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Abstract

The female advantage in life expectancy sits uneasily with female disadvantage in health

and well-being in later life compared to their male counterparts. This health disparity has

been suggested to rest on sex difference in allostatic load (AL). We aim to delineate the sex-

specific age trajectories of AL among midlife and older adults in China and to interpret the

contradiction between the female advantage in life expectancy and their disadvantage in

health in later life from the perspective of physiological dysregulation. Using data from the

China Health and Retirement Longitudinal Study (CHARLS) conducted in 2011 and 2015,

we included 3,836 male and 3,308 female Chinese adults aged 45 and older. Two-level

mixed-effects models were fitted to examine how AL changed over time. Missing values

were addressed by performing multiple imputations using chained equations. Results show

AL increases with age for both sexes, with a steeper rise in females and a slight decline in

males after adjusting for the sex-age interaction. Older males born before the People’s

Republic of China (PRC) exhibited different AL trajectories from younger cohorts. The sex-

specific trajectories converge around the late 60s, with females surpassing males, aligning

with the life expectancy-health paradox. The presence of a healthier older male cohort in

CHARLS suggests future studies should account for cohort effects.

Introduction

Available evidence confirms that life expectancy differs at all ages, with females living longer

than males [1, 2]. However, the sex gap in life expectancy converges with age [3]. Research

indicates that, despite their longevity, females experience a decline in quality of life, poorer

health status and higher morbidity, compared to their male counterparts in later life [4]. Spe-

cifically, older females report a higher incidence of physical disabilities [5, 6], a greater preva-

lence of falls, and lower performance on balance and walking tasks [7–11]. Studies also find
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that older females tend to have greater adiposity and less lean mass, partly due to lower habit-

ual physical activity and cardiorespiratory fitness [12–14]. Beyond differences in physical

activity, body composition and aerobic fitness, the literature further suggests that differences

in physiological dysregulation, particularly allostasis and allostatic load, also play a crucial role

in explaining these health disparities between males and females in later life [3, 15].

Allostasis refers to the body’s ability to achieve stability through change, involving media-

tors like those from the immune system, autonomic nervous system (ANS), and hypothalamo-

pituitary-adrenal (HPA) axis. However, chronic overactivation of these systems can lead to

allostatic load (AL), which is the wear and tear on the body and brain, manifesting as condi-

tions such as accumulation of abdominal fat, loss of bone minerals, and hippocampal nerve

cell atrophy [16]. Hippocampus exhibits significant structural plasticity influenced by circulat-

ing hormones and stress. However, repeated stress can remodel dendrites, suppress neurogen-

esis, and regulate synapse formation [16, 17]. Such effects are particularly evident in female

rats [18]. Translating these findings to humans is challenging due to a lack of similar studies

on the human brain. However, research indicates that postmenopausal women are more sus-

ceptible to declines in hippocampal-dependent cognitive functions, which are associated with

higher levels of urinary cortisol, a steroid hormone produced by the adrenal glands in response

to stress [19]. Despite this vulnerability, the female brain shows better resilience compared to

males, through neurogenesis, dendritic remodeling, and synaptic plasticity, with estrogen play-

ing a role in maintaining this resilience. Estrogen, which is primarily produced in the ovaries,

have been identified as potential neuroprotective agents that could mitigate the effects of AL

[16]. While AL, has been increasingly used as a broad measure of the cumulative burden of

physiological dysregulation [20, 21] and as a comprehensive index of population frailty, capa-

ble of predicting major health outcomes and mortality in older age groups [22, 23].

Recent population-based studies have indicated significant sex differences in several bio-

markers that are related to AL [24–32], such as in C-reactive protein [25, 27–29], interleukin-6

[28] and many other chronic disease-related biological risk factors [30]. However, these studies

often focus on individual rather than overall physiological burden and are typically restricted

to small, homogeneous samples in terms of health status [33], demographics [34], or geogra-

phy. The complexity of age variations in sex differences in biological functions remains largely

unexplored and inadequately measured in population-based samples. Further, due to the high

cost of collecting and storing biological data, most studies are conducted in developed

countries.

