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Background: The built environment quality of neighborhoods has a significant impact on the health of the elderly. Although there has been a wealth of studies on low-density Western cities, research on the impacts of built environment on elderly health in high-density Chinese cities is far from sufficient. The pathways by which the built environment affects elderly health remain to be observed, particularly whether such pathways vary for different ages and genders.

Methods: Based on the data of the “Fourth Survey on the Living Conditions of the Elderly in China” in 2015, a sample survey of 3,360 older adults, aged 60 years and over, in Beijing was conducted. We first explored the built environment factors that affect elderly health with a multilevel regression model. We then adopted a multilevel structural equation model (MSEM) to reveal the mediating effect of health activities. Moreover, a stratified analysis was applied to explore the impact of age and gender heterogeneity on the relationship between built environment and elderly health.

Results: (1) Neighborhood-built environment measured within a 500 m buffer area had a higher correlation with elderly health when compared with other areas. (2) Physical activity and social interaction played a mediating role in the correlation between the built environment and elderly health. Even if the interference of residential self-selection was controlled within the subgroups, majority of the built environment elements had significant impacts on elderly health. (3) The impacts of built environment variables on elderly health vary among different age and gender groups. Population density mainly promoted elderly health through health activities in the middle-aged (aged 70–79) group and high-aged (aged 80+) group, and shorter distance to transit stations affects health by promoting the social interaction among high-aged males (aged 80+) group compared to with other groups, and high-quality built environment significantly promotes physical activity to alleviate loneliness only in elderly females.

Conclusion: To effectively boost elderly health by improving the quality of the built environment, adequate considerations should also be given to the differentiated demands of adults of different age and gender groups, precise health behavior interventions should be provided, and the construction of personalized aging-friendly and livable spatial environments should be emphasized to realize healthy and active aging.
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INTRODUCTION

At present, the world has been experiencing an accelerated aging process, and the global elderly population is expected to increase from 900 million in 2015 to 2.1 billion by 2050, with 30% of the increase coming from the rise in the number of the elderly in China (1). How to deal with the health challenges brought by population aging is a serious challenge facing the Chinese society. Beijing is one of the mega-cities within China which faces the highest rate of aging. By the end of 2020, the total number of the registered elderly population in Beijing was 3.786 million, accounting for 27% of the total registered population. This means, for the registered population, one out of every four Beijing residents is aged 60 or above (2).

Physical performance and social adaptability decrease when one ages, making older adults a high-risk group accompanied by more illnesses and disabilities (3). Several studies have shown that the built environment plays a significant role in health, in addition to individual genetics, socioeconomics, behavioral habits, and medical care (4, 5). Due to functional and mental decline and consequent reductions in mobility and social contacts, the elderly tend to spend more time at home and in their neighborhoods. The health of this population is therefore more vulnerable to barriers in their surrounding environment compared with other age groups (6). In 2019, the World Health Organization (WHO) launched the “Decade of Action on Healthy Aging 2020–2030.” This plan attempts to improve the quality of the environment to actively promote healthy aging. The WHO emphasizes the positive significance of the built environment for elderly health and the construction of urban and neighborhood-built environments that provide environmental support for older adults to be able to live, work, play, and age better.

Recently, growing studies have confirmed the impact of neighborhood-built environments on elderly health (7, 8). Most of the studies have been conducted in Western cities. However, these results may not be applicable to high-density cities of China due to different contexts (9). Meanwhile, measuring built environments in neighborhoods of different buffers and exploring their relationship with health may lead to unstable results, which was termed, the “Uncertain Geographic Context Problem (UGCoP)” by Kwan (10). Therefore, it is important to explore how the extent of neighborhood buffers affect elderly health. Moreover, a limited number of studies have found that age and gender disparities affect the relationship between neighborhood-built environment and elderly health. However, the pathways leading to such differences are currently unclear.

Using data from 3,360 older residents in Beijing, this study aims to address the gaps in the research by better understanding the relationships between the neighborhood-built environment and elderly health using a multilevel structural equation modeling (MSEM) approach. More specifically, we aim to examine the following: (1) the effects of the built environment on various health outcomes among older adults, focusing on the impact of buffer delineation on the analysis results; (2) the pathway of the built environment on elderly health through the mediator of health activities, and verifying the stability of the model after controlling for self-selection; (3) whether the pathways through which the influences of the built environment on elderly health differ across age and gender groups.

This study is structured into six sections. Section Literature Review reviews the literature on the effects of the built environment on elderly health. This is followed by section Materials and Methods where the data and method are presented. Section Results details the estimated results. Section Discussion discusses the main findings and the limitations while section Conclusion concludes the study with implications for planning practices.



LITERATURE REVIEW

Neighborhoods are typically considered to be relatively small areas surrounding a residence and measured by administrative boundaries or buffer zones (11). One current challenge is to determine the appropriate scale for defining neighborhoods (12). Without a fair justification, the choice of neighborhood-scale may lead to unstable results for the relationship between the built environment and health. Most previous studies have used a single census tract as a proxy for the neighborhood. However, for high-density cities, neighborhood interactions are more frequent, and using a single geographic scale to explore neighborhood effects seems too simplified (13).

The built environment refers to “the man-made space, in which people live, work, and recreate on a day-to-day basis” (14). Neighborhoods are the primary daily living and activity spaces for older adults, and many studies have shown the correlation between the quality of their built environment and the health outcomes of the elderly (15, 16). The attributes of the neighborhood-built environment are generally divided into density, diversity, design, destination accessibility, and distance to transit, namely the “5D” framework (17, 18). It is found that increasing neighborhood density reduces the risk of chronic diseases because residents can engage in more physical activity (19), while others have reported negative effects, suggesting that high-density environments may reduce outdoor space and increase stress, which is harmful to physical health (20). Inoue et al. (21) found that increasing land-use diversity is correlated with higher levels of physical and mental health because residents living in these areas can meet multiple needs by having easy access to resources. Most existing research confirms that street connectivity is influential to residents' health-related outcomes by improving the walking ability in older adults (22). Regarding destination accessibility, studies have provided more consistent results, with the higher provision of such services (i.e., recreational, health, and shopping services) predicting better health status of older adults (23). Distance to transit is another element that affects elderly health, as transit is widely viewed as an opportunity for physical activity (24).

The “5D” framework focuses on the flat dimension of the built environment, and some studies have focused on the characteristics of the three-dimensional (3D) perspective. The elements of the 3D perspective-built environment are generally derived from streetscape images, including indicators, such as architecture, greenery, and sky visibility (25, 26), but limited studies have attempted to explore the association between 3D perspective-built environment and health. More attention has been paid to green visibility, and a study in the Netherlands found a positive correlation between green visibility on streets and their attractiveness to older adults (27). People are more likely to stay on the street and engage in activities when they have a positive perception of the environment.

Another challenging task is identifying causal pathways between neighborhood-built environment and population health. Physical activity provides a nexus, specifically, built environments can either facilitate or discourage physical activity that influences health and wellbeing (28). Neighborhoods with higher density, more mixed land use, and better street network connectivity may increase the possibility of walking for transportation among older adults (29). Proximity to public transport facilities has also been shown to be a significant source of physical activity (30). Physical activity can decrease the risk of chronic disease, depression, some types of cancer, and all causes of mortality (31). Another pathway is social interaction. People need social interaction to improve their physical and mental health (28). Built environments can affect social outcomes by providing public and social spaces, such as easy access to public transportation and higher walkability (32, 33). Social interaction includes many forms, including conversations, shared activities, and so on. Research has shown that social interaction can affect behavioral, psychological, and physiological health by influencing healthy behaviors, providing social support, and increasing access opportunities via social networks (34, 35).

Due to the effects of aging on physical function and gender differences in environmental perception and family roles, the pathways of built environment effects on elderly health may differ by age and gender (36). Some studies have found that social interaction presents a stronger effect on elderly health than walking activities as aging increases (37). Other studies suggest that the built environment may play a greater role in female health, as females spend more time in the neighborhood compared to males (38). However, there are still limited studies focusing on the difference between the pathways.

