
low) categories of life-course SES trajectory underscores the protective 
effect of a favorable life-course SES trajectory on the recovery rate 
from frailty to robust. However, as age increases and physical function 
declines, the recovery rate diminishes, and the differences in recovery 
rates among the nine life-course SES trajectory categories tend 
to converge.

Figure 7 presents the annual transition probabilities from robust 
to dead across different life-course SES trajectories for both men and 
women. The analysis reveals that, irrespective of gender, the annual 
transition probabilities from robust to dead increase with age for 
participants in the nine categories of life-course SES trajectory. 
Irrespective of gender, the annual transition probabilities from robust 
to dead for participants in the nine categories of life-course SES 
trajectory (low-low, low-medium, low-high, medium-low, medium-
medium, medium-high, high-low, high-medium, high-high) 
decrease sequentially, with the most favorable category (high-high) 
exhibiting the lowest transition probability, and the least favorable 
category (low-low) showing the highest transition probability. 
Moreover, it is evident that across all age groups, the annual 
transition probabilities from robust to dead for female participants 
in the nine categories of life-course SES trajectory are lower than 
those for male participants in the corresponding categories, 
indicating a longer life expectancy for females (66, 76). Additionally, 
the analysis highlights that regardless of gender, the differences in 
transition probabilities from robust to dead among the nine 
categories of participants show an expanding trend with increasing 
age, emphasizing the protective effect of accumulated lifelong SES 
advantages on the risk of death (29). Furthermore, it is observed that 

FIGURE 5

Annual transition probabilities from robust to frailty based on life-course SES trajectory, CLHLS 1998–2018. (A) Male. (B) Female.
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a higher childhood SES provides stronger protection against the risk 
of death compared to a higher adult SES, suggesting that the 
transition probability from robust to dead is more influenced by 
childhood SES than adult SES.

Figure 8 displays the annual transition probabilities from frailty 
to death by life-course SES trajectory for men and women. It is 
observed that regardless of gender, as age increases, the annual 
transition probabilities from frailty to death for participants in the 
nine categories of life-course SES trajectory show an increasing trend. 
Irrespective of gender, the annual transition probabilities from frailty 

to death for participants in the nine categories of life-course SES 
trajectory (low-low, low-medium, low-high, medium-low, medium-
medium, medium-high, high-low, high-medium, high-high) decrease 
sequentially, with the most favorable category (high-high) exhibiting 
the lowest transition probability from frailty to death, and the least 
favorable category (low-low) showing the highest transition 
probability. Notably, at all age groups, the annual transition 
probabilities from frailty to death for female participants in the nine 
categories of life-course SES trajectory are lower than those for male 
participants in the corresponding categories, indicating that females 

FIGURE 7

Annual transition probabilities from robust to mortality based on life-course SES trajectory, CLHLS 1998–2018. (A) Male. (B) Female.

FIGURE 6

Annual transition probabilities from frailty to robust based on life-course SES trajectory, CLHLS 1998–2018. (A) Male. (B) Female.
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generally live longer than males (66, 76). Additionally, the analysis 
highlights that regardless of gender, with increasing age, the differences 
in transition probabilities from frailty to death among the nine 
categories of participants show an expanding trend, emphasizing the 
protective effect of accumulated lifelong SES advantages on the risk of 
death (29).

3.3 Analysis of life expectancy

3.3.1 Analysis of life expectancy by childhood SES
Table 2 presents a comparison of total, robust, and frailty life 

expectancy (LE) among Chinese men and women at ages 65 and 75, 
based on their childhood SES. Irrespective of gender, participants 

TABLE 2 Childhood SES-stratified estimated robust, frailty, and total life expectancy (LE) at ages 65 and 75, including 95% confidence intervals (CLHLS 
1998–2018).