Among the few research, there is still a notable gap in the literature concerning how sex dif-

ferences in AL as individuals age. Yang and Kozloski’s [15] cross-sectional study on Americans

reveals that, given their higher morbidity rates, females exhibit higher AL levels than males,

indicating greater physiological dysregulation. This finding presents a paradox: a higher level

of physiological dysregulation in females appears to contradict their longer life expectancy. To

response to this paradox, Tampubolon and Maharani [3] delineate the sex-specific age trajec-

tories of AL among older Americans and Britons, respectively. Using a longitudinal study

design, they find that despite AL trajectories for both sexes converging with age, females gener-

ally have lower AL levels than their male counterparts in both countries.

The contradictory differences between female longevity and their poorer health in later life

are also pronounced in China, one of the largest developing countries in the world. It has been

projected that by 2030, the life expectancy at birth for Chinese females will be 79 years, com-

pared to 76 years for males [35]. However, despite higher life expectancy, older Chinese

females report higher morbidity due to conditions such as hypertension, diabetes, angina,

arthritis, suicide, depression, and dementia [35].
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The study of AL has been increasing in China, driven by the availability of new biomarker

datasets. However, most research interests are focused on exploring the risk factors for allo-

static load from the perspective of socio-economics [34, 36–38]. There is a gap in knowledge

concerning the sex differences in AL and the contradiction between female advantages in lon-

gevity and their disadvantage in health outcomes, as explained from the perspective of physio-

logical dysregulation. Therefore, in the present study, we aim to address several key questions

regarding AL among midlife and older adults in China:

First, we seek to determine if there is a sex difference in the age trajectories of AL. Second,

given the female advantage in life expectancy, we investigate whether there is a female advan-

tage [3] or a male advantage [15] in AL. Third, since most relevant studies have been con-

ducted in developed countries, we aim to explore if studying China, one of the largest

developing countries, can enhance our understanding of AL trajectories and physiological dys-

regulation in a heterogeneous cultural and socioeconomic context distinct from the West.

Last, by controlling for a set of covariates, we examine the extent to which demographic, socio-

economic, and behavioural health factors influence the sex-specific trajectories of AL in mid-

dle-aged and older Chinese adults.

Materials and methods

This study applied the STandardized Reporting Of Secondary data Analyses (STROSA) frame-

work to conduct a secondary analysis of panel data from the China Health and Retirement

Longitudinal Study (CHARLS), utilising sociodemographic data from wave 1 (2011) and wave

3 (2015), along with corresponding biomarker data. Please refer to the S1 Checklist in the Sup-
porting Information.

Data source and study sample

We used data from CHARLS, which is a nationally representative longitudinal survey that col-

lects comprehensive data on the health, economic status, and social factors affecting Chinese

residents aged 45 and older. Initiated in 2011, CHARLS aims to provide insights into the aging

process in China, examining a wide range of variables, including physical and mental health,

healthcare access, income, employment, and family dynamics. Blood samples have been only

collected in the 2011 baseline survey (11,847 participants) and 2015 survey (13,420 partici-

pants), therefore data from these two surveys were used in the present study. As a secondary

data, all information from CHARLS has been gathered, transferred, stored and primarily pro-

cessed by Peking University. More details of CHARLS can be found elsewhere [39, 40].

We excluded participants for whom there was no follow-up (N = 4,199, 35.44%) after the

first survey and those who were only sampled in the 2015 survey (N = 5,772, 43.01%). What

remained was a balanced longitudinal dataset of 7,648 participants. We excluded 49 (1.05%)

participants who reported having a different sex between the two surveys. We also identified

an inconsistency in the ages recorded by CHARLS. The period between the two surveys is 4

years, we excluded 259 (3.44%) participants who reported an age gap of more than 6 years

between the two surveys. We tolerated a ± 2 years error due to the use of the Chinese lunar cal-

endar or errors in data capture by the project administrators. There were 7,144 participants or

14,288 repeat observations included in the final analysis. Compared to the baseline data, the

balanced dataset is slightly older (mean age: 60.60 vs. 59.13), has slightly more females (54.54%

vs. 53.52%) and has almost the same allostatic load mean scores (1.199 vs. 1.204). The age

range of participants in the final sample is from 45 to 93 years old.
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Ethical considerations

The CHARLS dataset is open-source and accessible to researchers worldwide. Ethical approval

for all the CHARLS waves was granted from the Institutional Review Board at Peking University.

The IRB approval number for the main household survey, including anthropometrics, is

IRB00001052-11015; the IRB approval number for biomarker collection, is IRB00001052-11014.

