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Background: Stronger associations between modifiable risk factors and cognitive function have been found in younger than older adults. This age pattern may be subject to mortality selection and non-ignorable missingness caused by dropouts due to death, but this remains unclear.

Methods: Longitudinal data from 9,562 adults aged 50 and older from Waves 1–4 (2011–2018) of the China Health and Retirement Longitudinal Study were used. Cognitive function was assessed repeatedly using a battery of cognitive tests. Joint models of longitudinal and survival data were applied to examine the associations of modifiable risk factors with cognitive function and mortality.

Results: Worse cognitive function score was associated with being female (coefficient[β] = −1.669, 95% confidence interval [CI]: −1.830, −1.511, p < 0.001), low education (β = −2.672, 95%CI: −2.813, −2.530, p < 0.001), rural residence (β = −1.204, 95%CI: −1.329, −1.074, p < 0.001), stroke (β = −0.451, 95%CI: −0.857, −0.051, p = 0.030), probable depression (β = −1.084, 95%CI: −1.226, −0.941, p < 0.001), and current smoking (β = −0.284, 95%CI: −0.437, −0.133, p < 0.001); whereas dyslipidaemia (β = 0.415, 95% CI: 0.207, 0.626, p < 0.001), heart disease (β = 0.513, 95% CI: 0.328, 0.698, p < 0.001), overweight (β = 0.365, 95% CI: 0.224, 0.506, p < 0.001) and obesity (β = 0.264, 95% CI: 0.048, 0.473, p = 0.014) were associated with better cognitive function. These associations changed less than 5% when the longitudinal and survival data were modelled separately. An increase in cognitive function over age was associated with reduced mortality risk (hazard ratio: 0.418, 95%CI: 0.333, 0.537, p < 0.001). The association between socioeconomic disadvantage and cognitive function was more evident in women than in men, while the associations of socioeconomic disadvantage and lifestyle with cognitive function increased with age.

Conclusion: Mortality selection and non-ignorable missingness caused by dropouts due to death played a minor role in the associations between modifiable risk factors and cognitive function in middle-aged and older Chinese adults.
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Introduction

As individuals age, cognitive impairment and dementia become increasingly prevalent, reducing quality of life and elevating the risk of disability and mortality (1). Utilizing data from the Health and Retirement Study (HRS) in the United States, one study estimated the prevalence of mild cognitive impairment (MCI) at 22% and dementia at 10% among older adults (2). The prevalence of dementia was comparable in Korea (9.2%) (3) and Japan (9.5%) (4). Although a recent nationwide survey in China reported a lower prevalence of MCI (15.5%) and dementia (6.0%) (5), these rates continue to rise in China due to population aging (5), which will place a heavy burden on the families and on the social and healthcare systems.

According to the Lancet Commission on Dementia Prevention, Intervention, and Care, approximately 40% of worldwide dementias are attributable to modifiable risk factors, updated from 9 in 2017 (i.e., less education, smoking, obesity, depression, physical inactivity, low social contact, hypertension, hearing impairment, and diabetes) to 12 in 2020 (adding excessive alcohol consumption, traumatic brain injury, and air pollution) (1, 6). Emerging evidence also points to dyslipidaemia and cardiovascular disease (CVD) as risk factors and the Mediterranean diet as a protective factor for cognitive impairment and dementia (7, 8). A pooled cohort study showed that both insufficient (≤4 h/night) and excessive (≥10 h/night) sleep duration increased the risk of cognitive decline (9). A cross-sectional study from China with a large nationally representative sample of older adults also identified 9 modifiable risk factors for MCI and dementia, including rural residence, less education, being divorced/widowed or living alone, smoking, hypertension, hyperlipidaemia, diabetes, heart disease, and cerebrovascular disease (5). However, the role and contribution of these modifiable risk factors to cognitive decline may vary by sex, rural–urban residence, and age (10, 11). These disparities may be more pronounced in China compared to other countries, due to large differences in cognitive function, education, access to resources, and lifestyle between men and women, age groups, and rural and urban residents (12, 13).