In terms of research methods, regression analysis is widely used, such as the multi-level model. However, few studies have been able to prove the causal relationship between built environment and health. Some research has attempted to explore the mediating variables by using structural equations or path analysis, but they ignore the nested structure of the data, which reduces the accuracy of the results (35). Self-selection is also an important factor to be considered when exploring the impacts of the built environment on health. Few studies have conducted an in-depth exploration of pathways by including variables, such as travel preference and lifestyle for residence choices in the regressions (39). In most studies, the emphasis has been on one dimension of health (e.g., disease, mental health) or general health (e.g., self-rated health). However, few studies to date, address the different dimensions of health at the same time.

In general, the relationship between neighborhood-built environment and elderly health is complex. Current research has not reached a consensus on how to define the appropriate scale of the neighborhood. More importantly, existing studies have not conducted an analysis of the pathways between the built environment and elderly health based on the heterogeneity of different groups, for instance, different ages and gender. Therefore, more scientific evidence is needed to understand the relationship between neighborhood characteristics, health activities, and elderly health.



MATERIALS AND METHODS


Data and Sample

The research data consisted of two categories. The first is the individual-level sociodemographic and health-related data of the elderly, which is collected from the “Fourth Survey on the Living Conditions of the Elderly in China” in 2015. The survey was organized by the China Committee on Aging and adopted a multi-stage and multi-level sampling method proportional to the population scale, targeting older adults aged 60 and above, with samples covering 31 provincial-level administrative regions (excluding Hong Kong, Macao, and Taiwan), with a total sampling ratio about 1‰. Each selected respondent was numbered by sampling. The trained surveyors went directly to the households and conducted face-to-face interviews with the respondents to ensure that the respondents fully understood the survey content and the surveyors filled in the questionnaire according to the respondents' answers. The study selected the representative Chinese megacity, Beijing (the capital), which has a hot and rainy summer and a cold and dry winter, with a total area of 16,410.54 km2 and a resident population of 21.886 million at the end of 2021. In this study, 112 neighborhoods in Beijing were selected as samples, covering seven administrative districts: Haidian, Dongcheng, Xicheng, Chaoyang, Fengtai, Fangshan, and Shunyi. Each neighborhood had a sample of 30 older adults, and the total number of samples was 3,360. We removed the invalid samples with information loss, finally preserving 2,778 valid samples. The second category is built environment data at the neighborhood level. The data mainly comes from point of interest (POI) data, the 2014 land-use status map of Beijing, and Baidu Street View images.



Measures
 
Dependent Variables

In this study, we evaluated the elderly health status from two aspects: physical health and mental health. Regarding physical health, chronic disease was selected as a surrogate. Respondents were asked to answer whether they suffered from the following eight categories of chronic diseases, including hypertension, diabetes, cardiovascular diseases (e.g., coronary heart disease, angina pectoris, etc.), gastritis, arthritis, chronic respiratory diseases (e.g., lung diseases, asthma, etc.), malignant tumors, and reproductive system diseases. The number of chronic diseases was taken as a count variable, with higher values representing a higher risk of chronic disease in older adults (40).

Regarding mental health, loneliness and subjective wellbeing were selected as variables. In terms of loneliness, respondents were asked: “Do you feel lonely?” and the responses included “never lonely,” (1) “sometimes lonely,” (2) and “often lonely” (3). Loneliness can lead to fear, sadness, and anxiety in older adults, which can affect sleep and endanger mental health (41). For subjective wellbeing, respondents were asked: “Do you feel happy in general?” allowing for responses on a 5-point Likert scale, ranging from 1 (very unhappy) to 5 (very happy). Subjective wellbeing is a comprehensive assessment of the quality of life that emphasizes an individual's overall feelings about their life situation (42). Higher values on both scales represent higher feelings of loneliness and subjective wellbeing.

To measure self-rated health, respondents were asked: “How would you describe your present health status?” allowing for responses on a 5-point Likert scale, ranging from 1 (very poor) to 5 (very good), with higher values indicating better self-rated health. This scale is commonly used as a measure of general health in population surveys. The measurements also have proven to be stable and effective predictors of objective health, such as mortality or morbidity, and remain valid after controlling for medical, psychological, social, and health-related behaviors (43, 44).



Independent Variables

The measurement of neighborhood-built environment is constructed based on the “5D” framework (17), which mainly focuses on flat dimensional indicators. However, the neighborhood environment of people's daily life is three-dimensional in space, and the human body's perception of the built environment in a 3D perspective can also have an important impact on its behavioral activities. Therefore, this research adds elements of the built environment perceived from a 3D perspective to more visually quantify the perception of the environment based on a human scale.

Density is represented by population density. The land-use mix was calculated for diversity, based on the concept of information entropy, and the entropy index was constructed by dividing the land-use into five categories: residential, commercial retail and office, entertainment, institutional, and other land uses (45, 46). Design refers to street-network connectivity, including road density and intersection density. Destination accessibility was measured by the density of various types of facilities. We divide the facilities into four categories according to the daily use of the elderly, including commercial, recreational, leisure, and medical. Distance to transit was defined as the density of bus stops and subway stations. Regarding 3D environmental perception, we measured the visual rate of greenery, sky, and buildings. The built environment elements in the street-view images were extracted by deep learning and processed by fisheye image projection, and the calculation method was based on the Johnson and Watson equation (47). Table 1 describes the definition of neighborhood-built environment variables.


Table 1. Built environment measures.
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By considering the Uncertain Geographic Context Problem, we created five scales of buffers, including the administrative boundary of the neighborhood, 300, 500, 800, and 1,000 m buffers (10, 49). The selection was based on the concept of the “living circle” in the “Code for Planning and Design on Urban residential Areas” in China, combined with the walking speed of the elderly (0.8 m/s) (50). Based on the administrative boundary, the buffer was constructed with a radius of 5, 10, and 15 min reachable distance by walking for the elderly. This spatial scale is significantly smaller than that of the young and middle-aged people, which is also the premise of our study to measure neighborhood-built environment characteristics for the elderly group. In addition, the maximum radius of public service facilities proposed in the “Code for Planning and Design on Urban residential Areas” is 1,000 m, which is about 20 min walking distance for the elderly, so the 1,000 m buffer was also included in our analysis.



Mediating Variables

As mentioned above, physical activity and social interaction are selected as two key mediators.

Physical activity is referred to as a leisure physical activity in which the elderly participated, including walking, jogging, swimming, and other physical exercise behaviors. It was evaluated according to the number of times the respondent participated in physical activity during the previous week: 1 point if they had not exercised in the last week, 2 points if they exercised less than once, 3 points if they exercised once or twice, 4 points if they exercised three to five times, and 5 points if they exercised six times or more. The higher score represents the higher physical activity level of the elderly.

Social interaction was defined as various activities, including public welfare, cultural, recreational, and mutual assistance activities (51). Public welfare activities included maintaining neighborhood social security, maintaining the neighborhood environment, and participating in cultural and scientific promotion activities. Cultural activities included participating in senior citizen associations and universities. Recreational activities included group dancing (square dancing/YangYang song), ball sports (gateball/table tennis/badminton, etc.), and chess and card games (mahjong/card games/chess, etc.). Mutual assistance activities included helping to mediate neighborhood disputes, helping neighbors, and caring for and educating the next generation (excluding grandchildren). If the elderly often participated in one of the above types of social interaction during the past 12 months, the score was set to “1,” and if they did not participate in a certain type of activity, the score was set to “0.” The sum of the scores of the four types of activities was used as the evaluation score of their social interaction, and the score was set in the range of 1 to 4, with higher values indicating a higher level of social interaction.



Control Variables

The sociodemographic characteristics of individuals are key factors influencing the elderly health, and are selected as control variables (9, 36), including gender (male, female), age (60–69, 70–79, 80+), residence status (number of cohabitants), education attainment (no formal education, primary school, middle school, high school, postsecondary school, college/university), annual household income (0–1, 1–3, 3–5, 5–10, 10+), and medical examination habits (yes, none).




