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A B S T R A C T

Background: Neighbourhood walkability has been consistently associated with more physical
activities in adults. Nevertheless, evidence of a beneficial association between walkability and
older adults’ mental health is still scarce in developing countries. Furthermore, walkability was
often measured through Geographic Information System (GIS) methods. Recently, the metho-
dological development in street view images, such as using Google or Tencent Street View, has
offered an attractive alternative.
Methods: Using Tencent street view images and machine learning classification methods, we
quantify visual enclosure for neighbourhood street walkability with the proportion of visible sky
in those images. Depression and anxiety data were extracted from mental health surveys for 1231
older adults in Beijing, China in 2011. Multilevel linear regression models were used to assess the
associations.
Results: Street walkability was negatively associated with Geriatric Depression Scale scores (GDS
15-item) and Geriatric Anxiety Inventory scores (GAI 20-item), and the results of different ro-
bustness checks also support this relationship. The associations were stronger for disadvantaged
older adults than others.
Conclusion: The present study indicates a potential beneficial role of street walkability on mental
health (depression and anxiety) in older residents, especially for disadvantaged older adults.
Additional longitudinal studies are required to address some limitations of this study, such as
residential self-selection bias.

1. Introduction

Depression and anxiety were the top two mental diseases (ranked third an ninth respectively) causing most disabilities worldwide
according to the Global Burden of Disease Study in 2015 (Vos et al., 2016). Depression and anxiety are associated with different
health problems, such as different cardiovascular diseases (Hare et al., 2014; Rumsfeld and Ho, 2005; Suls and Bunde, 2005; Sarkar
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et al. 2018) and a decreased quality of daily life (Herring et al., 2016; Ruo et al., 2003). These diseases have attracted substantial
research and attention, especially in developing countries (Adjayegbewonyo et al., 2018; Wang et al., 2018a, 2018b; Yu et al., 2018).
According to the latest report, the prevalence of depression disorders in China is approximately 35.7%, while the prevalence of
anxiety disorders in China is approximately 18.3% (Lou et al., 2012); these findings indicate that depression and anxiety have become
serious health issues in China.

Walkability has attracted substantial research and attention because it includes various aspects of the built environment, e.g.,
residential density, land-use mix, intersection density, presence of trees and vegetation, that promote or hinder walking and cycling
in a neighbourhood (Frank et al., 2005; Su et al., 2017a). Over the past decade, a growing body of literature has proved the links
between neighbourhood walkability and various health outcomes (Berke et al., 2007; Frank et al., 2006; Frank et al., 2010; Leslie and
Cerin, 2008; Marshall et al., 2009; Renalds et al., 2010; Rundle et al., 2008; Sallis et al., 2009; Sturm and Cohen, 2004; Su et al.,
2017a; Howell et al. 2017; Adlakha et al. 2016; Marquet et al. 2017). Two main mechanisms, namely, promoting physical activities
and fostering social contacts, may explain the effect of neighbourhood walkability on health outcomes. First, with the increase of
neighbourhood walkability, residents are more likely to conduct outdoor physical activities, such as walking or running, so they can
lose weight (Frank et al., 2006; Rundle et al., 2008; Sun et al. 2014; Sun et al. 2016), feel more relaxed (Frank et al., 2010) and reduce
stress (Berke et al., 2007; Su et al., 2017a). Additionally, neighbourhood streets and public open spaces are a good place for social
contacts, so when residents have more outdoor activities, they are more likely to interact with neighbours, thereby strengthening
their social ties (Berke et al., 2007; Su et al., 2017a). However, most previous studies mainly focused on the relationship between
neighbourhood walkability and physical health; only one study examined the relationship between neighbourhood walkability and
mental health such as depression in King County, Washington US (Berke et al., 2007).

There is another caveat in the research. The vast majority of existing studies has measured walkability on a macro scale, such as
the availability of pedestrian destinations, street connectivity, or urban density in neighourhood area (Frank et al., 2005; Su et al.,
2017a; Howell et al. 2017; Adlakha et al. 2016; Marquet et al. 2017). Macro-scale walkability is typically measured with Geographic
Information System (GIS) or Points of Interests (POI) data, which often do not include detailed data. Macro-scale walkability was
based on overhead views, and it may mismatch with the environment perceived by residents based on eye-level views (Yin and Wang,
2016).