Childhood SES Total LE Robust LE Frailty LE Proportion robust Proportion frailty

Men

Age 65

  Low childhood SES 14.34 [12.59, 14.52] 4.74 [4.10, 4.89] 9.59 [8.49, 9.74] 33.05% 66.95%

  Medium childhood SES 14.47 [7.36, 14.67] 5.07 [2.29, 5.22] 9.40 [5.07, 9.56] 35.04% 64.96%

  High childhood SES 14.62 [3.49, 14.93] 5.44 [0.71, 5.70] 9.19 [2.75, 9.38] 37.21% 62.79%

Age 75

  Low childhood SES 9.62 [9.11, 9.74] 3.03 [2.88, 3.13] 6.59 [6.22, 6.70] 31.50% 68.50%

  Medium childhood SES 9.74 [7.33, 9.87] 3.29 [2.49, 3.39] 6.45 [4.83, 6.56] 33.78% 66.22%

  High childhood SES 9.91 [5.17, 10.11] 3.61 [1.95, 3.79] 6.30 [3.22, 6.46] 36.43% 63.57%

Women

Age 65

  Low childhood SES 15.50 [15.03, 15.73] 4.15 [3.96, 4.32] 11.35 [11.01, 11.56] 26.77% 73.23%

  Medium childhood SES 15.56 [13.59, 15.79] 4.45 [3.74, 4.59] 11.11 [9.85, 11.32] 28.60% 71.40%

  High childhood SES 15.65 [6.30, 15.93] 4.79 [1.55, 5.03] 10.86 [4.75, 11.11] 30.61% 69.39%

Age 75

  Low childhood SES 10.55 [10.33, 10.70] 2.69 [2.61, 2.79] 7.86 [7.66, 7.98] 25.50% 74.50%

  Medium childhood SES 10.65 [10.26, 10.80] 2.96 [2.83, 3.05] 7.69 [7.40, 7.83] 27.79% 72.21%

  High childhood SES 10.73 [9.44, 10.95] 3.21 [2.85, 3.37] 7.52 [6.56, 7.70] 29.92% 70.08%

① SES, socioeconomic status; ② LE, life expectancy; ③ Proportion robust, robust life expectancy accounted for total life expectancy; ④ Proportion frailty, frailty life expectancy accounted for 
total life expectancy.

FIGURE 8

Annual transition probabilities from frailty to mortality based on life-course SES trajectory, CLHLS 1998–2018. (A) Male. (B) Female.
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with low childhood SES exhibit the lowest total LE, followed by 
those with medium childhood SES, while the highest total LE is 
observed in participants with high childhood SES. At age 65, male 
participants in the three childhood SES categories demonstrate 
residual total LE of 14.34 years, 14.47 years, and 14.62 years, while 
female participants exhibit residual total LE of 15.50 years, 
15.56 years, and 15.65 years. At age 75, male participants display 
residual total LE of 9.62 years, 9.74 years, and 9.91 years, while female 
participants show residual total LE of 10.55 years, 10.65 years, and 
10.73 years. The robust LE exhibits a sequential increase, with the 
lowest observed in participants with low childhood SES, followed by 
those with medium childhood SES, and the highest in participants 
with high childhood SES. The robust LE proportion increases 
sequentially across the three childhood SES categories for both male 
and female participants. At age 65, the robust LE proportion for 
male participants in the low, medium, and high childhood SES 
categories is 33.05, 35.04, and 37.21% respectively, while for female 
participants, it is 26.77, 28.60, and 30.61%, respectively. At age 75, 
the estimated robust LE proportion for male participants in the three 
childhood SES categories is 31.50, 33.78, and 36.43% respectively, 
and for female participants, it is 25.50, 27.79, and 29.92%, 
respectively. Conversely, the frailty LE proportion demonstrates a 
sequential decrease, with the highest observed in participants with 
low childhood SES, followed by those with medium childhood SES, 
and the lowest in participants with high childhood SES.

Females exhibit a higher total LE than males, but their robust LE 
and robust LE proportion lag behind, reaffirming the notion that 
despite females generally outliving males, their health status tends to 
be poorer, marked by a higher frailty rate (66, 76). At age 65, male 
participants with low childhood SES have a robust LE proportion 
4.15% lower than those with high childhood SES, and at age 75, this 
difference increases to 4.93%. Similarly, for females at age 65, the 
robust LE proportion for those with low childhood SES is 3.84% 
lower than those with high childhood SES, and at age 75, this 
difference grows to 4.42%. As individuals age, the disparity in robust 
LE proportion due to childhood SES disadvantage widens, once again 
affirming the critical period model (10).