Statistical Analysis

Multilevel Regression Model and SEM were applied in this study. Multilevel modeling has been widely used in studies of neighborhood environments and health outcomes (52) because it allows for the simultaneous estimation of the effects of individual-level and group-level factors. The SEM has some advantages in dealing with the quantitative study of the interaction between multiple variables. The data had a clustered structure with older adults nested within the neighborhood, that is, the older adults living in the same neighborhood share the same environmental exposure. Moreover, there are complex interactions between the built environment, health activities, and health outcomes, so MSEM is more appropriate for analysis. Before constructing the model, six dimensions of variables, such as density, diversity, design, destination accessibility, distance to transit, and 3D were constructed based on 13 built environment indicators. Since the built environment indicators are all derived from objective measurement data rather than scale data, the traditional method of constructing latent variables is no longer applicable. Based on the relevant literature, this study used logistic regression to construct latent variables (53). The three steps of the analysis are as follows:

The first step was to construct a multi-level multiple regression model. Based on the five buffer scales of neighborhood administrative boundaries, 300, 500, 800, and 1,000 m buffers were used to measure the built environment characteristics. We then identified the built environment factors affecting the elderly health based on the results and defined at which scale of the geographic unit the relationship between the built environment and elderly health is more appropriate.

The second step was to construct the MSEM. Mediating variables were incorporated to examine the pathways of health activities. In addition, the stability of the model was verified by avoiding residential self-selection. The specific method was to screen out the elderly living in work-unit compounds and affordable housing neighborhoods as subgroups, including 48 neighborhoods with 1,222 elderly people, accounting for 44% of the total sample.

The third step was to construct a heterogeneity analysis model. Based on the stratified analysis, we explored whether the pathways of neighborhood-built environment and elderly health differed by age and gender. For the age heterogeneity model, the study sample was divided into three groups: low-aged group (persons aged 60–69), middle-aged group (persons aged 70–79), and high-aged group (persons aged 80+). For the gender heterogeneity model, the study sample was divided into two groups: elderly males and elderly females. The study combined Fisher's combination test for heterogeneity effect and set the number of sampling times to 1,000 based on bootstrap.

The analysis was conducted using Mplus7.4.




RESULTS


Descriptive Statistics

Descriptive statistics for the study population are given in Table 2. Over half of the respondents were female (52.99%), or low-aged elderly (56.30%). The majority was presented as non-living alone, educated at primary level or above (95.21%), had an annual household income of more than 50,000 RMB (74.37%), and had the habit of undergoing routine medical exams (65.87%). Overall, the participants exercised three to five times on average per week and they participated in at least one type of social activity on a regular basis. Less than half (44.67%) of the older adults had a good self-rated health status and the majority (80.63%) suffered from at least one chronic disease. For mental health, most older adults never felt alone (83.3%), and believed they were relatively happy (79.91%).


Table 2. Descriptive statistics of the study population (N = 2,278).
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Descriptive statistics of neighborhood characteristics are given in Table 3. The average land-use mix tended to increase as the buffer scale increased. The density of road and bus stops was similar in all five buffer scales, while the density of intersections (21.72) and subway stations (0.18) was the lowest within the administrative boundaries. The density of commercial, recreational, and medical facilities decreased as the buffer scale increased, but the density of leisure facilities did not show this pattern. Greenery and sky visibility rates were similar in all five buffer scales while building visibility rates were the highest within the administrative boundaries (0.39).


Table 3. Descriptive statistics for neighborhood characteristics.
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Multilevel Regression Analysis

The results of the multilevel regression models of the relationship between the built environment at the five buffer scales and elderly health are summarized in Table 4. We found that the correlation between built environment factors and elderly health varied by geographic scale. The population density was positively correlated with chronic diseases and negatively correlated with subjective wellbeing. Land-use mix was positively correlated with self-rated health, which was found only in the 500 m buffer. Street connectivity had a positive effect on self-rated health and a negative effect on chronic diseases at 300 and 500 m buffers, while it had a positive effect on the subjective wellbeing only within the administrative boundaries. Destination accessibility was negatively correlated with loneliness (all five buffer scales) and positively correlated with subjective wellbeing (except for the 800 m buffer). Distance to transit was positively associated with self-rated health and negatively associated with chronic disease (only in the 1,000 m buffer), while it was positively correlated with subjective wellbeing (only in the 500 m buffer). The 3-D environmental perception had a negative effect on loneliness in the 500 m buffer, and significantly associated with all health outcomes in the 800 m buffer. In general, compared with other buffer scales, there are more built environment elements in the 500 m buffer that were significantly associated with health outcomes, which could better explain the relationship between the built environment and elderly health.


Table 4. Statistical results of multilevel regression models for multi-buffer-built environment and elderly health.
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Multilevel Structural Equation Analysis

Table 5 shows the results of the MSEM of the full sample. Physical activity and social interaction were found to be key pathways through which the neighborhood-built environment influences the elderly health. The following are the effects of the physical activity path-based built environment on elderly health: population density had a negative effect, while land-use mix, distance to transit, and 3D-environmental perception had a positive effect. Higher population density may reduce self-rated health and subjective wellbeing and increase the risk of chronic diseases and loneliness in older adults by reducing the physical activity. Higher land-use mix can reduce the risk of chronic diseases and promote the subjective wellbeing of the elderly by increasing the physical activity. A shorter distance to transit may promote self-rated health and subjective wellbeing and reduce the risk of chronic diseases and loneliness by increasing physical activity. Moreover, better 3-D environmental perception may reduce chronic diseases and loneliness and promote subjective wellbeing by increasing physical activity.


Table 5. Statistical results of multilevel structural equation models (MSEMs) for the built environment and elderly health (full sample).
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The effects of social interaction path-based built environment on elderly health are as follows: population density had a negative effect, while street connectivity and distance to transit had a positive effect. Higher population density may have the potential to reduce self-rated health and subjective wellbeing and increase the risk of chronic disease among older adults by decreasing social interaction. Higher street connectivity was associated with higher self-rated health and subjective wellbeing and a lower risk of chronic disease among older adults through increased social interaction. Higher proximity to public transportation may promote self-rated health and subjective wellbeing and reduce the risk of chronic disease through increased social interaction.

Table 6 shows the results of the MSEM of the subgroup sample. This study found that the model results after controlling for residential self-selection did not differ significantly from the full sample, with only a few effect pathways changing. For self-rated health, the mediating effect of population density through physical activity was no longer significant, and the mediating effect of population density through social interaction on self-rated health (−0.018) was stronger than that of the full sample (−0.014). The mediating effects of street connectivity through social interaction and distance to transit through physical activity and social interaction on self-rated health were no longer significant. The mediating effects of the neighborhood-built environment through physical activity on chronic disease and subjective wellbeing were similar to that of the full sample. However, the mediating effects of street connectivity and distance to transit through social interaction on chronic diseases were no longer significant, nor were the mediating effects of street connectivity through social interaction on subjective wellbeing significant. For loneliness, the mediating effect of the built environment affecting loneliness through physical activity was consistent with that of the full sample.


Table 6. Statistical results of multilevel structural equation models (MSEMs) for the built environment and elderly health (subgroup sample).
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Heterogeneity Analysis

Figure 1 summarizes the differences in the mediating effects of neighborhood-built environment on elderly health among different age groups. This study found that in the low-aged group (persons aged 60–69), population density, street connectivity, distance to transit, and 3D environmental perception affected chronic disease and subjective wellbeing through physical activity. Street connectivity, destination accessibility, and 3D environmental perception affected self-rated health, chronic disease, and subjective wellbeing through social interaction. In the middle-aged group (persons aged 70–79), population density, land-use mix, and distance to transit were critical for chronic disease and subjective wellbeing by affecting physical activity, but for loneliness, only population density and distance to transit showed a significant impact through physical activity. In the social interaction pathway, only population density played a significant role on self-rated health, chronic disease, and subjective wellbeing. In the high-aged group (persons aged 80+), only population density showed a significant correlation with all health outcomes through physical activity. In the social interaction pathway, both population density and distance to transit showed a significant correlation on self-rated health, chronic disease, and subjective wellbeing.