Recent advances in computer vision and the availability of eye-level streetscape images (e.g., street view images from Google or
Tencent) make it possible to objectively measure eye-level walkability for many locations worldwide. To assess eye-level walkability,
researchers need to classify and quantify different features in a streetscape, such as vegetation, sky, buildings, and vehicles (Su et al.,
2017a). Such methodological development has attracted great attention in recent years due to the following two reasons (Badland
et al., 2010; Lu et al., 2018; Lu, 2018; Rzotkiewicz et al., 2018). First, compared with other methods, streetscape image data are
objective and easy to retrieve. Second, streetscape image data often includes more detailed information about the features of
landscape in street level. Thus, some researchers have focused on the measurement of neighbourhood walkability using streetscape
images in recent years and pointed out some advantages (Yin and Wang, 2016). However, previous studies mainly detect objects by
pixel colours in an image. This method can hardly distinguish two different types of objects in the same colour (e.g., falsely identify a
green wall as vegetation). More advanced computer deep learning techniques, such as an Artificial Neural Network, may address this
limitation (Yin and Wang, 2016).

In summary, three research gaps should be noted. First, previous studies mainly focused on the relationship between neigh-
bourhood walkability and residents’ physical health outcomes, and few studies paid attention to mental health, especially in de-
veloping countries. Second, previous studies mainly used GIS- or POI-based data to measure macro-scale neighbourhood walkability,
so it may be different from perceived eye-level neighbourhood. Third, most previous studies mainly focus on adults (aged 18–65); few
studies have focused on older adults (aged ≥ 60).

To address the above research gaps, we used Tencent street-view data and machine learning classification methods to measure
neighbourhood walkability. Depression and anxiety data were collected with a mental health survey for older adults in Beijing,
China. The present study evaluated the association between street-view neighbourhood walkability and older adults’ depression and
anxiety in China. Additionally, we aimed to evaluate whether neighbourhood walkability is more strongly associated with depression
and anxiety for disadvantaged older adults. The conceptual framework that hypothesizes the complex linkages between visual en-
closure for neighbourhood street walkability and mental health for older adults was shown in Fig. 1.

2. Materials and methods

2.1. Data

The depression and anxiety data were collected by a research team in Renmin University of China through a mental health survey
between March and August 2011. This survey was conducted in Haidian District in Beijing. Haidian District is an ideal place to
undertake studies on older adults’ depression because of its large elderly population. From 2011 to 2015, the number of elderly adults
in Haidian District increased by 20,000 per year, and the number of elderly adults in Haidian District had reached 470,000 by 2015.
Participants were selected through two stages. First, 45 residential neighbourhoods were selected from 13 districts with a re-
presentative sampling technique. Second, 30 persons from each sampled neighbourhood were selected with a system sampling
method. Finally, the dataset included 1231 valid participants (the total number of respondents was 1350) and the location of sampled
communities was shown in Fig. 2.

Street view (SV) images are other important data in this study. As one of the largest online map service providers, Tencent Map
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(https://map.qq.com/), publishes street view photos from various positions with different headings and pitches along each city road
in China (Dong et al., 2018; Long and Liu, 2017), similar to Google Street View. Based on the road network data (Open-
StreetMap.org), we constructed our sampling points 100m apart on each road. In our street view dataset, each sampling point
captured street view images from four directions (0, 90, 180, and 270 degrees) (Fig. 3). In this study, we obtained the coordinates of
the centre point in each neighbourhood (administrative unit) and made a buffer (radius of 1000m) for each, which can be regarded
as the coverage for each neighbourhood. We obtained a total of 134,000 street view images in the study area.

2.2. Outcome

The dependent variable was depression and anxiety, which was assessed using GDS by means of 15-item scores (Geriatric
Depression Scale 15-item) (de Craen et al., 2003) and GAI by means of 20-item scores (Geriatric Anxiety Inventory 20-item) (Pachana
et al., 2007). The GDS includes 15 questions measuring the mental state of residents over the previous week (i.e., feeling upset,
feeling helpless, and feeling useless), while the GAI includes 20 questions measuring the mental condition of residents over the
previous week (i.e., feeling scared, feeling nervous, and feeling worried).

Fig. 1. Conceptual framework that hypothesizes the complex linkages between visual enclosure for neighbourhood street walkability and mental
health for older adults.