3.3.2 Analysis of life expectancy by life course SES
Table 3 presents the comparison of total, robust, and frailty LE 

among Chinese men and women at ages 65 and 75, across nine SES 
trajectories. Total LE increases sequentially across life-course SES 
trajectories, with the least favorable category (low-low) having the 
lowest total LE, and the most favorable category (high-high) having 
the highest. Male participants estimate residual total LE at 65 to 
be  14.097–14.575 years, and at 75 to be  9.49–10.13 years. Female 
participants estimate residual total LE at 65 to be 15.313–15.694 years, 
and at 75 to be 10.47–11.02 years. Irrespective of gender, participants’ 
robust LE in the nine life-course SES trajectory categories shows a 
sequential increase, with the least favorable category (low-low) 
exhibiting the lowest robust LE and the most favorable category (high-
high) showing the highest robust LE.

The robust LE proportion among male and female participants 
in the nine categories of life-course SES trajectory (low-low, 
low-medium, low-high, medium-low, medium-medium, medium-
high, high-low, high-medium, high-high) has exhibited a sequential 
increase. At the age of 65, the robust LE proportion for male 

participants in the nine categories of life-course SES trajectory was 
31.67, 32.06, 32.46, 32.72, 33.12, 33.43, 33.89, 34.42, and 34.85%, 
respectively. Similarly, for female participants in the same categories, 
the robust LE proportion at the age of 65 was 25.80, 26.16, 26.46, 
26.77, 27.08, 27.41, 27.75, 28.11, and 28.49%, respectively. Upon 
reaching the age of 75, the estimated robust LE proportion for male 
participants in the nine categories of life-course SES trajectory is 
30.66, 31.45, 32.23, 32.92, 33.71, 34.55, 35.34, 36.16, and 37.02%, 
respectively. Correspondingly, for female participants in the same 
categories, the estimated robust LE proportion at the age of 75 is 
25.21, 25.86, 26.63, 27.30, 27.96, 28.70, 29.47, 30.16, and 30.94%, 
respectively. In contrast, the frailty LE proportion of male and female 
participants in these categories decreases sequentially, with the least 
favorable category (low-low) having the highest frailty LE proportion 
and the most favorable category (high-high) having the lowest frailty 
LE proportion. The data reveals that across all nine categories, women 
exhibit a higher total LE compared to men, while their robust LE and 
robust LE proportion are lower than those of men. This reaffirms the 
notion that despite women generally outliving men, they experience 
poorer health conditions, with a heightened prevalence of frailty and 
illness (66, 76).

At the age of 65, the robust LE proportion of male participants 
following a low-low life-course socioeconomic status (SES) trajectory 
was found to be 3.18% lower than that of male participants with a 
high-high life-course SES trajectory. By the age of 75, the robust LE 
proportion of male participants with a low-low life-course SES 
trajectory had further decreased to 6.36% below that of their 
counterparts with a high-high life-course SES trajectory. Similarly, at 
the age of 65, the robust LE proportion of female participants with a 
low-low life-course SES trajectory was 2.69% lower than that of female 
participants with a high-high life-course SES trajectory, and by the age 
of 75, this proportion had decreased to 5.73% below that of female 
participants with a high-high life-course SES trajectory. These findings 
underscore the widening gap in robust LE proportion with age, 
emphasizing the cumulative impact of lifelong SES disadvantage, thus 
affirming the accumulation model (13, 20, 21).