[image: Figure 1]
FIGURE 1. Age heterogeneity of mediating effects of neighborhood-built environment on elderly health.


Figure 2 summarizes the differences in the mediating effects of neighborhood-built environment on elderly health in different gender groups. The results showed that in the male group, population density, distance to transit, and 3-D environmental perception affected chronic diseases and subjective wellbeing through physical activity, and land-use mix only had a positive effect on subjective wellbeing. In the path of social interaction, population density, street connectivity, and distance to transit showed a significant correlation between self-rated health, chronic diseases, and subjective wellbeing. In the female group, population density, distance to transit, and 3-D environmental perception were found to have a significant effect on chronic disease, loneliness, and subjective wellbeing by physical activity; while population density and street connectivity were associated with self-rated health, chronic disease, and subjective wellbeing through social interaction. However, for loneliness, only population density had a positive effect on it through social interaction.


[image: Figure 2]
FIGURE 2. Gender heterogeneity of mediating effects of neighborhood-built environment on elderly health.





DISCUSSION


Main Findings

This study explored the complex relationship between neighborhood-built environment and elderly health. The results indicate that different characteristics of the built environment played different roles in health outcomes through physical activity and social interaction. There was variability in these pathways among older adults of different age and gender groups. Our main findings are as follows.



Built Environment Within the 500 m Buffer Has a Higher Correlation With Elderly Health Compared With Other Areas

The choice of neighborhood area definition may dramatically influence the observed relationships between built environment characteristics and elderly health (9). Our research revealed that built environment elements are most significantly related to health outcomes in the 500 m buffer compared with other areas. One possible explanation is that with the increase of age, the physical function of the elderly decreases, resulting in the restriction of their accessibility. The 500 m buffer was selected as the point beyond which daily activity of the elderly begins to decline dramatically and may better capture older adults' daily activity space (54). In addition, neighborhood environmental attributes within the 500 m buffer also appear to be strong predictors of activity for older adults (55). This is consistent with the buffer scale selected in other previous studies conducted in China on the relationship between neighborhood-built environment and elderly health. It suggests that the 500 m buffer can more accurately reflect the built environment characteristics to which older adults are exposed in their daily lives (56). Therefore, the issue of the uncertain geographic context problem cannot be ignored when considering the impact of the neighborhood-built environment on public health. The actual range of daily activities of different groups needs to be considered and the exposure scale of the built environment needs to be defined by multiple comparisons.



Physical Activity and Social Interaction Are Key Pathways of Neighborhood-Built Environment Effects on Elderly Health

In the path of physical activity, some built environment characteristics could have a positive impact on health through physical activity, which is similar to previous studies (57). Land-use mix, distance to transit, and 3D environmental perception are enablers for outdoor physical activity among older adults. When living in a different land-use area, older adults may have easier access to various facilities and resources, which helps them to achieve higher levels of physical activity (58). Convenient public transport stations can provide various travel routes, which helps encourage the elderly to choose public transportation as a travel mode and increase their physical activity as they walk to transit stops. Previous studies have shown that ~29% of Americans can achieve adequate levels of physical activity only by commuting to and from public transport stations every day (59).

Regarding 3D environmental perception, an increase in the visibility of street greenery implies a more comfortable and pleasant street environment, and older adults are more likely to choose to walk or exercise in such green environments (58). Strong evidence showed that increased physical activity can help promote metabolism, improve body resistance, enhance cardiopulmonary function and flexibility of joints and bones, and reduce the risk of chronic diseases (57). Also, increased interaction with other people during physical activity can be effective in relieving mood and increasing serotonin levels, which can help promote self-rated health and subjective wellbeing and reduce loneliness (60, 61).

It is worth noting, however, that higher population density was negatively associated with health. This is in contrast with many previous studies conducted in Western countries (62, 63). However, the results are in line with many other studies on older adults in Asian cities (64). This is probably due to the fact that older adults are more likely to live in higher-density neighborhoods in Beijing, resulting in a lack of adequate space and places for physical activity. Decreases in physical activity may prolong sedentary time, aggravate the risk of chronic diseases such as obesity, diabetes, and cardiovascular disease, and thus are harmful to health (65).

In the path of social interaction, in line with previous research, our results also suggest that older adults can benefit from high levels of street connectivity and convenient transportation. Higher street connectivity can help encourage older adults to go outdoor for activities and increase their willingness to interact with neighbors (66). Similarly, easy access to public transportation can reduce social exclusion and isolation by increasing physical accessibility (67). As expected, increasing social participation and access to social support for older adults can help generate a positive attitude and a sense of neighborhood attachment and belonging, which is important for maintaining and promoting wellbeing and self-rated health (68). Previous research has also shown that older adults can gain more opportunities to interact with health care providers through social support and discussions with older friends about disease management, which can help them persist in treating chronic diseases (69).

Our study further found that population density had a significant negative impact on health, which is in line with the existing literature (70). In high-density neighborhoods, residents are often exposed to large numbers of strangers, exacerbating the weakening of interpersonal relationships, and reducing social interaction (71). High-density environments may also bring negative psychological feelings, such as psychological stress, anxiety, loss of control, cognitive overload, and violation of personal space (72), reducing the willingness to participate in social activities. Previous studies have shown that inadequate support for social interaction may lead to sleep problems in older adults, resulting in decreased immunity and increased mortality, impairing self-rated health and subjective wellbeing, and increasing the risk of chronic disease (52, 73).

In addition, China's unique housing policy creates an opportunity to control residential self-selection (74). In the model excluding the self-selection samples, some mediating effects are no longer significant, which reflects that individuals who love physical activities and social life are more likely to choose to live in neighborhoods with higher-street connectivity and convenient transportation. However, the subgroups do not differ significantly from the results of the full-sample model in general, and built environment characteristics still play an independent and robust impact. The result may be explained by the fact that the main subjects of the study are local elderly people who have lived in the neighborhood for a longer period and have less self-selection of living location, reducing the possibility of taking the built environment characteristics as the main consideration for housing selection.



Age and Gender Heterogeneity in the Pathways of Neighborhood-Built Environment Effects on Elderly Health

The relationship between neighborhood-built environment, health activities, and elderly health differed significantly by age group. The role of population density in changing health activities intensifies with increasing age, with significant effects on health outcomes concentrated among older adults in the middle and high age groups. The reason may be that the negative effects of environmental pressure, such as noise and insecurity caused by higher population density on physical activities, social interaction, and other behavior habits gradually appear after enduring them for long periods of time (75). While in the low-aged group, the built environment characteristics that had the most significant positive effects on health included street connectivity, destination accessibility, distance to transit, and 3-D environmental perception, which is consistent with previous research (76). Compared to other age groups, low age elderly has more physical activity and social needs, and higher demands on the quality of their environment (37). For the high-aged group, in addition to population density, no significant relationships were found between other built environment elements and health outcomes through physical activity, indicating that older adults have a weaker perception of the environment conducive to physical activity.

It is interesting to note that the effect of distance to transit on health through physical activity was more significant in the low and middle age groups, but the effect through social interaction was only significant in the high-aged group. The potential explanation might be that compared with the high-aged group, lower age elderly have a wider range of activities, and convenient public transportation facilities have a greater impact on their physical activity. For the high-aged group, the time and intensity of physical activity tended to decline with age, and their range of activity was constrained, resulting in a lower need to rely on public transportation for physical activity. However, previous studies have suggested that the high-aged group elderly have a higher level of need for social interaction and social participation (37) and are more dependent on physical space. As the walking range of the high aged elderly is limited, it is more difficult for them to travel by bike or car for social interaction, and they have a higher demand for public transportation (77).