Fig. 2. The location of sampled communities in Haidian, Beijing, China.
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2.3. Independent variables

2.3.1. Visual enclosure for street view walkability
In this section, we focus on measuring the urban walkability from street view images. In terms of urban walkability estimation,

previous studies mainly focused on walk score data coming from POI data (Su et al., 2017a) or a company called Walk Score
(Hajrasouliha and Yin, 2015; Rauterkus and Miller, 2011; Talen and Koschinsky, 2014). However, these measurements of street
walkability may mismatch with what a pedstrain see in daily life (Yin and Wang, 2016). Thus, following Yin et al. (2016), we use
street view data to measure visual enclosure for street walkability, and a higher proportion of sky in each of the street view picture
creates a lower visual enclosure for walkability of the street, because the higher proportion of sky in each of the street view indicates
that the street has less tree density, lower building heights and fewer pedestrian counts, which are associated with a reduced
willingness of walking (Yin and Wang, 2016). We proposed an advanced semantic segmentation method that can accurately identify
urban walkability from street view images. As illustrated in Fig. 4, we trained a deep neural network model, namely, FCN-8s ( Long
et al., 2015), to segment the street view images into 150 types of objects. Unlike the previous methods of extracting sky space with
RGB values or a simple Artificial Neural Network, the network structure of the Fully Convolutional Network (FCN) contains only
convolution layers and deconvolution layers for spatial convolution operations (Long et al., 2015). By using convolutional kernels to

Fig. 3. The example of four degree of TSV images in an sample area.
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broaden the view fields of pixels, more neighbour information of pixels is considered, which not only improves the segmentation
accuracy but also promote the generation of more formed and less sporadic results (Kang and Wang, 2014). In our study, we trained
our model by using the ADE20K scene parsing data and part segmentation data (Zhou et al., 2016, 2017), which consists of 150
different categories of objects. Then, the proportions of sky area can be measured by inputting street view images into the trained
model to generate segmentation results, as Eq. (1) shows and the correlation test among the proportion of sky of different angles
showed that the they are significantly correlated with each other (Table 1), so taking the averaged values of street view images of four
different heading angles as the final score is a suitable approach.

Yin et al. (2016) indicated that street-level greenness and building also have influence on residents’ walking behavior, so we also
provided the correlation tests among the proportion of sky, greenness and buildings (Table 2). Results showed that the proportion of
sky is significant correlated with the proportion of buildings, so to avoid multicollinearity, we excluded the proportion of buildings in
our models. In this study we mainly focus on visual enclosure for walkability, so we finally take the proportion of sky scores as the
proxy for street walkablity.

The scene segmentation results of Tencent street view photos via the proposed trained FCN-8s are shown in Fig. 5.
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where Psky is the proportion of sky in a respective scene location, which is averaged by the values of street view images of four
different heading angles. Ni is the total number of pixels in image i, and NWi is number of sky pixels in image i. The estimation of sky
of the street was calculated by averaging the Psky of scene locations in that street. We made a buffer for each neighbourhood (1000 m)
and counted the average Psky within each buffer. Finally, the average Psky within each buffer could be defined as the value of street
walkability for each neighbourhood.

2.3.2. Individual socioeconomic status indicator
Since residents’ socioeconomic status often has an impact on their health (Miao and Wu, 2016; Phelan et al., 2010), we control for

this variable. Respondents’ socioeconomic status was measured by their educational attainment (categorical variables). Respondents’

Fig. 4. The input and output of the fully convolutional network (FCN).

Table 1
Results of correlation tests: the proportion of sky of different angles.

Sky (0°) Sky (90°) Sky (180°) Sky (270°)

Sky (0 degree) 1 0.78** 0.85** 0.75**

Sky (90 degree) 0.78** 1 0.76** 0.83**

Sky (180 degree) 0.85** 0.76** 1 0.75**

Sky (270 degree) 0.75** 0.83** 0.75** 1

*p<0.10. **p< 0.05. ***p<0.01.
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educational attainment was categorized into three types, including primary school or below, high school, and college and above.

2.3.3. Indicators of individual social ties
Individuals’ social ties have an influence on residents’ health-related behaviours, which may affect mental health (Kawachi and

Berkman, 2001; Liu et al., 2017; Seeman, 1996; Thoits, 2011). Following previous studies (Glass and Maddox, 1992; Kawachi and
Berkman, 2001; Shirado et al., 2013), we measure both the quantity and quality of social ties. The quantity of social ties was
measured by the number of relatives and friends they can meet or contact at least once a month, while the quality of social ties was
measured by the number of relatives and friends who can offer help when respondents are in need.