At 65, male participants with a low-high life-course SES 
trajectory had a 2.39% lower robust LE proportion than those with 
a high-high trajectory. At 75, the difference increased to 4.79%. This 
suggests that men achieving high SES in adulthood, but with low 
childhood SES, had a significantly lower robust LE proportion, a 
difference that widened with age. Similar conclusions were drawn 
from female participants. For men with a low-low SES trajectory, 
the robust LE proportion was 2.22% lower at 65 and 4.68% lower at 
75 compared to those with a high-low trajectory. This demonstrates 
the protective effect of high childhood SES on late-life robust LE 
proportion among men with low adult SES. Similar conclusions 
were drawn from female participants. At 65, male participants with 
a low-low SES trajectory had a 0.79% lower robust LE proportion 
than those with a low-high trajectory, increasing to 1.57% at 75. 
Comparing the robust LE proportion of male participants with a 
low-low life-course SES trajectory to that of male participants with 
a high-low life-course SES trajectory, this highlights the stronger 
protective effect of childhood SES on late-life robust LE proportion 
compared to adult SES. Similar conclusions were drawn from 
female participants, further validating the critical period 
model (10).
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TABLE 3 Estimated robust, frailty, and total life expectancy (LE) at ages 65 and 75 by life course SES trajectory, including 95% confidence intervals 
(CLHLS 1998–2018).

Life course SES 
trajectory (child–
adult)

Total LE Robust LE Frailty LE Proportion 
robust

Proportion frailty

Men

Age 65

  Low–low 14.097 [12.913, 14.295] 4.465 [4.031, 4.634] 9.633 [8.857, 9.808] 31.67% 68.33%

  Low–medium 14.155 [13.229, 14.361] 4.538 [4.212, 4.697] 9.617 [9.010, 9.773] 32.06% 67.94%

  Low–high 14.216 [12.748, 14.392] 4.615 [4.050, 4.741] 9.601 [8.715, 9.754] 32.46% 67.54%

  Medium–low 14.274 [10.616, 14.461] 4.671 [3.234, 4.815] 9.602 [7.382, 9.748] 32.72% 67.28%

  Medium–medium 14.332 [7.053, 14.517] 4.747 [1.948, 4.897] 9.585 [5.091, 9.733] 33.12% 66.88%

  Medium–high 14.368 [11.588, 14.584] 4.803 [3.723, 4.982] 9.565 [7.752, 9.739] 33.43% 66.57%

  High–low 14.434 [7.206, 14.691] 4.892 [1.950, 5.094] 9.542 [5.179, 9.723] 33.89% 66.11%

  High–medium 14.525 [2.886,14.799] 5.000 [0.155, 5.205] 9.524 [2.784, 9.772] 34.42% 65.58%

  High–high 14.575 [4.125, 14.957] 5.080 [0.690, 5.396] 9.495 [3.437, 9.741] 34.85% 65.15%

Age 75

  Low–low 9.49 [8.92, 9.63] 2.91 [2.76, 3.01] 6.58 [6.14, 6.69] 30.66% 69.34%

  Low–medium 9.57 [9.24, 9.69] 3.01 [2.89, 3.10] 6.56 [6.35, 6.66] 31.45% 68.55%

  Low–high 9.65 [9.22, 9.77] 3.11 [2.97, 3.20] 6.53 [6.23, 6.63] 32.23% 67.77%

  Medium–low 9.72 [8.17, 9.84] 3.20 [2.74, 3.28] 6.52 [5.43, 6.61] 32.92% 67.08%

  Medium–medium 9.79 [6.59, 9.93] 3.30 [2.26, 3.39] 6.49 [4.33, 6.59] 33.71% 66.29%

  Medium–high 9.87 [8.71, 10.02] 3.41 [3.01, 3.51] 6.46 [5.73, 6.59] 34.55% 65.45%

  High–low 9.96 [7.99, 10.12] 3.52 [2.86, 3.65] 6.44 [5.17, 6.57] 35.34% 64.66%

  High–medium 10.04 [1.09, 10.23] 3.63 [0.39, 3.75] 6.41 [0.70, 6.55] 36.16% 63.84%

  High–high 10.13 [4.61, 10.34] 3.75 [1.72, 3.92] 6.38 [2.89, 6.55] 37.02% 62.98%

Women

Age 65

  Low–low 15.313 [11.941, 15.521] 3.950 [3.003, 4.078] 11.363 [9.009, 11.559] 25.80% 74.20%

  Low–medium 15.341 [14.486, 15.561] 4.013 [3.733, 4.149] 11.328 [10.695, 11.508] 26.16% 73.84%