Evaluation of allostatic load

We followed previous studies [3, 41] by computing allostatic load score in CHARLS using 10

indicators. The indicators cover four organ systems, including cardiovascular (diastolic blood

pressure, systolic blood pressure), inflammation (CRP), metabolic (haemoglobin A1c, high-

density lipoprotein/total cholesterol ratio, triglycerides, and fasting glucose), and body fat

(BMI and waist circumference). The threshold of the high-risk quartile is replaced with a clini-

cal cut-off when there is one. Such an approach enhances the ability to identify physiological

risks. Following literature [42], clinical cut-off points were introduced for other measures (dia-

stolic blood pressure� 90 mmHg, systolic blood pressure� 140mmHg, body mass index

(BMI)� 30 kg/m2 and a waist circumference of� 102 cm for males and� 88 cm for females).

Each biomarker was categorised into 1 (higher than normal values) or 0 (normal values or

below). Higher AL scores indicate higher multi-system physiological dysregulation. Further,

within each organ system each indicator receives the same proportion. For example, the meta-

bolic system has four biomarkers, each potentially contributing a quarter point when the bio-

marker value is found in the high risk quartile (zero otherwise) [41, 43]. By following these

methods, we are able to compare our results with those from studies conducted in the US and

the UK [3].

We also considered how the use of medication would change AL [3]. For participants who

were using medication for hypertension or were diagnosed with cardiovascular diseases

(CVD) by a doctor, we coded their systolic and diastolic blood pressure readings into 1 to indi-

cate health risk. For participants who were using medication for diabetes or diagnosed with

diabetes, we coded their glucose values into 1. And for those using diabetes medication or

insulin, their HbA1c values were coded into 1. Existing literature also suggests that diabetic,

cholesterol and blood pressure-lowering medication reduced the values of CRP between 25–

30%. Therefore, for participants who are using hypertension or diabetes medications or insu-

lin, we coded their CRP values into 1 to indicate health risk if the values are in the second high-

est 25th percentile [44].

Further, to provide an alternative approach for constructing the AL index and to assess the

robustness of the study, we calculated the z-score for each biomarker, following the method

outlined by Stephan et al. [3, 45]. Details will be discussed later in this section.

Covariates

Previous studies have shown that older people’s health varies by income, sex, education, and

residence affecting life expectancy and functional limitations among older Chinese [15, 46,

47]. Research has also found individual lifestyles also influence AL [3]. Therefore, factors such

as alcohol use, smoking, physical activity, and comorbidities were included to understand

their impact on the physiological burden of older Chinese. Specification on survey instruments

is listed in S1 Table.
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Statistical strategies

Bivariate and multivariate analysis. We described the characteristics of respondents at

baseline and calculated the mean score of AL by socioeconomic and health behaviour groups.

We used Pearson’s χ2 to compare the level of AL between older males and females in China.

To model changes in AL over time and promote comparability with a previous study [3],

we use two-level random-intercept models with time nested within individuals [48]. The

model is used for the continuous response variable yti, AL, including age, sex and various

other variables as explanatory variables or covariates. The model for the AL yti of time, t, of

individual, i, is specified as:

yti ¼ b1 þ b2x2ti þ � � � þ bpxpti þ xti

where x2ti through xpti are covariates and ξti is a residual. We assume that the AL of time to

individual are uncorrelated given the observed covariates, or in other words that the residuals

ξti and ξt’i are uncorrelated. We can therefore split the total residual or error into two error

components: zi, which is shared between time of the same individual, and ǫti, which is unique

for each time:

xti ¼ zi þ %ti

Substituting for ξti into the multiple-regression model (1), we obtain a linear random-inter-

cept model with covariates:

yti ¼ b1 þ b2x2ti þ � � � þ bpxpti þ zi þ %tið Þ

¼ b1 þ zið Þ þ b2x2ti þ � � � þ bpxpti þþ%ti

This model can be viewed as a regression model with an added level-2 residual zi, or with

an individual-specific intercept β1 + zi. The random intercept zi can be considered a latent var-

iable that is not estimated along with the fixed parameters β1 through βp. The linear random-

intercept model with covariates is an example of a linear mixed (effects) model where there are

both fixed and random effects. Such a model is also known as a mixed-effect model.