2.3.4. Indicators of individual physical conditions
Residents’ physical conditions also affect their mental health (Newton-Howes et al., 2006; Yu et al., 2018), so functional ability

(categorized into restricted or not restricted using the Activities of Daily Living) and physical health status were also controlled. The
Activities of Daily Living (ADL) is derived from 13 questions. ADL is a reliable measure of functional ability across different countries,
and if respondents had problems with at least one of the activities, then they were classified as having functional restrictions (Pluijm
et al., 2005). Additionally, since suffering from physical illness affects mental health (Moussavi et al., 2007), we controlled for
respondents’ physical health status through whether or not a respondent faces a chronic disease, including high blood disease,
diabetes, etc.

Table 2
Results of correlation tests: the proportion of sky, greenness and buildings.

Sky Greenness Buildings

Sky 1 -0.461* -0.778**

Greenness -0.461* 1 0.55*

Buildings -0.778** 0.55* 1

*p<0.10. **p< 0.05. ***p< 0.01.

Fig. 5. The scene segmentation results of Tencent street view photos via the proposed trained FCN-8s.
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2.3.5. Individual socioeconomic, demographic controlled variables
We controlled for a series of individual-level variables, including: gender (dichotomous variable), age (continuous variable), race

(categorical variables), marital status (categorical variables), party membership (categorical variables), and hukou status (dichot-
omous variable).

2.4. Analysis

Multilevel regression models were used to assess the relation between neighbourhood walkability and depression as well as
anxiety. Such models were necessary due to the hierarchical structure of data, where people are nested in neighbourhoods, otherwise
biasing the model output. Precisely, the following model was estimated as follows. The measure of variance inflation factors
(VIF= 1.42) was used to investigate multicollinearity among the variables. The neighbourhood-level intra-class correlation coeffi-
cient (ICC) is 0.12 (GDS) and 0.06 (GAI) in the null model (i.e., a model without covariates), indicating that GDS and GAI scores
within the same neighbourhood face some correlation, confirming the application of such multi-level models rather than ordinary
linear models.

First, we fitted the base model (Model 1 and Model 2) to identify the effect of the street walkability on respondents’ depression
and anxiety. Second, we ran two additional models (Model 3 and Model 4) to test whether the results from Model 1 were robust. Last,
cross-level interaction effects were tested in Model 5 and 6 to identify whether the street walkability was more important for older
respondents in disadvantaged groups.

Table 3
Descriptive statistics of variables.

Variables Proportion/Mean (SD)

Dependent variables
GDS Score (0–15) 3.376 (2.731)
GAI Score (0–20) 2.337 (4.292)
Street view proportion of sky
Q1 (high walkability) 0.225 (0.012)
Q2 (middle-high walkability) 0.252 (0.007)
Q3 (middle-low walkability) 0.290 (0.014)
Q4 (low walkability) 0.357 (0.042)
Street view proportion of greenness
Q1 0.110 (2.5)
Q2 0.156 (1.0)
Q3 0.178 (0.4)
Q4 0.215 (1.8)
Education (%)
Primary school or below 31.192
High school 43.950
College and above 24.858
Functional ability (%)
Restricted 54.024
Not restricted 45.976
Physical health status (%)

With chronic disease 79.851
No chronic disease 20.149

Social ties indicators
Social ties quantity 14.381 (25.578)
Social ties quality 10.584 (30.973)

Control variables
Gender (%)
Male 41.292
Female 58.708
Age 70.715 (7.031)
Race (%)
Chinese Han 96.341
Minority 3.659
Marital status (%)
Single, divorced, and widowed 22.335
Married and living with spouse 76.686
Married but living apart from spouse 0.979
Party membership (%)
Party member 44.129
None party member 55.871
Hukou status (%)
Local hukou 93.985
Non-local hukou 6.015
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3. Results

3.1. Study population characteristics

Table 3 shows the main characteristics of the study population. Briefly, respondents’ mean GDS score was 3.376 and their mean
GAI score was 2.337, both of which can be defined as “normal”. Of the respondents, 31.192% had an educational attainment of
primary school or below, 43.950% had high school educational attainment, and 24.858% had college or above educational at-
tainment. For physical condition indicators, few respondents were not functionally restricted (45.976%) or had no chronic disease
(20.149%). Respondents’ mean social ties quantity was 14.381, while their mean social ties quality was 10.584, which means that
respondents had approximately 14 relatives and friends they can meet or contact at least once a month and nearly 11 relatives and
friends who can offer help when they are in need, on average. With a higher proportion of female (58.708%), the respondents’ mean
age was 70.715 years. Few respondents were minority (3.659%) or married but living apart from spouse (0.979%). A high percentage
were not party members (55.871%) or had local hukou (93.985%). The mean value of the first quartile (Q1) of street view greenness
was 0.110, that of the second quartile (Q2) was 0.156, that of the third quartile (Q3) was 0.178 and that of the last quartile (Q4) was
0.215. Last, for the key independent variable, the mean value of the first quartile (Q1, high walkability) of street view proportion of
sky was 0.225, that of the second quartile (Q2, middle-high walkability) was 0.252, that of the third quartile (Q3, middle-low
walkability) was 0.290 and that of the last quartile (Q4, low walkability) was 0.357.