Moreover, the study found that the relationship between neighborhood-built environment, health activities, and elderly health differed significantly by gender group, but the gender heterogeneity was not as obvious as the age heterogeneity. The effect of distance to transit on health through social interaction was only significant in elderly males. Consistent with the findings from previous studies (78), compared to elderly females who preferred to carry out activities near their neighborhoods, elderly males were more active in social interaction and had a larger spatial range, leading to a higher reliance on public transportation for their outdoor activities. The effect of land use mix on subjective wellbeing through physical activity was only significant in elderly males. The reason might be that elderly males had a wider variety in types of daily exercise activities, such as Taichi, sword dancing, gateball, and other activities. However, the need for elderly females was for facilities more focused on home shopping, which is relatively homogeneous. Therefore, for elderly males, higher land-use mix has a greater impact on physical activity by providing diverse places for physical activity to meet their exercise needs, and improve their subjective wellbeing (79, 80).

Interestingly, the effect on loneliness by improving the built environment was only significant in elderly females but not in elderly males. These characteristics include population density, distance to transit, and 3D environmental perception, which is consistent with previous studies (81). The reason might be that elderly females are more sensitive to the environment and emotions, more dependent on social support and companionship through the external environment, to develop interpersonal relationships in various activities, and to alleviate loneliness.



Limitations

This study has many limitations. First, the cross-sectional research design is not sufficient for explaining the correlation between neighborhood-built environment and elderly health. More longitudinal data are needed to consider a quasi-natural experiment in order to generate high-quality evidence to provide a more accurate basis for new policy decisions. Second, the study has discussed only two pathways, namely, physical activity and social interaction, and other potential pathways are missing. Further studies should investigate more potential mediation, such as stress exposure, pollution exposure, dietary behavior, and traffic safety, to further deepen the understanding of the relationship between the built environment and health. Last but not the least, this study adopted a static residence-based approach to measure the built environment, which is prone to the problem of uncertain geographic context and average neighborhood effect (82). Future studies should measure the built environment exposure based on individual mobility and incorporate wearable environmental monitoring devices to improve accuracy.




CONCLUSION

This study innovatively examined the age and gender differences of the mediation effects between the built environment and elderly health in China. While varying for age and gender, our results indicated that neighborhood-built environment plays an essential role in elderly health through physical activity and social interaction. These findings help enhance our understanding of the elderly health from the perspective of physical environment planning and to realize the health-promoting effects of the neighborhood-built environment. When developing health interventions for the elderly, it is recommended that besides equitable distribution of public services, priority should be given to the spatial layout of various public facilities within the 500 m buffer zone of the elderly residents' daily life. Improvement of the built environment can be done in terms of diversity, design, destination accessibility, distance to transit, and 3-D environmental perception. It should be customized to provide accurate health behavior intervention strategies for the different groups of elderly, according to their behavioral activity needs. In general, further studies on research based on the longitudinal observation of built environment and elderly health are needed to help build a more livable and healthier environment for the aging society.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

Material preparation, data collection, and analysis were performed by JL. The first draft of the manuscript was written by JL. All authors commented on previous versions of the manuscript, contributed to the study conception and design, and have read and approved the final manuscript.



FUNDING

This research was sponsored by National Science Foundation of China (51878367), Beijing Outstanding Young Scientist Program (JJWZYJH01201910003010), and the Research Funds for the Major Innovation Platform of Public Health and Disease Control and Prevention, Renmin University of China.



REFERENCES

 1. UNDESA. World Population Ageing 2015. New York, NY: United Nations (2015).

 2. Beijing Municipal Health Commission. Report on the Development of Aging Undertakings in Beijing 2020. Beijing: Beijing Municipal Health Commission (2021). Available online at: http://wjw.beijing.gov.cn/xwzx_20031/wnxw/202110/t20211014_2512063.html

 3. Zhang W, Feng Q, Lacanienta J, Zhen Z. Leisure participation and subjective well-being: exploring gender differences among elderly in Shanghai, China. Arch Gerontol Geriatr. (2017) 69:45–54. doi: 10.1016/j.archger.2016.11.010

 4. Whitehead M, Dahlgren G. What can be done about inequalities in health?. Lancet. (1991) 338:1059–63. doi: 10.1016/0140-6736(91)91911-D

 5. Robert Wood Johnson Foundation (RWJF). How Does Transportation Impact Health? Princeton, NJ: Robert Wood Johnson Foundation (RWJF); Health Policy Snapshot Public Health and Prevention Issue Brief. Available online at: http://www.countyhealthrankings.org/our-approach, 2022/01/10

 6. Wiles JL, Leibing A, Guberman N, Reeve J, Allen RE. The meaning of “aging in place” to older people. Gerontologist. (2012) 52:357–66. doi: 10.1093/geront/gnr098

 7. Smith RJ, Lehning AJ, Dunkle RE. Conceptualizing age-friendly community characteristics in a sample of urban elders: an exploratory factor analysis. J Gerontol Social Work. (2013) 56:90–111. doi: 10.1080/01634372.2012.739267

 8. Garin N, Olaya B, Miret M, Ayuso-Mateos JL, Power M, Bucciarelli P, et al. Built environment and elderly population health: a comprehensive literature review. Clin Prac Epidemiol Mental Health CP EMH. (2014) 10:103. doi: 10.2174/1745017901410010103

 9. Guo Y, Liu Y, Lu S, Chan OF, Chui CHK, Lum TYS. Objective and perceived built environment, sense of community, and mental wellbeing in older adults in Hong Kong: a multilevel structural equation study. Landsc Urban Plann. (2021) 209:104058. doi: 10.1016/j.landurbplan.2021.104058

 10. Kwan MP. The uncertain geographic context problem. Ann Assoc Am Geograph. (2012) 102:958–68. doi: 10.1080/00045608.2012.687349

 11. Wörn J, Ellwardt L, Aartsen M, Huisman M. Cognitive functioning among Dutch older adults: do neighborhood socioeconomic status and urbanity matter?. Soc Sci Med. (2017) 187:29–38. doi: 10.1016/j.socscimed.2017.05.052

 12. Xu Y, Wen M, Wang F. Multilevel built environment features and individual odds of overweight and obesity in Utah. Appl Geogr. (2015) 60:197–203. doi: 10.1016/j.apgeog.2014.10.006

 13. Guo Y, Chan CH, Chang Q, Liu T, Yip PS. Neighborhood environment and cognitive function in older adults: a multilevel analysis in Hong Kong. Health Place. (2019) 58:102146. doi: 10.1016/j.healthplace.2019.102146

 14. Roof K, Oleru N. Public health: Seattle and King County's push for the built environment. J Environ Health. (2008) 71:24–27. Available online at: https://www.jstor.org/stable/10.2307/26327656

 15. Yen IH, Michael YL, Perdue L. Neighborhood environment in studies of health of older adults: a systematic review. Am J Prev Med. (2009) 37:455–63. doi: 10.1016/j.amepre.2009.06.022

 16. Scharlach AE. Aging in context: individual and environmental pathways to aging-friendly communities-The 2015 Matthew A. Pollack Award Lecture. Gerontologist. (2017) 57:606–18. doi: 10.1093/geront/gnx017

 17. Ewing R, Cervero R. Travel and the built environment: a meta-analysis. J Am Plann Assoc. (2010) 76:265–94. doi: 10.1080/01944361003766766

 18. Li A, Gao K, Zhao P, Qu X, Axhausen KW. High-resolution assessment of environmental benefits of dockless bike-sharing systems based on transaction data. J Clean Prod. (2021) 296:126423. doi: 10.1016/j.jclepro.2021.126423

 19. Sallis JF, Floyd MF, Rodríguez DA, Saelens BE. Role of built environments in physical activity, obesity, and cardiovascular disease. Circulation. (2012) 125:729–37. doi: 10.1161/CIRCULATIONAHA.110.969022

 20. Sinharay R, Gong J, Barratt B, Ohman-Strickland P, Ernst S, Kelly FJ, et al. Respiratory and cardiovascular responses to walking down a traffic-polluted road compared with walking in a traffic-free area in participants aged 60 years and older with chronic lung or heart disease and age-matched healthy controls: a randomised, crossover study. Lancet. (2018) 391:339–49. doi: 10.1016/S0140-6736(17)32643-0