The models were applied to illustrate the changes in AL and to determine the extent to

which different socioeconomic and behavioural health factors contributed to the levels of AL

among the older Chinese over time. We then predicted AL scores based on our models and

drew the linear trajectories of AL. All analyses were carried out in Stata 15.

Attritions and missing values. Missing data on AL (19.00%, N = 1455) and all covariates

were handled by multiple imputations (MI) by chained equations [49], conducted by Stata

program (Stata, 2009). We imputed missing continuous variables and categorical variables by

applying a predictive mean matching imputation method and a multinomial logistic model,

respectively. Five cycles of MI were used. We then used the mi estimation function (Stata,

2009) to estimate AL scores by applying the multilevel mixed-effects linear regression and

depicting the trajectories accordingly.

Sensitivity and robustness analysis. We have carried out four supplementary analyses to

examine the sensitivity and robustness of our findings.

Firstly, following Stephan et al. [3, 45], we calculated the z-score for each biomarker and

then, we computed the average of those z-scores and produced the final AL indices. This AL

indices include nine biomarkers across four organ systems. They are diastolic and systolic

blood pressure, CRP, HbA1c, HDL lipoprotein/total cholesterol ratio, triglycerides, fasting glu-

cose, BMI and waist circumference.

PLOS ONE Sex Differences in Allostatic Load Trajectories among Midlife and Older Adults in China

PLOS ONE | https://doi.org/10.1371/journal.pone.0315594 December 26, 2024 5 / 16

https://doi.org/10.1371/journal.pone.0315594


Secondly, we examined the potential cohort effects on the trajectories of AL. It has been

documented that early-life experiences could influence individuals’ health and well-being in

later life [50]. Thus, it is necessary to consider the political system, cultural and societal

changes when studying the health and well-being of older people in China [51]. Chinese peo-

ple who were born before the 1950s (the People’s Republic of China (PRC) was found in 1949)

suffered during World War II and civil wars, leading to tremendous stress and malnutrition in

their early life. While people who were born later, benefited from a relatively stable and much

less stressful environment, improved economy and health infrastructures, which significantly

improved their health and quality of life. We, thus, posited that there are age cohorts that have

different AL trajectories. To examine the cohort effects, we regrouped participants into two

categories based on their year of birth: people who were born before 1950 and those who were

born in 1950 and later. Following the same procedures as described above, we set out to draw

the sex-specific trajectories of AL for each cohort.

Because the repeated observations have shrunk due to attrition, we follow the extensive lit-

erature in using inverse probability weights (IPW) [52–54]. In our third supplementary analy-

sis, the IPW were computed with the logistic model including age, sex, marital status,

residence, education, wealth and cognition level (measured by episodic memory). Following

the same procedures described above (without MI), we added these weights to a new random-

intercept model to compare to the original one. Further, we added weights to models respond-

ing to different age cohorts and weights to the model in which AL is defined by z-score,

respectively.

In general, mixed-effect models can handle unbalanced data, measuring changes in a cer-

tain variable over time. However, three waves are preferred for robust estimations [55]. In a

two-wave longitudinal study, using a balanced dataset ensures enhanced comparability across

time points, reduces bias, and improves statistical power. This approach allows for consistent

tracking of changes within groups, leading to more robust and generalisable findings. Balanced

datasets help draw reliable conclusions about longitudinal trends and patterns [56]. Neverthe-

less, we acknowledge that dropping participants can lead to missing information and selective

bias. Therefore, our final supplementary analysis illustrates the AL trajectories using unbal-

anced data, allowing for a comparison with those derived from balanced data.

Results

A total of 14,288 repeat observations, consisting of 53.70% females and 46.30% males, have

been included in the baseline and the follow-up survey. S2 Table (see Supporting Information)

summaries the demographic, socioeconomic, health status, and behavioural characteristics of

older Chinese people for both sexes at baseline and 2015 survey.

Table 1 collects the AL mean scores for each sex by different covariate groups. Females

under 60 report lower AL mean scores than males, while females over 60 have higher scores

than their male counterparts. It also highlights that participants with higher socio-economic

status, i.e. those living in urban areas, wealthier and having higher educational backgrounds,

report higher AL mean scores, indicating greater physiological dysregulation.