  Low–high 15.387 [14.718, 15.592] 4.072 [3.823, 4.226] 11.315 [10.847, 11.505] 26.46% 73.54%

  Medium–low 15.434 [14.754, 15.680] 4.131 [3.912, 4.272] 11.303 [10.827, 11.505] 26.77% 73.23%

  Medium–medium 15.485 [14.328, 15.729] 4.193 [3.795, 4.348] 11.292 [10.572, 11.530] 27.08% 72.92%

  Medium–high 15.533 [12.917, 15.782] 4.257 [3.423, 4.452] 11.276 [9.470, 11.494] 27.41% 72.59%

  High–low 15.579 [10.767, 15.850] 4.323 [2.724, 4.541] 11.256 [8.007, 11.489] 27.75% 72.25%

  High–medium 15.635 [7.184, 15.969] 4.395 [1.427, 4.626] 11.241 [5.740, 11.513] 28.11% 71.89%

  High–high 15.694 [6.085, 16.067] 4.471 [0.954,4.755] 11.223 [5.099, 11.514] 28.49% 71.51%

Age 75

  Low–low 10.47 [9.05, 10.61] 2.64 [2.31, 2.73] 7.83 [6.77, 7.94] 25.21% 74.79%

  Low–medium 10.52 [10.21, 10.65] 2.72 [2.62, 2.81] 7.80 [7.58, 7.92] 25.86% 74.14%

  Low–high 10.59 [10.38, 10.72] 2.82 [2.72, 2.91] 7.77 [7.61, 7.89] 26.63% 73.37%

  Medium–low 10.66 [10.43, 10.80] 2.91 [2.79, 3.00] 7.75 [7.59, 7.88] 27.30% 72.70%

  Medium–medium 10.73 [10.35, 10.88] 3.00 [2.85, 3.10] 7.72 [7.45, 7.85] 27.96% 72.04%

  Medium–high 10.80 [10.43, 10.96] 3.10 [2.95, 3.22] 7.69 [7.41, 7.82] 28.70% 71.30%

  High–low 10.86 [9.82, 11.02] 3.20 [2.88, 3.32] 7.66 [6.91, 7.82] 29.47% 70.53%

  High–medium 10.94 [8.61, 11.11] 3.30 [2.72, 3.45] 7.64 [5.86, 7.79] 30.16% 69.84%

  High–high 11.02 [4.79, 11.22] 3.41 [1.52, 3.57] 7.61 [3.27, 7.80] 30.94% 69.06%

① SES, socioeconomic status; ② LE, life expectancy; ③ Proportion Robust, robust life expectancy accounted for total life expectancy; ④ Proportion Frailty, frailty life expectancy accounted for 
total life expectancy.
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3.4 Enhancing result robustness through 
comparative analysis

3.4.1 Validating the reliability of life expectancy 
calculations

There is a paucity of literature utilizing continuous time multi-
state models to explore healthy longevity in later years from a life 
course perspective, with only two exceptions (4, 51). However, these 
two studies both rely on a single ADL to assess health status in later 
years, whereas this study employs Rockwood FI, comprising 38 
indicators, to evaluate health status in later life. Consequently, the LE 
estimations from these two studies are not directly comparable to 
those of this study.

Given the scarcity of literature employing Rockwood FI and 
continuous time multi-state models to investigate healthy longevity in 
later years from a life course perspective, the sole exception applies 
Rockwood FI and continuous time multi-state models to study healthy 
longevity in later life, utilizing CLHLS data (61). Nonetheless, that 
study did not adopt a life course perspective. Nevertheless, as the 
indicators used to characterize health status in later years, models, and 
data sources in that study align with this study, the LE calculated in 
that study is compared with the results of this study to validate the 
reliability of the LE calculations presented here. That study computed 
LE by gender at age 65, resulting in a residual total LE of 14.16 years 
for males (Robust LE: 4.71 years, Frailty LE: 9.45 years) and 15.60 years 
for females (Robust LE: 3.58 years, Frailty LE: 12.02 years).

