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A B S T R A C T   

Background: Neighborhood environmental attributes can promote walking behavior among older 
adults. Nevertheless, these walkability attributes may affect walking behavior differently 
depending on the time of the day. This study examined the association between neighborhood 
environmental attributes and average step counts at different times of the day. 
Methods: We included 122 older adults (aged ≥ 60 years, mean age: 70.0 years) from Taiwan in 
this study. Neighborhood environmental attributes were estimated using a geographic informa-
tion system. An accelerometer was used to calculate their daily step counts during three time 
periods: morning (6:00 to 12:00), afternoon (12:01 to 18:00), and night (18:01 to 24:00). In this 
cross-sectional study, we performed multiple linear regression after adjustment for potential 
covariates to examine the correlation of five walkability attributes, namely residential density, 
street connectivity, sidewalk availability, destination accessibility, and public transportation 
accessibility, with total step counts during different time periods. 
Results: Sidewalk availability, destination accessibility, and public transportation accessibility 
demonstrated a positive association with older adults’ step counts during morning. No association 
was found between any neighborhood environment attribute and older adults’ total step count 
during afternoon and night. 
Conclusions: Neighborhoods with high sidewalk availability, access to destinations, and public 
transportation accessibility may encourage older adults’ walking behavior during morning. 
Future research applying longitudinal methods is required to understand how the time of the day 
affects environment’s role in supporting walking behavior.   
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1. Introduction 

In the older population, physical activity can provide numerous benefits such as improvement in bone health and cardiac function, 
reduction in the risk of noncommunicable diseases (e.g., diabetes, chronic diseases, and cancer), decrease in functional limitations, and 
improvement in mental illness (Penedo and Dahn, 2005; Warburton et al., 2006). Moreover, physical activity can reduce the rate of 
all-cause mortality (Waschki et al., 2011). According to the World Health Organization report, people’s average lifespan has increased 
over the years; thus, the proportion of older adults (those aged ≥60 years) has increased at a rapid rate. Hence, addressing the inactive 
lifestyles of the older population is crucial (Hsueh et al., 2016; World Health Organization, 2002). Walking is a moderate-intensity 
aerobic physical activity, and its incorporation into daily routine requires no specialized techniques or facilities (Murtagh et al., 
2010). Walking is not only a low-cost and low-risk activity but also the preferred physical activity for older people (Amireault et al., 
2019). Therefore, walking can be an ideal entry-level physical activity to improve the health of older adults. 

According to the socioecological model of health behavior, neighborhood surroundings might affect the physical activity level of 
older adults (Sallis et al., 2015). Furthermore, the model suggests that environmental factors exert stronger effects on specific be-
haviors, including walking (Glanz et al., 2008). Because older adults have a declining physical function and muscular endurance 
(World Health Organization, 2012) and higher frequency of social interaction with neighbor (Lee, 2020), they spend most of their time 
in their neighborhoods. Thus, developing a walkable neighborhood environment is crucial for motivating older people to incorporate 
walking behavior into their daily routine (Giles-Corti et al., 2005). A walkable environment should have well-developed infrastructure, 
convenient access to public transportation, and pedestrian-friendly street networks. These attributes can help increase the daily step 
count of older adults (Chen et al., 2019). Related reviews have indicated a positive association between neighborhood walkability 
attributes and walking behavior (Barnett et al., 2017; Saelens and Handy, 2008). However, the utilization of walkable environments 
may vary depending on the time of the day in terms of older adults’ daily routine (Pleson et al., 2014). Large-scale physical activity 
data revealed that higher walkability was linked to an increased step count during certain times of the day; for instance, cities with 
higher walkability demonstrated increased step counts during the daily commute (9:00 and 18:00) and lunch hours (Althoff et al., 
2017). Moreover, a study reported that older adults’ physical activity tended to peak in the daytime (Schrack et al., 2013). However, no 
study has focused on different time periods while examining the relationship between walkability attributes and walking behavior. 
Because the diurnal pattern of physical activity in older adults differs by the time of the day (Sartini et al., 2015; Wrobel et al., 2021), 
we hypothesized that the walkability attributes of neighborhood environments supporting walking for daily errands would be asso-
ciated with an increase in the step count of older adults in the daytime. Further investigation may help urban designers understand how 
walkability attributes affect older adults’ step count during different parts of the day. 