To facilitate comprehension and comparison, we present the results of the random-inter-

cept models and the supplementary analyses in Table 2 (and S3 Table). Model A and Model B
are our primary models, where AL is defined by clinical cut-off points. Model B includes an

age-sex interaction term. Results from Model C and Model D are from the first supplementary

analysis, where AL is defined by z-scores. Model E presents result for individuals born after the

establishment of the People’s Republic of China (PRC), while Model F shows results for those

born before the PRC. Models G and H display the results of our sensitivity analyses: Model G
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applies inverse probability weighting (IPW) instead of multiple imputations (MI) to the inter-

action model (Model B), and Model H uses z-scores to define AL and applies IPW (refer to S3
Table in Supporting Information). Please note that the results from Models C to H in Tables 2
and S3 are supplementary analyses to the primary models (Models A and B). They do not rep-

resent new findings.

Table 1. Descriptive summaries of allostatic load mean scores (standard deviation) in different covariate groups

by sex at baseline.

Obs a All b Female b Male b

Sex 11792 1.199 (0.808) 1.163 (0.816) 1.244 (0.795)

Age

49 or younger 1408 1.061 (0.803) 0.980 (0.782) 1.228 (0.813)

50–59 4145 1.193 (0.823) 1.134 (0.820) 1.271 (0.822)

60–69 4206 1.236 (0.807) 1.214 (0.823) 1.259 (0.791)

70–79 1743 1.233 (0.757) 1.292 (0.772) 1.182 (0.739)

80 or older 290 1.240 (0.807) 1.334 (0.816) 1.164 (0.795)

Residence Type

Rural 9598 1.187 (0.802) 1.161 (0.814) 1.221 (0.785)

Urban 1873 1.260 (0.822) 1.164 (0.828) 1.348 (0.805)

Marriage Status

Not married or separated 1910 1.202 (0.780) 1.184 (0.776) 1.235 (0.788)

Married 9883 1.199 (0.811) 1.157 (0.821) 1.245 (0.796)

Wealth Tertials

Very or relatively rich 312 1.408 (0.798) 1.429 (0.825) 1.386 (0.772)

Average 6134 1.203 (0.819) 1.175 (0.830) 1.238 (0.805)

Poor or relatively poor 5182 1.182 (0.794) 1.133 (0.797) 1.237 (0.786)

Education

Elementary or lower 8121 1.187 (0.800) 1.180 (0.817) 1.199 (0.775)

Middle school 2308 1.228 (0.818) 1.118 (0.820) 1.304 (0.808)

High school 729 1.167 (0.839) 1.023 (0.780) 1.261 (0.863)

College or higher 292 1.335 (0.825) 1.047 (0.780) 1.435 (0.817)

Smoking

Still have 3300 1.205 (0.785) 1.158 (0.810) 1.210 (0.782)

Quit or never 8467 1.198 (0.818) 1.163 (0.817) 1.287 (0.812)

Drinking

More than once a month 2926 1.232 (0.795) 1.046 (0.770) 1.268 (0.795)

Less than once a month 943 1.135 (0.767) 1.049 (0.737) 1.188 (0.780)

Don’t drink 7915 1.195 (0.817) 1.180 (0.823) 1.232 (0.780)

Vigorous Exercise

Yes 2012 1.096 (0.784) 1.037 (0.802) 1.152 (0.814)

No 3418 1.272 (0.812) 1.231 (0.808) 1.332 (0.814)

Num. Comorbidities

0 3466 1.044 (0.757) 0.970 (0.755) 1.124 (0.752)

1 3392 1.204 (0.791) 1.173 (0.812) 1.241 (0.766)

2 2296 1.226 (0.822) 1.188 (0.815) 1.273 (0.824)

3 or more 2116 1.417 (0.838) 1.394 (0.839) 1.447 (0.834)

Note: column
a present the numbers of observations of participants, column
b presents the mean score of AL to related rows.

https://doi.org/10.1371/journal.pone.0315594.t001
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Model A in Table 2 reveals that being older and male are associated with higher AL. The

age-sex interaction term has been added to the interaction model (Model B) to assess differ-

ences in the age trajectories between males and females. Positive and statistically significant

coefficients in the model indicate that age trajectories are significantly different between the

sexes. The coefficients and standard errors presented in Tables 2 and S3 are the fixed part of

the random intercept. For instance, the coefficient and standard error of sex is −0.761 ± 0.120

with males as the reference, meaning the expected (predicted) AL scores of females are

0.761 ± 0.120 points lower than that of males, controlling for other covariates (see Model B).