 21. Inoue S, Ohya Y, Odagiri Y, Takamiya T, Ishii K, Kitabayashi M, et al. Association between perceived neighborhood environment and walking among adults in 4 cities in Japan. J Epidemiol. (2010) 20:277–86. doi: 10.2188/jea.JE20090120

 22. Van Holle V, Deforche B, Van Cauwenberg J, Goubert L, Maes L, Van de Weghe N, et al. Relationship between the physical environment and different domains of physical activity in European adults: a systematic review. BMC Public Health. (2012) 12:807. doi: 10.1186/1471-2458-12-807

 23. Stoeckel K, Litwin H. Accessibility to neighbourhood services and well-being among older Europeans. In: Ageing in Europe - Supporting Policies for an Inclusive Society. Berlin; München; Boston, MA: De Gruyter (2015). p. 39–48. doi: 10.1515/9783110444414-005

 24. Wasfi RA, Ross NA, El-Geneidy AM. Achieving recommended daily physical activity levels through commuting by public transportation: unpacking individual and contextual influences. Health Place. (2013) 23:18–25. doi: 10.1016/j.healthplace.2013.04.006

 25. Gu P, Han Z, Cao Z, Chen Y, Jiang Y. Using open source data to measure street walkability and bikeability in China: a case of four cities. Transport Res Rec. (2018) 2672:63–75. doi: 10.1177/0361198118758652

 26. Yang L, Ao Y, Ke J, Lu Y, Liang Y. To walk or not to walk? Examining non-linear effects of streetscape greenery on walking propensity of older adults. J Transport Geogr. (2021) 94:103099. doi: 10.1016/j.jtrangeo.2021.103099

 27. Borst HC, Miedema HM, De Vries SI, Graham JM, Van Dongen JE. Relationships between street characteristics and perceived attractiveness for walking reported by elderly people. J Environ Psychol. (2008) 28:353–61. doi: 10.1016/j.jenvp.2008.02.010

 28. Frank LD, Iroz-Elardo N, MacLeod KE, Hong A. Pathways from built environment to health: a conceptual framework linking behavior and exposure-based impacts. J Transport Health. (2019) 12:319–35. doi: 10.1016/j.jth.2018.11.008

 29. Haselwandter EM, Corcoran MP, Folta SC, Hyatt R, Fenton M, Nelson ME. The built environment, physical activity, and aging in the United States: a state of the science review. J Aging Phys Activity. (2015) 23:323–9. doi: 10.1123/japa.2013-0151

 30. Knell G, Durand CP, Shuval K, Kohl Iii HW, Salvo D, Sener IN, et al. Transit use and physical activity: findings from the Houston travel-related activity in neighborhoods (TRAIN) study. Prev Med Rep. (2018) 9:55–61. doi: 10.1016/j.pmedr.2017.12.012

 31. Sattelmair J, Pertman J, Ding EL, Kohl Iii HW, Haskell W, Lee IM. Dose response between physical activity and risk of coronary heart disease: a meta-analysis. Circulation. (2011) 124:789–95. doi: 10.1161/CIRCULATIONAHA.110.010710

 32. Anciaes PR, Boniface S, Dhanani A, Mindell JS, Groce N. Urban transport and community severance: linking research and policy to link people and places. J Transport Health. (2016) 3:268–77. doi: 10.1016/j.jth.2016.07.006

 33. Mazumdar S, Learnihan V, Cochrane T, Davey R. The built environment and social capital: a systematic review. Environ. Behav. (2018) 50:119–58. doi: 10.1177/0013916516687343

 34. Maas J, Van Dillen SM, Verheij RA, Groenewegen PP. Social contacts as a possible mechanism behind the relation between green space and health. Health Place. (2009) 15:586–95. doi: 10.1016/j.healthplace.2008.09.006

 35. Su S, Zhang Q, Pi J, Wan C, Weng M. Public health in linkage to land use: theoretical framework, empirical evidence, and critical implications for reconnecting health promotion to land use policy. Land Use Policy. (2016) 57:605–18. doi: 10.1016/j.landusepol.2016.06.030

 36. Zheng Z, Chen H, Yang L. Transfer of promotion effects on elderly health with age: from physical environment to interpersonal environment and social participation. Int J Environ Res Public Health. (2019) 16:2794. doi: 10.3390/ijerph16152794

 37. Zheng Z, Peng X. The impact of community environment on behavior and health of the elderly: group comparison of different ages. Geograph Res. (2019) 38:1481–96. doi: 10.11821/dlyj020181142

 38. Stafford M, Cummins S, Macintyre S, Ellaway A, Marmot M. Gender differences in the associations between health and neighbourhood environment. Soc Sci Med. (2005) 60:1681–92. doi: 10.1016/j.socscimed.2004.08.028

 39. Frank LD, Saelens BE, Powell KE, Chapman JE. Stepping towards causation: do built environments or neighborhood and travel preferences explain physical activity, driving, and obesity?. Soc Sci Med. (2007) 65:1898–914. doi: 10.1016/j.socscimed.2007.05.053

 40. Wang R, Liu Y, Lu Y, Zhang J, Liu P, Yao Y, et al. Perceptions of built environment and health outcomes for older Chinese in Beijing: a big data approach with street view images and deep learning technique. Computers, Environ Urban Syst. (2019) 78:101386. doi: 10.1016/j.compenvurbsys.2019.101386

 41. Emerson KG, Jayawardhana J. Risk factors for loneliness in elderly adults. J Am Geriatrics Soc. (2016) 64:886–7. doi: 10.1111/jgs.14053

 42. Zhang Z, Zhang J. Perceived residential environment of neighborhood and subjective well-being among the elderly in China: a mediating role of sense of community. J Environ Psychol. (2017) 51:82–94. doi: 10.1016/j.jenvp.2017.03.004

 43. Mavaddat N, Valderas JM, Van Der Linde R, Khaw KT, Kinmonth AL. Association of self-rated health with multimorbidity, chronic disease and psychosocial factors in a large middle-aged and older cohort from general practice: a cross-sectional study. BMC Fam Prac. (2014) 15:1–11. doi: 10.1186/s12875-014-0185-6

 44. Szybalska A, Broczek K, Puzianowska-Kuznicka M, Slusarczyk P, Chudek J, Skalska A, et al. Self-rated health and its association with all-cause mortality of older adults in Poland: the PolSenior project. Arch Gerontol Geriatr. (2018) 79:13–20. doi: 10.1016/j.archger.2018.07.016

 45. Sarkar C, Gallacher J, Webster C. Built environment configuration and change in body mass index: the Caerphilly Prospective Study (CaPS). Health Place. (2013) 19:33. doi: 10.1016/j.healthplace.2012.10.001

 46. Dujardin C, Lorant V, Thomas I. Self-assessed health of elderly people in Brussels: does the built environment matter?. Health Place. (2014) 27:59–67. doi: 10.1016/j.healthplace.2014.01.003

 47. Du K. The Theory and Method of Human-Scale Street Space Planning Based on Street View Image. Wuhan: Wuhan University (2020).