A recent analysis of the UK Biobank data revealed that the associations between most modifiable risk factors and dementia were stronger in younger adults than in their older counterparts (14). However, individuals with poor cognitive function or who experience rapid cognitive decline are known to have a heightened risk of mortality (15, 16). Therefore, it is possible that older adults with unfavourable risk factors may have worse cognitive function or faster cognitive decline, resulting in an increased mortality risk at a younger age. This leaves those who survive have better cognitive function and be more biologically resilient to adverse effects of the unfavourable risk factors (i.e., mortality selection). Furthermore, it is not feasible to follow up individuals after they have died (i.e., dropout due to death). As the probability of missing data caused by dropout due to death depends on the unobserved values of cognitive function, the data are missing not at random (MNAR, i.e., non-ignorable missingness) (17). The relationships between modifiable risk factors and cognitive function at different ages thus may be biased by mortality selection and dropouts due to death. This, to our knowledge, has not been explicitly accounted for in previous studies.

It is crucial to accurately assess the associations between modifiable risk factors and cognitive decline, as this provides invaluable guidance for strategies to prevent cognitive impairment and dementia. Under MNAR, unbiased estimates of cognitive trajectories could be obtained by modelling the trajectories conditionally on the basis of non-random attrition (i.e., death) (17). Our study therefore investigated (1) how sociodemographic characteristics, lifestyle, and health conditions were associated with trajectories of cognitive function in middle-aged and older Chinese adults when the longitudinal and survival processes were jointly modelled; and (2) how these associations differed by sex, rural–urban residence, and age.



Methods


Study design

Data came from the China Health and Retirement Longitudinal Study (CHARLS) with a nationally representative sample of community-dwelling adults aged 45 and older. The details of the data used in this study are available on the website,1 and the data can be accessed after registration and downloaded upon approval. The baseline survey was conducted in 2011 (Wave 1), and comprehensive information on socio-demographic characteristics, family, health status and functioning, work, retirement, and healthcare was collected. Three follow-up surveys were carried out in 2013 (Wave 2), 2015 (Wave 3), and 2018 (Wave 4), respectively. Both the survival status and the time of death were recorded at Wave 2; yet only the survival status was recorded at Waves 3–4. Details of CHARLS can be found elsewhere (18). We included participants aged≥50 at Wave 1 who reported no memory problems at Wave 1, had at least one cognitive assessment at Waves 1–4, and had no missing data on lifestyle, body mass index (BMI), and health conditions at Wave 1 (N = 9,562, Supplementary Figure S1).



Cognitive function

Cognitive function, consisting of episodic memory and mental status, was assessed at Waves 1–4. After the interviewer read out 10 unrelated words, participants were asked to recall as many words as possible immediately (immediate recall) and approximately five minutes later (delayed recall). One point was awarded for each correctly recalled word. Episodic memory (scored 0–10) was calculated as the average of the immediate word recall (0–10) and delayed word recall (0–10). Mental status (scored 0–11) was captured by time orientation, calculation, and visuospatial ability. Time orientation (scored 0–5) was evaluated by asking participants to name today’s date (month, day, year, and season) and the day of the week. Calculation (scored 0–5) was assessed using the serial 7 s test, which required participants to subtract 7 from 100 up to five times. Visuospatial ability (scored 0–1) was measured by whether participants could re-draw two overlapping pentagons that had been previously shown to them. Cognitive function (scored 0–21) was calculated by summing the scores of episodic memory and mental status, with a higher score indicating better cognitive function (19). In our study, 791, 1,886, 2,792 and 4,524 participants had cognitive function data missing at Wave 1–4, respectively.



Socio-demographic characteristics

Marital status (married/partnered or unmarried/divorced/widowed), education (<secondary school or ≥ secondary school), and place of residence (rural or urban), were measured at Wave 1. Following the analysis of UK Biobank data (14), education below secondary school and living in rural areas were used to reflect socioeconomic disadvantage, as attaining secondary or higher education and urban residence were strongly correlated with better opportunities, employment, access to resources, and the accumulation of material over the life course for older Chinese adults. One point was assigned for each indicator, and the risk score for socioeconomic disadvantage was calculated as the sum of the two indicators (scored 0–2).