Our findings further show that wealthier Chinese people are more likely to have a higher

AL. This finding contrasts with those in developed countries, such as the US and the UK,

where wealthier people had a lower AL [3]. Being diagnosed with more comorbidities is associ-

ated with a higher AL. Smoking or engaging in more vigorous physical activities are negatively

associated with AL. Model C and Model D in Table 2 show similar results, suggesting

robustness.

Fig 1A and 1B illustrates the age trajectories of AL for male and female adults in China. (Fig
1A shows the age trajectories for the main model (Model A), while Fig 1B displays those for the

interaction model (Model B)). Fig 1A shows that females and males accumulate AL as they age,

with females having a lower AL throughout their lives. Fig 1B shows that males have a higher

AL than females until the males reach about 68 years of age. The differences in the levels of AL

between females and males converge as they age, with females in their late 60s overtaking males.

We observe a slight declining trend in AL for males (see Fig 1B). To investigate this, we

examine the AL trajectories for different age cohorts. For individuals born between 1950 and

1970, AL increased with age for both males and females (see Fig 2A), with females having an

advantage in AL until around 76 years old. Fig 2B shows trajectories for those born before

Table 2. Maximum likelihood estimates for allostatic load: Coefficients and standard errors.

Model A Model B Model C Model D

Age 0.002 ± 0.001† −0.004 ± 0.001 ** −0.003 ± 0.001 *** −0.005 ± 0.001 ***
Sex (ref = male) −0.099 ± 0.021*** −0.761 ± 0.120 *** −0.070 ± 0.011 *** −0.402 ± 0.056 ***
Age*sex 0.011 ± 0.002 *** 0.005 ± 0.001 ***
Residence (ref = urban) −0.000 ± 0.020 0.002 ± 0.020 0.016 ± 0.010 0.018 ± 0.010 †
Married (ref = yes) −0.001 ± 0.022 0.009 ± 0.022 −0.004 ± 0.010 0.000 ± 0.010

Education (ref = primary school) 0.017 ± 0.013 0.014 ± 0.013 0.013 ± 0.007 † 0.011 ± 0.007

Wealth (ref = wealthiest) −0.053 ± 0.018 ** −0.054± 0.018 ** −0.023 ± 0.007 ** −0.021 ± 0.007 **
Num. Comorbidities (ref = 0) 0.112 ± 0.008 *** 0.111 ± 0.008 *** 0.056 ± 0.004 *** 0.055 ± 0.004 ***
Current Smoker (ref = yes) −0.035 ± 0.02 † −0.045 ± 0.021 * −0.041 ± 0.009 *** −0.044 ± 0.009 ***
Drink more than once a month (ref = yes) 0.035 ± 0.02 † 0.028 ± 0.021 0.043 ± 0.009 *** 0.038 ± 0.009 ***
Vigorous Exercise (ref = yes) −0.145 ± 0.019 *** −0.145 ± 0.019 *** −0.044 ± 0.011** −0.043 ± 0.011 **
Constant 1.172 ± 0.082 *** 1.534 ± 0.104 *** 0.180 ± 0.047 0.348 ± 0.054 ***

Model A: AL defined by clinical cut-points and top quartile with Multiple Imputation (MI): main random-intercept model.

Model B: AL defined by clinical cut-points and top quartile with MI: interaction random-intercept model.

Model C: AL defined by z-scores with MI: main random-intercept model.

Model D: AL defined by z-scores with MI: interaction random-intercept model.

ref, reference. sig:

†<0.1

*<0.05

**<0.01

***<0.001.

https://doi.org/10.1371/journal.pone.0315594.t002
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1950 characterised by a decline in AL for males and an increase for females (Statistical results

for Fig 2A and 2B are provided in S3 Table, Models E and F in Supplementary Information).

Discussions on this age cohort difference will follow later.