3.2. Multilevel results

Model 1 in Table 4 showed the relationship between street walkability, covariates and respondents’ GDS scores, while Model 2 in
Table 4 showed the relationship between street walkability, covariates and respondents’ GAI scores. GDS scores and GAI scores
decreased with respondents’ age [GDS: Coeff. =−0.045, SE= 0.013; GAI: Coeff. =−0.080, SE=0.020]. Compared with none-
party members, party members had lower GDS and GAI scores [GDS: Coeff. =−0.478, SE= 0.165; GAI: Coeff. =−0.854,

Table 4
Results from multilevel liner regression models for the relationship between GDS scores, GAI scores and neighbourhood street walkability among
older adults.

Variable Model 1 (DV: Depression) Model 2 (DV: Anxiety)
Coeff. (SE) Coeff. (SE)

Fixed effects
Male (ref: female) 0.093 (0.163) -0.443 (0.270)
Age -0.045*** (0.013) -0.080*** (0.020)
Education (ref: primary school or less)
High school 0.156 (0.194) 0.252 (0.315)
College or more 0.019 (0.234) 0.056 (0.364)
Minority (ref: Han Chinese) 0.128 (0.391) 0.547 (0.637)
Marital status (ref. = single, divorced, or widowed)
Married living with spouse -0.328* (0.196) -0.69 (0.322)
Married not living with spouse 0.370 (0.754) 0.289 (1.246)
Party member (ref: none-party member) -0.478*** (0.165) -0.854*** (0.270)
Local hukou (ref: non-local hukou) 0.396 (0.317) 0.222 (0.505)
Quantity of social ties -0.006** (0.003) -0.005** (0.003)
Quality of social ties -0.008** (0.003) -0.008** (0.004)
With physical disease (ref: without physical disease) 0.844*** (0.184) 1.147*** (0.304)
Functional ability restricted (ref: not restricted) 0.766*** (0.163) 0.984*** (0.267)
Street view proportion of greenness (ref: Q1 )
Q2 -1.179***(0.391) -1.068(0.759)
Q3 -1.028**(0.409) -1.207(0.788)
Q4 -1.216***(0.396) -1.155(0.781)
Street view proportion of sky (ref: Q1 high walkability)
Q2 (middle-high walkability) 0.981*** (0.367) 0.349** (0.173)
Q3 (middle-low walkability) 1.023** (0.391) 0.394** (0.178)
Q4 (low walkability) 1.596*** (0.389) 0.551*** (0.177)
Constant 6.891*** (1.107) 8.105*** (1.708)
Random effects
Var (Neighbourhood-level constant) 0.533 0.077
Var (Residual) 6.094 16.984
Number of neighbourhoods 48 48
Number of respondents 1231 1231
Log-likelihood -2887.5270 -3492.595
AIC 5818.540 7029.192

* p<0.10.
** p< 0.05.
*** p< 0.01.
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SE=0.270]. Respondents’ GDS and GAI scores decreased with quantity of social ties [GDS: Coeff. =−0.006, SE=0.003; GAI: Coeff.
=−0.005, SE=0.003], while they also decreased with the quality of social ties [GDS: Coeff. =−0.008, SE= 0.003; GAI: Coeff.
=−0.008, SE= 0.004]. Respondents with chronic disease had higher GDS and GAI scores [GDS: Coeff. = 0.844, SE= 0.184; GAI:
Coeff. = 1.147, SE=0.304] and those who were functionally restricted also had higher GDS and GAI scores [GDS: Coeff. = 0.766,
SE=0.163; GAI: Coeff. = 0.984, SE=0.267]. Street greenness was associated with a reduction of the GDS scores. Compared with
residents living in neighbourhoods in the first quartile of street view greenness, those living in neighbourhoods in the second, third
and fourth quartiles of street view greenness had lower GDS scores [Q2: Coeff.=−1.179, SE= 0.391; Q3: Coeff.=−1.028,
SE=0.409; Q4: Coeff.=−1.216, SE= 0.396], but no evidence can support that street greenness was also associated with GAI scores.
Most importantly, street walkability was associated with a reduction of the GDS scores. Compared with residents living in neigh-
bourhoods in the first quartile of street view proportion of sky (high walkability), those living in neighbourhoods in the second
(middle-high walkability), third (middle-low walkability) and fourth (low walkability) quartiles of street view proportion of sky had
higher GDS scores [Q2: Coeff.= 0.981, SE= 0.367; Q3: Coeff.= 1.023, SE= 0.391; Q4: Coeff.= 1.596, SE= 0.389], while street
walkability was also associated with a reduction in GAI scores. Compared with residents living in neighbourhoods in the first quartile
of street view proportion of sky (high walkability), those living in neighbourhoods in the second (middle-high walkability), third
(middle-low walkability) and fourth (low walkability) quartiles of street view proportion of sky had higher GAI scores [Q2:
Coeff.= 0.349, SE=0.173; Q3: Coeff.= 0.394, SE=0.178; Q4: Coeff. = 0.551, SE= 0.177].