 48. Mercado R, Paez A. Determinants of distance traveled with a focus on the elderly: a multilevel analysis in the Hamilton CMA, Canada. J Transport Geogr. (2009) 17:65–76. doi: 10.1016/j.jtrangeo.2008.04.012

 49. Zang P, Qiu H, Xian F, Zhou X, Ma S, Zhao Y. Research on the difference between recreational walking and transport walking among the elderly in mega cities with different density zones: the case of Guangzhou City. Front Public Health. (2021) 9:775103. doi: 10.3389/fpubh.2021.775103

 50. Middleton A, Fritz SL, Lusardi M. Walking speed: the functional vital sign. Aging Phys Act. (2015) 23:314–22. doi: 10.1123/japa.2013-0236

 51. Li J, Fan C, Tian L, Ouyang W, Miao W. Study on the impact of neighborhood built environment on social activities of elderly. Human Geogr. (2021) 36:56–65. doi: 10.13959/j.issn.1003-2398.2021.01.008

 52. Caetano SC, Silva CM, Vettore MV. Gender differences in the association of perceived social support and social network with self-rated health status among older adults: a population-based study in Brazil. BMC Geriatr. (2013) 13:1–14. doi: 10.1186/1471-2318-13-122

 53. Wang M, Xu C. The interactive relationship between bank claims and internal governance on agency costs of managements. China Soft Sci. (2017) 12:100–15. Available online at: https://kns.cnki.net/kcms/detail/detail.aspx?FileName=ZGRK201712009&DbName=CJFQ2017

 54. Barnett DW, Barnett A, Nathan A, Van Cauwenberg J, Cerin E. Built environmental correlates of older adults' total physical activity and walking: a systematic review and meta-analysis. Int J Behav Nutr Phys Activity. (2017) 14:1–24. doi: 10.1186/s12966-017-0558-z

 55. Cerin E, Nathan A, Van Cauwenberg J, Barnett DW, Barnett A. The neighbourhood physical environment and active travel in older adults: a systematic review and meta-analysis. Int J Behav Nutr Phys Activity. (2017) 14:1–23. doi: 10.1186/s12966-017-0471-5

 56. Zhou S, Peng Y, Liu L. The impact of built environment on well-being of older adults under different geographic contexts. Geograph Res. (2019) 38:1625–39. doi: 10.11821/dlyj020180292

 57. Tuckett AG, Banchoff AW, Winter SJ, King AC. The built environment and older adults: a literature review and an applied approach to engaging older adults in built environment improvements for health. Int J Older People Nurs. (2018) 13:e12171. doi: 10.1111/opn.12171

 58. He H, Lin X, Yang Y, Lu Y. Association of street greenery and physical activity in older adults: a novel study using pedestrian-centered photographs. Urban Forestry Urban Green. (2020) 55:126789. doi: 10.1016/j.ufug.2020.126789

 59. Besser LM, Dannenberg AL. Walking to public transit: steps to help meet physical activity recommendations. Am J Prev Med. (2005) 29:273–80. doi: 10.1016/j.amepre.2005.06.010

 60. Schrempft S, Jackowska M, Hamer M, Steptoe A. Associations between social isolation, loneliness, and objective physical activity in older men and women. BMC Public Health. (2019) 19:1–10. doi: 10.1186/s12889-019-6424-y

 61. Mouratidis K. Urban planning and quality of life: a review of pathways linking the built environment to subjective well-being. Cities. (2021) 115:103229. doi: 10.1016/j.cities.2021.103229

 62. De Bourdeaudhuij I, Teixeira PJ, Cardon G, Deforche B. Environmental and psychosocial correlates of physical activity in Portuguese and Belgian adults. Public Health Nutr. (2005) 8:886–95. doi: 10.1079/PHN2005735

 63. Van Dyck D, Cerin E, Conway TL, De Bourdeaudhuij I, Owen N, Kerr J, et al. Perceived neighborhood environmental attributes associated with adults' leisure-time physical activity: findings from Belgium, Australia and the USA. Health Place. (2013) 19:59–68. doi: 10.1016/j.healthplace.2012.09.017

 64. Su M, Tan YY, Liu QM, Ren YJ, Kawachi I, Li LM, et al. Association between perceived urban built environment attributes and leisure-time physical activity among adults in Hangzhou, China. Prev Med. (2014) 66:60–4. doi: 10.1016/j.ypmed.2014.06.001

 65. Wanderley FA, Silva G, Marques E, Oliveira J, Mota J, Carvalho J. Associations between objectively assessed physical activity levels and fitness and self-reported health-related quality of life in community-dwelling older adults. Qual Life Res. (2011) 20:1371–8. doi: 10.1007/s11136-011-9875-x

 66. Leyden KM. Social capital and the built environment: the importance of walkable neighborhoods. Am J Public Health. (2003) 93:1546–51. doi: 10.2105/AJPH.93.9.1546

 67. Holt-Lunstad J, Smith TB, Layton JB. Social relationships and mortality risk: a meta-analytic review. PLoS Med. (2010) 7:e1000316. doi: 10.1371/journal.pmed.1000316

 68. Cramm JM, Van Dijk HM, Nieboer AP. The importance of neighborhood social cohesion and social capital for the well being of older adults in the community. Gerontologist. (2013) 53:142–52. doi: 10.1093/geront/gns052

 69. Gallant MP. The influence of social support on chronic illness self-management: a review and directions for research. Health Educ Behav. (2003) 30:170–95. doi: 10.1177/1090198102251030

 70. Mousavinia SF, Pourdeihimi S, Madani R. Housing layout, perceived density and social interactions in gated communities: mediational role of territoriality. Sustain Cities Soc. (2019) 51:101699. doi: 10.1016/j.scs.2019.101699

 71. Jacobs J. The Death and Life of Great American Cities. Vintage. London (2016).

 72. Paulus PB. Crowding and Health. New York, NY: Springer New York. (1988).

 73. Vozikaki M, Linardakis M, Micheli K, Philalithis A. Activity participation and well-being among European adults aged 65 years and older. Soc Indicat Res. (2017) 131:769–95. doi: 10.1007/s11205-016-1256-y

 74. Wang D, Lin T. Residential self-selection, built environment, and travel behavior in the Chinese context. J Transport Land Use. (2014) 7:5–14. doi: 10.5198/jtlu.v7i3.486

 75. Wu ZJ, Song Y, Wang HL, Zhang F, Li FH, Wang ZY. Influence of the built environment of Nanjing's Urban Community on the leisure physical activity of the elderly: an empirical study. BMC Public Health. (2019) 19:1–11. doi: 10.1186/s12889-019-7643-y

 76. Rhodes RE, Saelens BE, Sauvage-Mar C. Understanding physical activity through interactions between the built environment and social cognition: a systematic review. Sports Med. (2018) 48:1893–912. doi: 10.1007/s40279-018-0934-0

 77. Crotti D, Maggi E, Pantelaki E, Rossi F. Public transport use and health status in later life: which relationship?. Res Transport Business Manage. (2020) 40:100591. doi: 10.1016/j.rtbm.2020.100591

 78. Tcymbal A, Demetriou Y, Kelso A, Wolbring L, Wunsch K, Wäsche H, et al. Effects of the built environment on physical activity: a systematic review of longitudinal studies taking sex/gender into account. Environ Health Prev Med. (2020) 25:1–25. doi: 10.1186/s12199-020-00915-z

 79. Randall ET, Bohnert AM. Understanding threshold effects of organized activity involvement in adolescents: sex and family income as moderators. J Adolescence. (2012) 35:107–18. doi: 10.1016/j.adolescence.2011.05.004

 80. Cyranowski JM, Frank E, Young E, Shear MK. Adolescent onset of the gender difference in lifetime rates of major depression: a theoretical model. Arch General Psychiatry. (2000) 57:21–7. doi: 10.1001/archpsyc.57.1.21

 81. Pels F, Kleinert J. Loneliness and physical activity: a systematic review. Int Rev Sport Exerc Psychol. (2016) 9:231–60. doi: 10.1080/1750984X.2016.1177849

 82. Kwan MP. The neighborhood effect averaging problem (NEAP): an elusive confounder of the neighborhood effect. Int J Environ Res Public Health. (2018) 15:1841. doi: 10.3390/ijerph15091841

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Li, Tian and Ouyang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-10-882361-t003.jpg
Variables Mean (SD)

Administrative 300m buffer 500m buffer 800m buffer 1,000m butfer
boundaries

Population density 2.75 (2.49)