Lifestyle

Smoking (never/former or current), alcohol drinking in the past year (yes or no), and sleep duration were assessed at Wave 1. Unfavourable sleep duration was defined as ≤6 or ≥ 10 h/night for participants aged 50–64 and ≤ 6 or ≥ 9 h/night for those aged 65 and above (14). The three lifestyle factors scored 0–3. Since CHARLS did not assess participants’ diets and only measured physical activity in half of the sample, we included BMI as a proxy which was categorized into normal weight (<24.0 kg/m2), overweight (24.0–27.9 kg/m2), and obesity (≥28.0 kg/m2) using the cutoffs in the Chinese population (20).



Health conditions

Health conditions were measured at Wave 1, covering self-reported doctor diagnoses of hypertension, dyslipidaemia, diabetes, heart disease, and stroke, as well as probable depression assessed using the 10-item Centre for Epidemiologic Studies Depression Scale (CES-D-10) with a score ≥ 12 (21). Health conditions therefore scored 0–6. Coding of variables and risk scores is provided in Supplementary Table S1.



Statistical analyses

The associations between modifiable risk factors, cognitive function, and mortality were analysed using the joint model, which typically combines a linear mixed-effects (LME) model for the longitudinal outcome (i.e., longitudinal sub-model) with a survival model for the survival outcome (i.e., survival sub-model) in a single statistical framework (22). The joint model enables the utilization of the survival outcome to inform trajectories of the longitudinal outcome on dropouts due to death, and vice versa, associate the longitudinal outcome with survival (23). As a result, it corrects trajectories of the longitudinal outcome for non-ignorable missingness caused by dropouts due to death (17) and minimizes the mortality selection bias (23, 24).

We first modelled the trajectories of cognitive function using LME model with age as the time scale (centred at 50). Several LME models were compared including (1) random intercept; (2) random intercept + random slope of age; and (3) random intercept + random slopes of age and age squared. The second model was selected as it had the best model fit (Supplementary Table S2). For the survival outcome, since the exact date of death was unknown (i.e., interval censored), we used the parametric survival model with Weibull distribution (see Supplementary Figure S2; Supplementary Table S3 for the selection of survival distribution) and age as the time scale (25).

In the standard joint model, the two sub-models are connected via the true and unobserved longitudinal outcome at each time point (i.e., “current value” association), which assumes that the hazard of death at time t is associated with cognitive function at time t (22). There could be other association structures, such as “current slope” (i.e., the hazard of death at time t is associated with the slope of the trajectory of cognitive function at t), “current value and current slope,” and “time-dependent slope” (i.e., the hazard of death at time t is associated with the change of the cognitive function between t-1 and t, see Supplementary Method) (26). We estimated joint models with these association structures using the Bayesian approach with a Markov Chain Monte Carlo (MCMC) estimation of 20,000 iterations and a burn-in phase of 2000 iterations. Due to non-convergence, age was further divided by 10. The “time-dependent slope” association structure was selected because it had the smallest deviance information criterion (DIC, Supplementary Table S4) and good trace plot and density estimation plot (Supplementary Figure S3) (26). Sociodemographic factors, lifestyle, and health conditions were entered into the joint model both as separate variables and as continuous risk scores. The sample was further stratified by sex, place of residence, and age to examine potential effect modifications. All tests were 2-sided with an α-level of 0.05. Statistical analyses were performed in R 4.2.0 (R Core Team, 2022) using the packages of “nlme,” “survival,” and “JMbayes2”.




Results

In the total of 9,652 participants, 974 (10.2%) died during the follow-up (Table 1). Majority of the participants were married/partnered, had received primary school or lower education, and were living in rural areas. The proportion of low education was higher among older individuals, women, and rural residents. The most prevalent health conditions were probable depression (28.8%) and hypertension (26.2%). Smoking, alcohol drinking, and overweight and obesity were more prevalent in men than in women, while more than half of participants had an unfavourable sleep duration.