3.3. Robustness tests

Models 3 and 4 in Table 5 were used to test whether the results in Models 1 and 2 were robust. In Models 3a and 4a, we treated
street walkability as a continuous variable. In Models 3b and 4b, we excluded respondents whose ages were above 85, because these
respondents were at an extremely advanced age and their perception of the street view may be biased (Gascon et al., 2018). In Models
3c and 4c, we set the radius of buffer as 1000 m. In Models 3d and 4d, we set the dependent variable as a binary variable. Re-
spondents whose GDS scores were above 8 can be regarded as having depression (Lam et al., 2004), and respondents whose GDS
scores were above 10 can be regarded as having anxiety (Pachana et al., 2007), so they were regarded as treated groups. In Models 3e
and 4e, we excluded respondents who had cataracts, glaucoma, AD (Alzheimer's Disease) or neuropathy, because for those who had
cataracts, glaucoma, AD (Alzheimer's Disease) or neuropathy, their perception of the street view may also be biased. In Models 3f and
4f, we excluded respondents who had problem with going 3–4 lion on foot or go up and down the stairs by themselves, because these

Table 5
Robustness tests results from multilevel regression models for the relationship between GDS and GAI scores and neighbourhood street walkability
among older adults.

DV: Depression DV: Anxiety
Coeff. (SE) Coeff. (SE)

Variable Model 3a Model 4a
Street view proportion of sky 8.220*** (2.532) 4.087*** (1.645)

Model 3b Model 4b
Street view proportion of sky (ref: Q1 high walkability)
Q2 (middle-high walkability) 0.824** (0.372) 0.305** (0.151)
Q3 (middle-low walkability) 1.021*** (0.395) 0.368** (0.141)
Q4 (low walkability) 1.639*** (0.394) 0.623*** (0.149)

Model 3c Model 4c
Street view proportion of sky (ref: Q1 high walkability)
Q2 (middle-high walkability) 0.827** (0.373) 0.206** (0.102)
Q3 (middle-low walkability) 0.877** (0.376) 0.396*** (0.104)
Q4 (low walkability) 0.961** (0.402) 0.408*** (0.102)

Model 3d Model 4d
Street view proportion of sky (ref: Q1 high walkability)
Q2 (middle-high walkability) 1.563*** (1.049-3.154) 1.765*** (1.090-3.467)
Q3 (middle-low walkability) 1.722** (1.079-3.127) 1.795*** (1.084-3.648)
Q4 (low walkability) 2.347** (1.049-3.680) 1.979*** (1.053-3.174)

Model 3e Model 4e
Street view proportion of sky (ref: Q1 high walkability)
Q2 (middle-high walkability) 0.907** (0.399) 0.274** (0107)
Q3 (middle-low walkability) 1.203*** (0.424) 0.362*** (0.108)
Q4 (low walkability) 1.678*** (0.426) 0.478*** (0.106)

Model 3f Model 4f
Street view proportion of sky (ref: Q1 high walkability)
Q2 (middle-high walkability) 0.914** (0.378) 0.207* (0.103)
Q3 (middle-low walkability) 1.226** (0.406) 0.381*** (0.107)
Q4 (low walkability) 1.615*** (0.403) 0.584*** (0.103)

* p<0.10.
** p< 0 .05.
*** p< 0 .01. Models adjusted for individual-level covariates and street view proportion of greenness.
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respondents were less likely to walk around their neighbourhood and were less influenced by street view. For all these robustness
tests of the models, the relationship between neighbourhood street view proportion of sky (walkability) and respondents’ GDS and
GAI scores were significant, and compared with residents living in neighbourhoods in the first quartile of street view proportion of
sky (high walkability), those living in neighbourhoods in the second (middle-high walkability), third (middle-low walkability) and
fourth (low walkability) quartiles of street view proportion of sky had higher GDS and GAI scores.