The above calculations are largely in line with those in this study. At 
age 65, the average residual total LE for male participants in the three 
childhood SES categories is 14.47 years, with Robust LE at 5.08 years and 
Frailty LE at 9.39 years. For female participants in the three childhood SES 
categories, the average residual total LE is 15.57 years, Robust LE is 
4.46 years, and Frailty LE is 11.11 years. Similarly, at age 65, male 
participants in the nine life-course SES trajectory categories demonstrate 
an average residual total LE of 14.33 years, with Robust LE at 4.75 years 
and Frailty LE at 9.57 years. Female participants in the nine trajectory 
categories exhibit an average residual total LE of 15.49 years, Robust LE at 
4.2 years, and Frailty LE at 11.29 years. This affirms the reliability of the LE 
calculations in this study.

3.4.2 Enhancing result robustness through 
missing values removal

To enhance the response rate, this study employs multiple 
imputation by chained equations to impute missing data in childhood 
SES and adulthood SES indicators (4). Given the relatively limited 
number of missing values in each indicator, data points with missing 
values in childhood SES and adulthood SES are removed to assess 
result robustness. After the removal of missing values, the analytical 
sample comprises 32,432 participants, resulting in a response rate of 
73.21%, with an average age of 88.18 years (SD: 11.14) and a male 
representation of 42%. The distribution of participants across low, 
medium, and high childhood SES categories is 66.89, 21.23, and 
11.89%, respectively. Correspondingly, the distribution across low, 
medium, and high adulthood SES categories is 51.70, 33.26, and 
15.04%, respectively. The distribution of participants among the nine 
categories of life-course SES trajectory (low-low, low-medium, 
low-high, medium-low, medium-medium, medium-high, high-low, 
high-medium, high-high) is 41.14, 20.03, 5.72, 8.91, 8.44, 3.87, 1.65, 
4.79, and 5.45%, respectively. Notably, the age and gender 
distributions, along with the distributions in childhood SES, 

adulthood SES, and life course SES, exhibit consistency with the 
distributions before the deletion of missing values.

Following the removal of missing data, annual transition 
probabilities by childhood SES are illustrated in 
Supplementary Figures S3–S6, while annual transition probabilities 
by life course SES are delineated in Supplementary Figures S7–S10. 
The analysis of life expectancy by childhood SES is featured in 
Supplementary Table S4, and the analysis of life expectancy by life 
course SES is detailed in Supplementary Table S5. The study findings 
have demonstrated consistency with the outcomes prior to the 
deletion of missing values, affirming the robustness of the results. 
Given the potential widening of confidence intervals with a reduced 
estimation sample, precedence is given to utilizing the dataset without 
removed missing values as the principal outcomes.

4 Discussion

Studying the healthy longevity of older people in China from a life 
course perspective holds exceptional significance. This article, 
grounded in the life course approach, employs multi-state models to 
assess late-life health status using the Rockwood Frailty Index (FI), 
comprising 38 indicators. Leveraging the extensive CLHLS survey 
data spanning from 1998 to 2018, this research comprehensively 
examines how childhood SES and adult SES collectively shape late-life 
healthy longevity. By addressing the constraints of prior studies with 
limited sample sizes or brief durations (4), reliance on singular 
indicators for gauging late-life health status (4, 51), and models 
neglecting the interplay between disability incidence, recovery rate, 
and mortality rate (29, 30), this study makes a contribution to the field.

In China, older people demonstrate an upward social mobility 
trend from childhood to adulthood, with 29.7% experiencing upward 
mobility, while only 15.2% experience downward mobility, a 
proportion significantly lower than that of upwardly mobile 
participants. The multi-state transition probability forms the basis for 
estimating life expectancy. This study reveals that, irrespective of 
gender and the categorization of older people by childhood SES into 
three groups or by life-course SES trajectory into nine groups, the 
transition probabilities show an upward trend for robust–frailty, 
robust–dead, and frailty–dead with age, while the probability of 
frailty–robust exhibits a downward trend. Regardless of gender and 
the division of older people into three categories (low, medium, high) 
based on childhood SES or into nine categories (low-low, low-medium, 
low-high, medium-low, medium-medium, medium-high, high-low, 
high-medium, high-high) based on life-course SES trajectory, the 
transition probabilities of robust–frailty, robust–dead, and frailty–
dead all decrease sequentially across different categories, while the 
probability of frailty–robust increases sequentially across different 
categories. Favorable childhood SES and the accumulation of lifelong 
SES advantages have a protective effect on frailty incidence, recovery 
rate, and mortality risk, with high childhood SES exerting a stronger 
influence than high adult SES.