Given the fact that time-divided data are required to fill the research gap, an accelerometer can be used to accurately measure older 
adults’ total step count during a specific time of the day without the error of recall bias that is commonly encountered in self-reported 
questionnaires (Kelly et al., 2013; Shephard, 2003; Welk, 2002; Welk et al., 2014). Therefore, we used an accelerometer to collect 
accurate time-based walking data for three time periods: morning (6:00 to 12:00), afternoon (12:01 to 18:00), and night (18:01 to 
24:00) (Klenk et al., 2016; Sartini et al., 2015). Considering older adults’ daily routine and lifestyle patterns, we hypothesized that 
favorable neighborhood walkability attributes would be positively related to their steps during daytime (i.e., morning and afternoon). 
The findings of this study broaden our understanding regarding whether neighborhood environments affect older adults’ step count 
differently depending on the time of the day. 

2. Materials and methods 

2.1. Participant recruitment 

We recruited older adults from 28 neighborhoods in Taipei between April and September 2018. Taipei City, the capital of Taiwan, 
has one of the highest rates of population aging in Asia; thus, a high proportion of older adults reside in this city (Yap et al., 2005). 
Potential participants residing in Taipei City were informed regarding this research through neighborhood advertisements or 
broadcasts, and they voluntarily contacted recruiters for participating in the study through phone calls. We included healthy 
community-dwelling older adults who were aged ≥60 years and could walk independently. We excluded from the study sample in-
dividuals who required assistive walking devices or were living in institutions. 

Participants were asked to complete a questionnaire containing questions on personal attributes (age, sex, and living arrangement) 
and self-related health status. Subsequently, to evaluate the physical performance of respondents, we performed an on-site exami-
nation and asked participants to wear the accelerometer around their hip. Finally, participants who completed the questionnaire and 
on-site examination and wore the accelerometer for 7 consecutive days received convenience store gift cards worth US$7 as 
compensation. 

2.2. Use of accelerometer for measuring step count (time-divided data) 

To collect accurate time-based data, we used an accelerometer (model wGT3X-BT; ActiGraph, Pensacola, FL, USA) to measure 
participants’ daily step count for 7 consecutive days. Data were considered to be valid if they met the following criteria: (1) collection 
of accelerometer data for at least 10 h and (2) collection of data for a minimum of 4 days, including at least one weekend day. Studies 
have used a triaxial accelerometer model to ensure the validity and reliability of data (Troiano et al., 2008). Thus, we fitted each 
participant with this electronic monitor around their hip at all times, and we asked them to remove the monitor only while engaging in 
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water-based activities (e.g., showering and swimming). 
Data collection was conducted following standard procedures and using 60-s epochs for analysis (Migueles et al., 2017). 

Furthermore, we categorized each individual’s sleeping time according to the self-reported diary of bedtime and waketime as 
non-wear time (Meredith-Jones et al., 2016; Tudor-Locke et al., 2014). In addition to sleeping time, non-wear time included periods of 
not less than 60 consecutive minutes of zero physical movements, and 2-min interruptions were allowed (Keadle et al., 2014; Troiano 
et al., 2008). We employed ActiLife software (version 6.0, Pensacola, FL, USA) to process accelerometer data (Aguilar-Farias et al., 
2014). After calculating participants’ daily step counts during the total wear time, we divided the day into three time segments, namely 
morning (6:00 to 12:00), afternoon (12:01 to 18:00), and night (18:01 to 24:00), based on related studies’ data regarding the activity 
patterns of older adults (Klenk et al., 2016; Sartini et al., 2015). 

2.3. Neighborhood walkability attributes 

Although neighborhood environments support the physical activity of older adults, neighborhood walkability attributes particu-
larly affect the walking behavior (Sugiyama et al., 2012). Thus, we evaluated five neighborhood walkability attributes that have been 
reported to be associated with older adults’ daily step counts (Chen et al., 2019; Liao et al., 2018; Saelens and Handy, 2008) by 
collecting self-reported data regarding participants’ residential area or village, which was regarded as the minimum geographic unit 
(Liao et al., 2019) and referred to census block in US by Ministry of the Interior (Ministry of the Interior, 2021). By using participants’ 
geocoding residential neighborhoods, we determined the following five environmental attributes by using a geographic information 
system software package (ArcGIS; ESRI, Redlands, CA, USA): (1) residential density (population per square kilometer), (2) street 
connectivity (the number of intersections per square kilometer), (3) sidewalk availability (the sum of areas), (4) destination acces-
sibility (total number), and (5) public transportation accessibility (total number). We determined residential density and street con-
nectivity by calculating the number of residents and intersections per square kilometer in our participants’ geocoded residential areas, 
respectively (Liao et al., 2018; Saelens and Handy, 2008). Sidewalk availability was determined by calculating the sidewalk area per 
square meter in a geocoded residential area (Chang et al., 2020). Destination accessibility was calculated as the number of diverse 
destination types (with a total of 30 types) available in our participants’ residential areas; we also referred to databases used in 
previous studies to examine this attribute (Brownson et al., 2009; Liao et al., 2018). Finally, we calculated public transportation 
accessibility as the total number of various transportation stations (bus, railway, and high-speed rail) and exits of mass rapid transit 
present in participants’ residential areas (Saelens and Handy, 2008). We obtained the public statistics of residential density, sidewalk 
area, and destinations from the National Development Council of Taiwan (2017) and that of population density, street connectivity, 
destinations, and public transportation from the National Land Surveying and Mapping Center, Ministry of the Interior, Taiwan 
(National Land Surveying and Mapping Center, 2018). Additional detailed information regarding the neighborhood attributes of 
walkability were provided in a previous study (Chang et al., 2020). 