Discussion

Using nationally representative data, our study delineates the age trajectories of AL for midlife

and older males and females in China. We find that the sex-specific trajectories converge with

age, showing a female advantage until about the late 60s, after which the trajectory of females

surpasses that of males (Fig 1B), suggesting a higher level of physiological dysregulation. Such

Fig 1. Predicted trajectories of allostatic load by sex: Main and interaction models. (a) illustrates that both females and males experience an increase in

allostatic load (AL) as they age, with females maintaining consistently lower AL levels throughout their lives. (b) reveals that males have higher AL levels than

females until around age 68. However, the gap between the sexes narrows over time, with females surpassing males in AL during their late 60s.

https://doi.org/10.1371/journal.pone.0315594.g001

Fig 2. Predicted trajectories of allostatic load by sex: Age cohort before and after 1950: Interaction models. (a) illustrates AL increased with age for both males

and females with females having an advantage in AL until around 76 years old for individuals who were born between 1950 and 1970. (b) shows trajectories for those

born before 1950 characterised by a decline in AL for males and an increase for females.

https://doi.org/10.1371/journal.pone.0315594.g002
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a pattern is consistent with the phenomenon that females have a longer life expectancy but rel-

atively poorer health status in later life.

One plausible explanation could be that estrogen has played a protective role in the female

body in early life. Estrogen provides numerous benefits for females, including maintaining

bone density, protecting cardiovascular health, regulating the menstrual cycle, and supporting

reproductive function. It also positively impacts mood and mental well-being, and may help

preserve cognitive function, potentially reducing the risk of osteoporosis, cardiovascular dis-

eases, depression, anxiety, and neurodegenerative conditions [18]. The convergence in our

study begins around age 45–50, likely linked to menopause. As reported, there is a gap of 5–10

years between the average age of menopause and noticeable accelerations of female physiologi-

cal dysregulation [57]. As our trajectories show, females maintain an advantage in AL for years

until their late 60s. Previous research also reflects such latency of physiological disorders in the

absence of estrogen [58]. During menopause, the ovaries gradually produce less estrogen, lead-

ing to a range of physical and emotional symptoms. Long-term effects include an increased

risk of osteoporosis due to decreased bone density, a higher risk of cardiovascular disease, and

potential cognitive changes. The reduction in estrogen can also affect mood, leading to symp-

toms such as depression and anxiety. Eventually, the level of AL in females surpasses that of

males with declining estrogen levels, leading to a worse health status in later life.

Further, the widely observed female advantage in lifespan and in AL may have a fundamen-

tal genetic root beyond the human species. Research has revealed that the heterogametic sex

(e.g. male humans) tends to have a significantly shorter lifespan (17.6%), compared to the

homogametic sex (e.g. female humans). The absent chromosome (only x) in the heterogametic

sex exposes the males to deleterious mutations on the sex chromosome [59]. To sum up, the

reasons for females’ advantage in life expectancy may be multifactorial but any revealed factor,

in this case AL, will help us to better understand the mechanisms of ageing and longevity from

the perspective of physiological dysregulation.

We highlight an unusually slight declining trajectory of AL for males later in life (see

Fig 1B). AL, as a marker of accumulated biological risk and physiological dysregulation, is

expected to increase with age. Studies have reported that AL and various biomarkers related to

AL increased with age among older people in England [60] and Taiwan [61]. The decline in

AL among males with age suggests a rejuvenation in later life, which seems less plausible.

Survival bias could contribute to this unusual decline because individuals who survive into

older age are often healthier than those who do not, skewing the data. In other words, the less

healthy individuals with higher AL may not live as long, leaving a population of older males

who are comparatively healthier and thus, exhibit lower AL. In our study, males older than 70

report higher AL mean scores than their female counterparts (see Table 1), a reversed pattern

in younger groups. These selected survivors can create the appearance of a decline in AL

among the oldest males, despite the general trend of increasing AL with age.

Early-life nutrition and stress could also lead to different health outcomes in later life [50].

Consequently, we investigate the potential presence of age cohorts among midlife and older

adults in China. We find that for Chinese people born in 1950 and later, AL increases with age

for both sexes, but females exhibit lower AL levels overall (see Fig 2A). The two trajectories are

projected to converge when the people are about 75 years old, which is the average life expec-

tancy of Chinese people [35]. Such changes in AL with age are consistent with those in the UK

[3], and the pattern of life expectancy worldwide.

In contrast, we observe a gentle increase in AL with age for females and more importantly,

a drastic decline in AL among older males (see Fig 2B). This decrease in AL with age among

males elucidates where the overall decline originates. Generations of turmoil, wars and an

extreme shortage of healthcare before the establishment of the republic in 1949 led to a
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generation of males with an estimated average life expectancy of 44.6 years by 1950 [62]. By

2015, the majority in this pre-establishment cohort had died and left a small but highly selected

healthier cohort.