TABLE 1 Sample characteristics (N = 9,562).
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The decline in cognitive function accelerated with age, which was slightly more rapid in the joint model than in the LME model (see Table 2 for β coefficients, which indicate how much cognitive function changed with one unit increase in independent variables). In the joint model, worse cognitive function was associated with being female (β: −1.669, 95% confidence interval [CI]: −1.830, −1.511, p < 0.001), low education (β = −2.672, 95%CI: −2.813, −2.530, p < 0.001), rural residence (β = −1.204, 95%CI: −1.329, −1.074, p < 0.001), stroke (β = −0.451, 95%CI: −0.857, −0.051, p = 0.030), probable depression (β = −1.084, 95%CI: −1.226, −0.941, p < 0.001), and current smoking (β = −0.284, 95%CI: −0.437, −0.133, p < 0.001). These associations estimated in the LME model were very similar to those in the joint model (differences<1% but 2.8% for current smoking). In addition, dyslipidaemia (β = 0.415, 95%CI: 0.207, 0.626, p < 0.001), heart disease (β = 0.513, 95%CI: 0.328, 0.698, p < 0.001), overweight (β = 0.365, 95%CI: 0.224, 0.506, p < 0.001), and obesity (β = 0.264, 95%CI: 0.048, 0.473, p = 0.014) were associated with better cognitive function in the joint model, but these associations were 1.9–4.9% larger in the LME model except for heart disease. For the survival process, in the joint model, diabetes, heart disease, stroke, probable depression, and current smoking were associated with a higher mortality risk. These associations were attenuated by 6.9–11.1% in the parametric survival model, except for stroke (attenuation of 1.5%). The time-dependent slope showed that the mortality risk was reduced by almost 60% (hazard ratio [HR] = 0.418, 95%CI: 0.333, 0.537, p < 0.001) with one unit increase in cognitive function over one unit increase over age (i.e., 10 years).



TABLE 2 Associations of modifiable risk factors with cognitive function and mortality.
[image: Table2]

When the sample was stratified by sex, the effects of modifiable risk factors on cognitive function were greater in women than in men, except for marital status and smoking (Table 3). Similarly, larger associations were observed in urban than in rural residents, except for dyslipidaemia and heart disease (Table 3). Stratifying the sample by age group, the associations of being female, low education, rural residence, heart disease, and overweight with cognitive function increased with age (Table 4). Only in the oldest age group was worse cognitive function associated with hypertension and current smoking, whereas better cognitive function associated with dyslipidaemia and obesity was observed only in younger age groups. Although the protective effect of the time-dependent slope on mortality was marginally larger in urban than in rural residents, it was much stronger in women and in the oldest age group.



TABLE 3 Associations of risk factors with cognitive function and survival by sex and residence in the joint models.
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TABLE 4 Associations of risk factors with cognitive function and survival by age group in the joint models.
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Figure 1 depicts the associations of the risk scores of socioeconomic disadvantage, lifestyle, and health conditions with cognitive function by sex and age in the joint model (Supplementary Table S5). There were no sex differences in the associations of lifestyle and health conditions with cognitive function, but the adverse effect of socioeconomic disadvantage was much greater in women than in men. Furthermore, the effects of socioeconomic disadvantage and lifestyle on cognitive function were more pronounced at older ages.

[image: Figure 1]

FIGURE 1
 Associations of risk scores for socioeconomic disadvantage, lifestyle, and health conditions with cognitive function.




Discussion

In this study of 9,562 Chinese adults aged 50 and over with 7 years of follow-up, socioeconomic disadvantage, lifestyle, and health conditions were associated with trajectories of cognitive function. Joint modelling of the longitudinal and survival processes produced minor changes in these associations compared to when modelling separately. The detrimental effect of socioeconomic disadvantage on cognitive function differed substantially by sex. An age pattern was found in the associations between socioeconomic disadvantage, lifestyle, and cognitive function, but not for health conditions including hypertension, dyslipidaemia, diabetes, heart disease, stroke, and probable depression.