Regardless of gender, whether older people are classified into three 
groups (low, medium, high) based on childhood SES or into nine 
groups (low-low, low-medium, low-high, medium-low, medium-
medium, medium-high, high-low, high-medium, high-high) based on 
life-course SES trajectory, total LE, robust LE, and robust LE 
proportion exhibit sequential increases across different categories, 
while frailty LE shows sequential decreases across different categories. 
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Favorable childhood SES and the accumulation of lifelong SES 
advantages exert a significant protective effect on late-life robust LE 
proportion, with high childhood SES demonstrating a stronger 
protective influence than high adult SES. The frailty incidence rate and 
total LE are higher in women than in men (40, 41), but the recovery 
rate, mortality risk, robust LE, and robust LE proportion are lower in 
women, indicating that despite women generally living longer than 
men, their health status is poorer (66, 76).

This study substantiates the critical period model (10) and 
accumulation model (13, 20, 21). Unlike prior research (4), our 
findings reveal that a higher childhood SES exerts a more potent 
protective influence on late-life healthy longevity than a higher adult 
SES. The policy implications of our study suggest that despite 
substantial enhancements in the living standards of most older 
Chinese people during adulthood and old age (4), these improvements 
do not counterbalance the adverse impact of childhood SES 
disadvantage on late-life healthy longevity (29). This underscores the 
crucial need for early intervention in late-life healthy longevity, as 
exposure to adverse conditions in early life is irreversible (12, 29, 43), 
and significantly contributes to late-life health inequality.

Our study’s findings align with various previous studies, 
highlighting the critical role of childhood SES in determining long-
term health outcomes. Data from the Survey of Health, Aging, and 
Retirement in Europe (SHARE) indicated higher frailty levels among 
immigrants from LMICs in Nordic and Western Europe (36). 
Similarly, the 1958 British birth cohort linked lower childhood SES to 
higher FI scores (37), and a study on UK twins found an inverse 
relationship between father’s occupational class and participants’ FI 
(38). Research using SHARE and the China Health and Retirement 
Longitudinal Study (CHARLS) data showed that three or more 
childhood adversities increased FI levels (43), emphasizing the global 
nature of these effects. Our results support the critical period model 
(10), consistent with various studies. The Health and Retirement Study 
(HRS) in the U.S. linked childhood financial hardship to 
multimorbidity (12) and lower cognitive function (14). Research from 
the Utah Population Database found that higher childhood SES is 
associated with better morbidity trajectories and survival rates (15). 
These studies reinforce our conclusion that early-life socioeconomic 
conditions profoundly impact health trajectories. Additionally, our 
research indicates that high childhood SES has a greater impact than 
high adult SES. A British birth cohort study supports this, linking 
early-life SES to frailty, with adult SES only partially explaining this 
relationship (37). This underscores the need for early-life interventions 
to break the cycle of disadvantage.

The accumulation model validated in our study is also supported 
by several prior studies. For instance, a public health survey in Sweden 
linked lifelong economic stress to poor self-rated health (13). The HRS 
indicated that higher cumulative SES correlates with better cognitive 
function (14). A Life History survey in France associated lifelong 
socioeconomic disadvantage with increased morbidity ratios (22). 
Similarly, evidence from Sweden highlighted the impact of lifelong 
SES on health trajectories in older adult (26). These findings 
demonstrate that cumulative socioeconomic conditions throughout 
life significantly influence health outcomes, emphasizing the need for 
sustained socioeconomic support. Furthermore, while women tend to 
live longer than men, their overall health is worse. This aligns with 
findings from a cohort study in Germany (40), research in five major 
Latin American cities (41), and the HRS cohort in the U.S. (66). These 
studies, along with our findings, highlight the need for gender-specific 

health interventions to address unique health challenges faced by 
women. Despite extensive research from HICs, evidence from LMICs 
is limited, and these studies have not used continuous-time multi-state 
models. Thus, our study provides a valuable addition to the 
existing literature.