3.4. Exploring the effect of neighbourhood street walkability on respondents’ GDS and GAI scores in subgroups

The results of the cross-level interaction in Models 5 and 6 (Table 6) indicated that street walkability moderates the relationship
between individuals’ educational attainment, social ties and physical condition indicators and respondents’ GDS and GAI scores. In
Models 5a and 6a, respondents with higher education attainment were less influenced by street walkability, which means that
neighbourhood street walkability was more protective for less educated respondents. In Models 5b and 6b, respondents with physical
disease were more influenced by street walkability, which means that neighbourhood street walkability was more protective for
respondents with physical disease. In Models 5c and 6c, respondents who were functionally restricted were more influenced by street
walkability, which means that neighbourhood street walkability was more protective for respondents who were functionally re-
stricted. In Models 5d and 6d, respondents who had higher quantity and quality of social ties were less influenced by street walk-
ability, which means that neighbourhood street walkability was more protective for respondents who were functionally restricted.
Thus, higher street walkability was more important for older respondents in disadvantaged groups (e.g., less educated, with physical
disease, functionally restricted, lower quantity and quality of social ties).

4. Discussion

Few studies have examined neighbourhood walkability-mental health associations, especially for older adults. Even fewer studies
have assessed walkability with eye-level streetscape images. A previous study has proved that a higher proportion of sky in each
street view image is associated with lower probability of walking, because a higher proportion of sky indicates lower urban density,
fewer pedestrian destinations as well as less urban greenness (Yin and Wang, 2016). Therefore, the proportion of sky in a streetscape
image is a suitable measurement of eye-level neighbourhood walkability.

This study showed a potential beneficial role of eye-level neighbourhood walkability on depression and anxiety in older adults.
These results can be explained by two mechanisms, including physical activity and social contacts. First, the most popular outdoor

Table 6
Relationship between GDS and GAI scores and neighbourhood street walkability among older adults in different subgroups.

DV: Depression DV: Anxiety
Coeff. (SE) Coeff. (SE)

Variable Model 5a Model 6a

Street view proportion of sky (ref: Q1 high walkability)× Education (ref: primary school or less)
Q2 (middle-high walkability)×High school -0.067* (0.046) -0.153 (0.157)
Q3 (middle-low walkability) ×High school -0.087** (0.047) -0.274* (0.159)
Q4 (low walkability) ×High school -0.365*** (0.042) -0.296* (0.166)
Q2 (middle-high walkability)× College or more -0.451*** (0.046) -1.230*** (0.144)
Q3 (middle-low walkability) ×College or more -0.966*** (0.047) -1.291*** (0.146)
Q4 (low walkability) ×College or more -0.995*** (0.046) -1.296*** (0.152)

Model 5b Model 6b
Street view proportion of sky (ref: Q1 high walkability)×With physical disease (ref: without physical disease)
Q2 (middle-high walkability)×With physical disease (ref: without physical disease) 1.968 (0.692) 2.256** (1.121)
Q3 (middle-low walkability) ×With physical disease (ref: without physical disease) 2.690** (0.729) 2.896** (1.212)
Q4 (low walkability) ×With physical disease (ref: without physical disease) 3.452*** (0.760) 5.032*** (1.264)

Model 5c Model 6c
Street view proportion of sky (ref: Q1 high walkability)× Functional ability restricted (ref: not restricted)
Q2 (middle-high walkability)× Functional ability restricted (ref: not restricted) 0.982*** (0.039) 0.648*** (0.100)
Q3 (middle-low walkability) × Functional ability restricted (ref: not restricted) 0.988*** (0.037) 0.859*** (0.088)
Q4 (low walkability) × Functional ability restricted (ref: not restricted) 0.992*** (0.041) 0.916*** (0.093)

Model 5d Model 6d
Street view proportion of sky (ref: Q1 high walkability)×Quantity of social ties
Q2 (middle-high walkability)×Quantity of social ties -0.491 (0.398) -1.181* (0.663)
Q3 (middle-low walkability) ×Quantity of social ties -0-.895** (0.399) -1.256* (0.664)
Q4 (low walkability) ×Quantity of social ties -1.087*** (0.401) -1.641** (0.668)
Street view proportion of sky (ref: Q1 high walkability)×Quality of social ties
Q2 (middle-high walkability)×Quality of social ties -0.875*** (0.311) -0.439 (0.519)
Q3 (middle-low walkability) ×Quality of social ties -0.957*** (0.307) -0.958* (0.508)
Q4 (low walkability) ×Quality of social ties -1.918*** (0.328) -2.292*** (0.546)