Consistent with a prior study from China (5), we found that lower education and rural residence were associated with worse cognitive function. Longer education may enhance cognitive reserve, providing a buffer against dementia-related brain pathology (27). Inadequate healthcare, less infrastructure, and higher rates of comorbidity in rural China may exacerbate rural–urban disparities in cognitive function, as well as in the associations between modifiable risk factors and cognitive function (11). In our subgroup analysis, women and older age groups showed stronger associations between socioeconomic disadvantage and cognitive function. These findings mainly relate to their lower levels of education. Numerous previous studies on health inequality and the social determinants of health have consistently confirmed that socioeconomic status (SES) – mainly reflected by education, occupation, and income – has profound impacts on health throughout the lifespan (28, 29). Building on these findings, researchers have developed and tested theories of how education influences cognitive function via occupation, income, access to resources, and material accumulation (30, 31). A population-based cohort study of 7,357 Americans aged 45 and older showed that occupational complexity mediated 11–22% of the protective effect of education on cognitive function (32). Moreover, another large-scale survey of adults aged 50 and older reported the mediating role of income on the relationship between education and cognitive function (30).

In contrast to earlier studies (1, 9), we failed to observe any associations between alcohol drinking, unfavourable sleep duration, and cognitive function. This could be attributed to the oversimplified categorization of non-drinkers and drinkers, as well as the possibly inappropriate definition of unfavourable sleep duration for the Chinese population, which was adopted from a UK study (14). Consistent with our study, a cross-sectional study of 4,631 Chinese adults aged 60 and older also found an association between higher BMI and reduced MCI incidence (12). Overweight and obesity in later life may lead to increased secretion of leptin hormone from adipose tissue, which could reduce deposition of amyloid-β (Aβ) in the brain, thereby lower the risk of cognitive impairment and AD (33). Furthermore, the observed protective effect of obesity on cognitive function may be related to the robust link between elevated BMI and increased hippocampal volumes, as larger hippocampal volumes are often associated with better cognitive function (34). When the sample was stratified by sex and age, the impact of smoking was only evident in men and those aged 70 and older, which may be due to the sexed pattern of smoking and the time required for smoking as an accumulated exposure to affect cognitive function (35). In addition, unfavourable sleep duration only exhibited an adverse effect on cognitive function in individuals aged 50–59. This could be linked to the activation of low-level systemic inflammation – an important mechanism for cognitive decline – which may affect younger individuals more than older ones (8, 36). The omission of nap time in calculating total sleep duration in our study may overlook the compensatory effects of napping on nighttime sleep.

The associations between stroke, probable depression, and cognitive function were robust across sexes, age groups, and rural–urban residences. The biological mechanisms that connect stroke to cognitive decline encompass AD-related pathologies triggered or accelerated by stroke, brain injuries exacerbated by pre-stroke neurodegeneration, and vascular-related comorbidities (e.g., hypertension and atrial fibrillation) (37). Whereas for depression, it involved white matter hyperintensities, decreased hippocampal volume, reduction of prefrontal cortical thickness, and elevated levels of β-amyloid (38). Nevertheless, contradicting previous findings (5, 8), we found older Chinese adults with heart disease and dyslipidaemia had better cognitive function. Elevated cholesterol levels may be indicative of better nutritional status and general health, particularly in later life (39). Moreover, individuals with dyslipidemia and heart disease may be on long-term statins and antihypertensive medications, which have been shown to be effective in preventing cognitive impairment (40) and dementia (8). Our findings could also be attributed to the simultaneous inclusion of hypertension, obesity, dyslipidemia, diabetes, heart disease, and stroke in the model, which were correlated with each other and thus may distort the relationship between specific health conditions and cognitive function.

The marked sex difference in how the socioeconomic disadvantage risk score affected cognitive function, as observed in our study compared to the UK Biobank study (14), suggests greater health inequalities for women than men in China as opposed to the UK (41). In addition, we found that the effects of socioeconomic disadvantage and lifestyle risk scores increased with age, contrary to the findings from the UK Biobank study (14). This discrepancy may be ascribed to differences in outcome measures—our study centred on cognitive function, while the other study relied on dementia diagnoses extracted from electronic health records, potentially leading to a downward bias in dementia incidence estimation (42). Cognitive deterioration progresses along a continuum from normal cognition to subjective cognitive decline, MCI, and ultimately to dementia. The lack of data on dementia from Waves 1–3 in CHARLS, with the exception of Wave 4, has constrained us to investigate the relationships between modifiable risk factors and dementia. Furthermore, the observed age trends in the UK Biobank study may partially reflect fundamental differences between early- and late-onset dementia, which is less of a concern for our study. Most importantly, our study accounted for mortality selection and non-ignorable missingness caused by dropouts due to death by jointly modelling the longitudinal and survival processes, which the UK Biobank study failed to. Jointly modelling the longitudinal and survival processes enabled us to obtain more efficient and precise estimates of the relationships between the risk scores and trajectories of cognitive function while mitigating bias (43). In our joint models, the associations between modifiable risk factors and cognitive function only changed by less than 5%, suggesting that mortality selection and dropouts due to death might play a negligible role in the Chinese population. This could also be attributed to the same assumptions shared by the separate and joint models, and to the lack of severe censoring of cognitive function due to deaths in our study, as only 10.2% of the participants died during the follow-up period (44).