Given these findings, it is imperative for governmental authorities 
to strengthen nutritional and health initiatives aimed at disadvantaged 
children, improve the nutritional and health status of children in 
impoverished communities and households by executing early 
childhood nutrition enhancement initiatives (51), and further narrow 
the urban–rural gap. It is imperative to emphasize the implementation 
of comprehensive intervention strategies at multiple levels, including 
education, healthcare accessibility, and food provision, in order to 
develop effective strategies for promoting child health. Our research 
highlights the significance of approaching the topic of healthy aging 
from a life course perspective. We recommend that policymakers 
embrace a proactive strategy to enhance early-life nutrition and 
promote health among at-risk populations.

This study has several potential limitations. Firstly, due to the 
inability of the multi-state life table model to accommodate time-
varying covariates, and our deliberate exclusion of variables 
susceptible to frailty, we did not incorporate indicators of current 
health behaviors or living arrangements as covariates. This decision 
was made because changes in health behaviors, such as smoking or 
physical activity, may be responses to changes in frailty (30), and these 
variables are also subject to change over time. Our study focuses on 
exploring the observable social differentiation in healthy longevity. 
We do not draw conclusions regarding the causal relationship between 
SES at various life stages and health outcomes in later life (4). Secondly, 
while the retrospective information was deemed reasonably reliable 
(64), the assessment of childhood SES relied on retrospective self-
reports, inevitably introducing recall bias. However, the approach to 
mitigate recall bias involves enlarging the sample size, and the 
substantial sample size of the cohort data used in this study, 37,264 
participants, can significantly mitigate the impact of recall bias on the 
research findings. Thirdly, individuals with extremely disadvantaged 
childhood SES may be absent from our study sample due to premature 
death. Although our study’s model incorporates age variable, the 
estimates derived from our sample may still be subject to survivor 
bias, potentially underestimating the influence of childhood SES on 
late-life healthy longevity (77).

5 Conclusion

Favorable childhood SES and lifelong accumulation of SES advantages 
protect against frailty morbidity, improve recovery rate, reduce mortality 
risk, and increase total LE, robust LE, and robust LE proportion. 
Moreover, high childhood SES exerts a stronger protective effect than 
high adult SES, signifying that enhancements in adult living conditions 
are inadequate to offset the detrimental impact of childhood SES 
disadvantage on late-life healthy longevity. This study substantiates the 
critical period model and accumulation model. Therefore, in order to 
promote healthy aging, it is imperative for policymakers to adopt a 
proactive strategy and implement targeted interventions addressing 
diverse health determinants in early life, encompassing aspects such as 
education, healthcare accessibility, and food supply.

The implications of this study extend to social, health, and public 
policy levels. Socially, addressing childhood SES disparities can lead 
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to more equitable health outcomes across the lifespan. From a health 
perspective, early interventions can alleviate frailty and improve 
overall population health. At the public policy level, our findings 
advocate for policies that prioritize early-life health determinants, 
ensuring that resources are allocated to support disadvantaged 
populations from a young age, ultimately fostering a healthier, more 
equitable society.

However, this study has several potential limitations. Firstly, the 
multi-state life table model used does not accommodate time-varying 
covariates, and we excluded variables susceptible to frailty, such as 
current health behaviors and living arrangements. Secondly, the 
reliance on retrospective self-reports for childhood SES introduces 
recall bias, although the large sample size helps mitigate this issue. 
Lastly, the study may be  subject to survivor bias, potentially 
underestimating the influence of childhood SES on late-life 
health outcomes.

Despite these limitations, this study offers valuable insights into 
how childhood SES and adult SES jointly shape late-life healthy 
longevity from a life course perspective, significantly contributing to 
a comprehensive understanding of the mechanisms that impact the 
healthy longevity of older people.
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