* p<0.10.
** p< 0 .05.
*** p< 0 .01. Models adjusted for individual level covariates and street view proportion of greenness.
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physical activity for old adults in China is walking around the neighbourhood (Hallal et al., 2012), so with the decreased neigh-
bourhood walkability, older residents may decrease their outdoor activities, such as walking. Second, neighbourhood streets are also
an important social space for older adults in China, because of their limited functional abilities (Deng et al., 2010). Thus, the decrease
of neighbourhood walkability may reduce older residents’ opportunities for social contact.

The results of robustness tests confirmed that the neighbourhood walkability-mental health associations for older adults were
relatively robust compared with the results for adults (Frank et al., 2010; Su et al., 2017a). The reasons may be that older adults may
have limited mobility, so they are more exposed to the neighbourhood environment compared with the adults who can travel for a
long distance for daily activities. Previous studies support the fact that young adults are exposed to an array of urban environments,
including neighbourhoods, workplaces and destinations for leisure purposes (Helbich, 2018; Pearce et al., 2016; Schönfelder and
Axhausen, 2003; Xiao et al. 2017; Xiao et al. 2019). Additionally, older adults have a stronger sense of place attachment compared
with young adults, so they are more likely to be influenced by their neighbourhood environment (Wiles et al., 2009; Wiles et al.,
2012).

The cross-level interaction effect suggested that the effects of eye-level neighbourhood walkability on older adults’ depressive
symptom may vary across different subgroups. Neighbourhood walkability is even more beneficial for older adults who are in
disadvantaged groups, such as being less educated, with physical disease, with functional disability, and with lower quantity and
quality of social ties. Older residents who are less educated, with lower quantity and quality of social ties, may be unaware of current
health-related information, so they have poorer health (Niedzwiedz et al., 2016). However, living in neighbourhood with higher
wallablity, residents are more likely to have social contact around neighbourhood (Su et al., 2016; Su et al., 2017a), so not only can
they strengthen their social ties with their neighbours, but also they can get more health-related information through social contact.
Hence, older residents who are with physical disease or being functionally restricted are more influenced by neighbourhood walk-
ability, because they can not travel for a long distance which limits their activity spaces and make them to be confined to the areas
surrounding their residence (Wiles et al., 2009; Wiles et al., 2012; Su et al., 2017b; Su et al., 2017c). Also, they may take less physical
activities to avoid being hurt due to physical disadvantages (Nelson et al., 2007). However, living in neighbourhood with higher
walkability, older adults may take more low-intensity exercise around neighbourhood, since their neighbours may also take more
physical activities and can offer them help. Thus, those older residents who are in disadvantaged groups may be more influenced by
neighbourhood walkablity.

Some limitations of this study should be noted. Street walkablity is a composite index, but we only measure one of the most
important aspects of it (visual enclosure) by using street view data, so more and other indicators from street views may be needed to
improve the reliability of the measurement of walkability in future studies. The street views are obtained in 2012 while the survey
data were collected in 2011. There was a mismatch between those data, because of rapid urbanization in Beijing during 2011–2012.
Our cross-sectional study design cannot infer any causal relationship between neighbourhood walkability and older adults’ de-
pression and anxiety, so further longitudinal studies are needed. The sample is not representative enough, because Beijing is one of
the most developed cities in China, so the relationship for older people in rural areas or underdeveloped areas in China is still unclear.
We have not yet explored the mechanisms through which neighbourhood walkability has an effect on older adults’ depression and
anxiety. Physical activities may play in the underlaying mechanisms. However, the data were not collected in our survey. Last, our
survey was collected in 2011 and we do not have pedestrian volume and Walk Score data at that time, so further study should
compare the result of traditional measurement of walkablity and eye-level walkablity.

5. Conclusion

The present study indicates a potential beneficial role of street walkability on mental health (depression and anxiety) in older
residents. The results also prove that these associations are relatively robust compared with previous studies. Furthermore, street
walkability has strong associations for older adults in disadvantaged groups, such as those with less education, chronic physical
diseases, limited functional ability, or weak social ties. Further studies are required to address some of the remaining limitations in
this research, including the design of longitudinal studies and unravelling the potential mediating mechanisms.
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