Consistent with prior research (16, 45), our study showed that the change in cognitive function with age, rather than the initial levels of cognitive function, was associated with a reduced risk of mortality. A cohort study from China reported a stronger association between cognitive impairment and mortality among individuals aged 65 and above compared to those under 65 (46), but a study from the UK demonstrated the opposite (15). We found that the magnitude of the cognition-mortality association rose with age, which could be partly attributed to the less prevalent cognitive decline in younger-old adults that may hold greater clinical significance, be more indicative of underlying brain disease of any etiology, and be more closely linked with underlying diseases that elevate mortality risk (16, 45). However, it has been well-recognized that dropouts due to death may also play an important role, as we are not only unable to continue following individuals who have died, but it is also possible that at advanced ages, the survivors may successfully adapt to mild cognitive deficits (47). This could explain the age pattern we observed after factoring in dropouts due to death.

We acknowledge that our study has several strengths and limitations. Utilizing longitudinal data from CHARLS with a nationally representative sample maximized the generalization of our findings to the middle-aged and older population of China. To our knowledge, this is the first study to jointly model trajectories of cognitive function and mortality when examining the associations between modifiable risk factors and cognitive function, which enabled us to account for mortality selection and non-ignorable missingness caused by dropouts due to death (23). We estimated the joint models using the Bayesian approach with MCMC posterior simulations, which has been demonstrated to outperform the frequentist approach based on maximum likelihood in terms of bias, flexibility, and coverage (24, 48). However, generalizing our findings to other populations should be done with caution due to possibly large differences in the distributions of cognitive function, modifiable risk factors, and covariates, as well as their associations with mortality. It is possible that socioeconomic characteristics and lifestyle can influence cognitive function and mortality through triggering hypertension, dyslipidaemia, and CVD (49). Future research is needed to examine these mediating effects while taking mortality selection (e.g., mortality due to CVD) into consideration.



Conclusion

Mortality selection and non-ignorable missingness caused by dropouts due to death played a minor role in the associations between modifiable risk factors and cognitive function in middle-aged and older Chinese adults. The large sex difference and the age trend underscore that, to maintain good cognitive function and prevent cognitive impairment and dementia, it is necessary to address socioeconomic inequalities between sexes and target individuals at older ages with socioeconomic disadvantage and an unfavourable lifestyle.
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Cureentdrink 09650822, 1130) | 0662  LI68(0.841,160) 0335  1041(0800,1346) 0759  0985(0828,1189) 0895
Unfavourable 09300791, 1.101) 0350 | 0.792(0633,0989) 0039 0770 (0613,0965) 0025  0937(0796,1108) 0442
sleep duration®
BMI (ref: <24.0kg/m?)
240-27.9kg) 1019(0817,1255) | 0851 1026(0785,1323) 083  0964(0740,1249) 0784  1034(0834,1278)  0.746
228.0kg/m? 1252(0880,1738) 0202 0896(0.607,1288) 0576 0980(0.665,1426) 0926  L048(0.734,1467) 0779
Time-dependent  0562(0452,0706) | <0001*** | 0.221(0.134,0350) | <0001*** 0354 (0.242,0500)  <0.001%** | 0.411(0293,0571) | <0.001%%%
slope

CES-D-10212.
Sleep duration <6 or 10h/night for age 50-64, <6 or 9 h/night for age 2 65
p: model coefficient; HR: hazard ratio CI: confidence interval; BMI: body mass index; ref: eference category. *p<0.05, ** p<0.01, *** p<0.001
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