Land use mix 057 (0.20) 0.7(0.20) 0.72 (0.20) 0.74(0.20) 0.75 0.20)
Road network density 5.44/(3.35) 550 (2.71) 5.46 (258) 5.46(2.52) 551(2.49)
Intersection density 21.72(34.02) 28.94(25.32) 28,03 (22.67) 28.36 (22.38) 2831 (22.08)
Commercial acilty density 32,01 (32.32) 30.72 (22.36) 2962 (2031) 29.81(19.82) 29.23(19.48)
Recreational facilty density 381(6.52) 331(3.47) 325 (2.80) 3.12(2.52) 3.05 (2.45)
Leisure facilty density 260 (5.10) 2,64 3.11) 260 (2.74) 273 2.41) 268 (2.19)
Medical facility density 7.13(8.98) 6.42 (4.54) 633 (4.20) 6133.77) 5.85 (3.50)
Bus stop density 4.00(103.58) 4.40 (2.89) 412 2.27) 416 (2.29) 447 2:21)
Subway station density 0.18(0.89) 0.47 (0.60) 0.44 (0.38) 0.40 (0.32) 0.40 (0.31)
Green visibilty rate 050 (0.21) 056 (0.15) 056 (0.15) 057 (0.14) 057(0.14)
Sky visibility rate 0.11(0.08) 0.12(0.07) 0.12 (0.06) 0.12 (0.05) 0.11 (0.05)

Buiding visibilty rate 0.39(0.20) 0.33(0.12) 033 (0.12) 032(0.12) 031(0.12)





OPS/images/fpubh-10-882361-t004.jpg
Administrative

boundaries

Self-rated health

Ghronic disease

Loneliness Destination
accessibity
(-0.073")

Subjective Street connectivity

welloeing 0.110%),
Destination
accessibiity
(0.074%)

300m buffer

Street connectivity (0.057°)

Street connetivity
(-0.096")

Destination accessibiity
(~0.038)

Destination accessibility
0.056")

N=2778.""P < 0.001, “P < 0.01,"P < 0.05, *P < 0.1.

500 m buffer

Land use mix (0.066"),
Street connectivity (0.049°)
Population density (0.106"),
Street connectivity
(=0.141%)

Destination accessibilty
(~0.049"), 3-d perception
(-0.275")

Population density
(~0.084"), Destination
accessibilty (0.065™),
Distance to transit (0.104")

800m buffer

3-d perception (0.169")

3-d perception (~0.337")

Destination accessibiity
(~0.018"), 3-d perception
(-0.122)

3-d perception (0.168")

1,000m buffer

Distance to transit
(0.136%)

Distance to transit
(-0.239")

Destination accessiblty
(~0.023)

Destination accessibility
(0.049")
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Dimensions

Density

Diversity
Design

Destination accessibility

Distance to transit

Three-dimensional
perception

Measure

Population density

Land use mix
Road network density
Intersection density

Commercial facility
density

Recreational facilty
density

Leisure facity density
Medical facilty density

Bus stop density
Subway station density
Green visibilty rate

Sky visibilty rate
Building visibilty rate

Definition

Count of resident population/area of neighborhood administration (10,000
people/km?)

= inﬂkﬂ®
Length of road/area of buffer (km/km?)
Number of intersections with 3 or above/area of buffer (pos/km?)
Number of food, shopping and finance facilities/area of buffer (pes/km?)

Number of culture and entertainment facilties/area of buffer (pcs/km?)

Number of parks, squares, gymnasiums and gyms/area of buffer (pos/km?)

Number of pharmacies, neighborhood hospitals and general hospitals/area
of buffer (pcs/km?)

Number of bus stops/area of buffer (pos/km?)
Number of subway stations/area of buffer (pcs/km?)

Ssin 30 sin[”“;;"}a,‘@

@ K (number of land-use types within bufler ), P+ (proportion of land-use types of type k within buffer ) (48). The formula for land-use mix presented ranges from 0 to 1, and a high

score indicates high heterogeneity of land use.

@ | the fisheye image, n is the total number of divided concentric rings, iis the ring index, which represents the angular width of greenery, sky, and buildings within the ith ring.
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Variables

Socio-demographic variables
Gender

Male

Female

Age

60-69

70-79

80+

Number of family members living
together

Educational attainment

No formal education

Primary school

Middle school

High school

Postsecondary school
College/university

Total annual household income (ten thousands RMB)

<1

1-3

35

5-10

>10

Medical examination habits
Yes

No

Healthy activities
Physical activity
Social interaction
Health outcome
Self-rated health
Chronic disease
Loneliness
Subjective welbeing

Mean (SD)/N (%)

1,808 (47.01%)
1,472 (52.99%)

1,564 (56.30%)
815 (29.34%)
399 (14.36%)

2.72(1.25)

133 (4.79%)
520 (18.72%)
927 (33.37%)
529 (19.04%)
317 (11.41%)
352 (12.67%)

69 (2.48%)
231 (8.32%)
412 (14.83%)
1,089 (39.20%)
977 (35.17%)

1,830 (65.87%)
948 (34.13%)

4.02/(1.35)
1.03 (1.06)

3.44(0.77)
1.67 (1.29)
1.19/(0.45)
4.08(0.72)
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Variables Physical  Social Self-rated health Chronic disease Loneliness Subjective wellbeing
activity  interaction

Directeffect  Indirecteffect  Directeffect  Indirecteffect ~ Directeffect  Indirecteffect ~ Directeffect  Indirect effect
Physical  Social Physical  Social Social Physical  Social
activity  interaction activity  interaction interaction activity  interaction

Population —0.164"  -0.189"  -0015  -0006'  -0014" 0052 0024* 0081  -0040 0007 0.005 0022 -0027*  -0.086"

density

Land use mix 0.054* 0,042 0.060" 0.002 0004 -0041  -0008"  -0009 0.024 -0003  -0002  -0023  0.009" 0011

Street 0038 0079* 0.040* 0,001 0008 -0.418"  -0008  -0.017° 0022 -0002  -0003  -0017 0.007 0.020*

connectivity

Destination 0.006 0.038 ~0.002 0.000 0,004 0.038" ~0001 -0008  -0047° 0000 —0.001 0.056" 0.001 0010

accessibilty

Distance to 0407 0.069" 0025 0.004" 0.007* 0070 -0017*  -0016'  -0001  -0005°  -0003 0.067 0019 0018"

transit

3-dperception  0.286" 0.184 ~0.083 0,010 0019 -0036  -0044'  -0040  -0254*  —0013' 0007 0449  0.050' 0.047

N=2778.""P <0.001, "P < 0.01, P < 0.05, *P < 0.1. All models controlled for individual sociodemographic variables, whose coefficients are not shown in the table due to space constraints. Same below.
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Variables

Population
density
Land use
mix

Street
connectivity
Destination
accessibilty
Distance to
transit

3-d
perception

Physical
activity

—0.108*

0.075%

0.011

0.027

0.075*

0357

Social

interaction

—-0.160"

0.066

0.080

0.012

0.087*

0.223

Self-rated health

Direct effect

0.009

0.054*

0.043

—0.007

0.039

—0.024

Notes: N =2,778. P < 0.01, "P < 0.05, *P < 0.1,

Indirect effect

Physical
activity

-0.003

0.002

0.000

0.001

0.002

0.010

Social
interaction

-0.018"

0.008

0.009

0.001

0.010

0.025

Chronic disease

Direct effect

-0.003

—0.115"

-0.129"

0.039"

0.108%

—-0.047

Indirect effect

Physical
activity

0.024*

—0017*

-0.003

—-0.006

-0.017*

-0.079"

Social
interaction

0.034*

0014

-0.017

—-0.003

-0.018

—0.047

Direct effect

-0.035

0.004

0.031

—-0.059"

—0.004

-0.278"

Loneliness

Indirect effect

Physical
activity

0.008*

—0.005
—0.001

-0.002
—0.005*

—-0.026*

Social
interaction

0.007

—0.003

—0.004

—0.001

—0.004

-0.010

Subjective wellbeing

Direct effect

—-0.100"

—-0.054

-0.052

0.046*

0.089

-0.088

Indirect effect

Physical
activity

-0.020"

0.014*

0.002

0.005

0.014*

0.067%

Social
interaction

—-0.038"

0.016

0.019

0.003

0.021*

0.053
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