Our results show a positive association between wealth and AL. This finding contradicts

those observed in developed countries. People living in an advantageous socioeconomic status

(SES) have health advantages in developed countries, such as the US and the UK [3]. In con-

trast, people in advantageous SES in emerging economies tend to engage in unhealthy behav-

iours, being physically inactive and obese [63, 64]. Further, the wealthy tend to engage in

sedentary work that requires less energy, and their health worsens by having more access to

surplus nutrition [65].

The major limitation of the present study is that we cannot completely account for the

decline in the AL of Chinese adult males. A recently published study on urban-rural disparities

in physiological health also identified a similar, sightly declining age trajectory of AL for males,

utilising data from CHARLS. Regrettably, the study did not provide further discussion on this

topic [38]. In addition to survival bias, our study suggests that there is an age cohort of Chinese

males who were born before 1950 that may be responsible for the declining trend. A combina-

tion of MI and IPW [66] or joint models for attritions [67] may be solutions to such declining

pattern, but they are impractical to use due to the limitations of the current datasets (being

only two surveys for inclusion in the joint models). Furthermore, the cohort comparison

needs to be very carefully interpreted in terms of whether the trajectories of those born before

1950 are different from those born later. The present modelling is based on different age

cohorts, and the older cohort are more likely to drop out. Hence, the estimates may not neces-

sarily be comparable to the younger age cohort. To make it a strict birth cohort study, the two

age cohorts need to be studied at the same age. Nevertheless, this will only be possible when

the participants have been followed up for 20 years for instance. To estimate change over time

the study would also require a third wave so that the later cohort could have a repeated mea-

sure. Although it is possible to estimate the linear growth covering earlier and later years than

the actual age of the two cohorts, readers should bear in mind that the model is mixing cohort

and age effects.

In addition, direct measures of the stress-response system, such as urinary norepinephrine,

epinephrine and salivary cortisol, are not available. Other biomarkers like fibrinogen, peak

expiratory flow, and hip measurements, were not collected by CHARLS. Nevertheless, our

methods satisfy the requirement that "information on at least four of five subsystems had to be

available to calculate the score" [41]. Likewise, some covariates that are potentially related to

AL are not included, such as family background or the work stress people experience in early

adulthood [34]. Thus, a life history study is desirable. Also, due to data limitation of some

instruments used in the study, the results should be interpreted carefully. For instance, self-

reports on drinking frequency without a measure of the quantity (units) can be affected by

social desirability or subjective self-rated wealth, which is subject to participants’ own life expe-

rience (see S3 Table).
The present study has some strengths. To our knowledge, it is the first empirical study to

depict the sex-specific age trajectories of AL among midlife and older Chinese adults, based on

a large and nationally representative dataset. The study highlights converging AL trajectories

with a female advantage [3], rather than a male advantage [15].

Secondly, despite its limitations, we conducted a series of supplementary analyses to ensure

the robustness of our findings. When applying IPW to the model, the results (see Model G in

S3 Table) are comparable to those obtained from the multiply imputed model (Model B). The

patterns of the AL trajectories (see S1A Fig), delineated based on Model G, are consistent with

those in Fig 1B: a rising AL trajectory for females and a slightly declining trajectory for males.
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Furthermore, S2 and S3 Figs (see Supporting Information) reaffirm the presence of a healthier

cohort. Through all these analyses, we confirm that there is a declining trajectory of AL for

males based on data from CHARLS, irrespective of the underlying causes. This finding sug-

gests that further research on AL and other health-related studies needs to account for the

potentially healthier cohort, especially when using CHARLS. More waves of biomarker sample

collection are desired to address these limitations.

Conclusions

This study delineates the trajectories of AL among midlife and older adults in China, one of

the largest developing countries and a non-Western context. It also seeks to interpret the con-

tradiction between the female advantage in life expectancy and their disadvantage in health in

later life from the perspective of physiological dysregulation. We find that the sex-specific tra-

jectories converge with age, with females surpassing males around their late 60s. This pattern

aligns with the observed female advantage in life expectancy but highlights their loss of health

advantages in later life. Our findings underscore the presence of a healthier older male cohort

in CHARLS, suggesting that future studies should consider this factor in their analyses.
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