2.4. Covariates 

Age, sex, marital status, living arrangement, educational level, employment status, self-rated health, and body mass index were 
assessed in our study as potential confounding variables. To evaluate participants’ self-rated overall health, we asked them to complete 
the SF-36-Item Short Form survey including the question “In general, would you say your health is” that was answered on a 5-point 
scale (Ware et al., 1993) ranging from (1) “very poor” to (5) “very good.” Participants with a score of at least 3 points were considered 
to have good health, whereas those with a score of <3 points were considered to have poor health. In addition, based on cutoff points 
regulated by the Taiwan Ministry of Health and Welfare (2020), we divided their self-reported body mass index into two categories: 
normal weight (18.5–24 kg/m2) and overweight (>24 kg/m2). 

2.5. Statistical analyses 

We obtained variables required for analysis from the data of 122 participants who completed the measurements. To ensure an 
effective research design and the normality of variable distribution, we followed the guidance of a recent review that indicated that not 
classifying continuous environmental measures is desirable (Kerr et al., 2011). To examine the association of the five walkability 
attributes (residential density, street connectivity, sidewalk availability, destination accessibility, and public transportation accessi-
bility) with accelerometer-measured daily step counts during different time periods, we employed the models of forced-entry multiple 
linear regression after adjusting for the aforementioned potential covariates. Unstandardized coefficients (B) were calculated to es-
timate the association of the five neighborhood environmental attributes with step counts at different time periods. We calculated the 
R-value to indicate the percentage of variance in the outcome variable that was explained by the exposure variable. All statistical 
analyses were conducted using IBM SPSS 23.0 software (SPSS Inc., IBM, Chicago, IL, USA), with the significance level set at p < 0.05. 

3. Results 

We initially recruited 218 older adults from a neighborhood in Taipei City. A total of 19 participants revealed disinterest in our 
study, and 29 people were excluded later because they did not meet the eligibility criteria. Moreover, of the remaining 170 people who 
completed the questionnaire, 22 declined to wear the accelerometer. Therefore, we finally included 148 older adults in the sample 
population. However, because of lacking personal information resulting from individuals not completing physical function tests (e.g., 
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grip strength, time up & go test, gait speed, one leg standing and five time sit to stand test) or the unavailability of data regarding daily 
step counts, we excluded 26 respondents from the final dataset. More details of physical function tests could be found in a previous 
study (Lai et al., 2020). Thus, we analyzed the data of only 122 eligible participants, resulting in an inclusion rate of 55.96% (Fig. 1). 
Each individual provided written informed consent before participation in the study. This study was approved by the Research Ethics 
Committee of National Taiwan Normal University (REC number: 201711HM003). 

3.1. Participants’ characteristics 

Table 1 lists participants’ characteristics. This study included 122 older adults (36 men and 87 women), with an average age of 69.9 
(standard deviation [SD] = 5.1) years. The study population comprised primarily married (66.4%) older adults and those who lived 
with other people (89.3%). Most of them did not possess a university or college degree (77.9%), and most of them had no full-time job 
(96.7%). Finally, the majority of participants rated themselves as having poor health (68.9%), and most of them (50.8%) had a healthy 
weight. 

3.2. Neighborhood walkability attributes and daily step count 

Table 2 summarizes neighborhood walkability attributes and accelerometer-measured total step counts in each time segment. In 
brief, participants’ average step count per day during wear time was 7454.1 (SD = 3443.5). Participants’ average step count for each 
time segment was as follows: 2949.5 (SD = 1793.8) per day during morning, 2274.6 (SD = 1394.4) during afternoon, and 1633.6 (SD 
= 1513.1) during night. 

3.3. Neighborhood walkability attributes and accelerometer-measured step counts in each time period 

Table 3 presents the associations between neighborhood walkability attributes and accelerometer-measured step counts in each 
time period. Statistical analysis was performed after adjustment for age, sex, marital status, living arrangement, educational level, 
employment status, self-rated health, body mass index, and accelerometer wear time. 

3.3.1. Morning (6:00 to 12:00) 
The results indicated that each additional unit per square meter of sidewalk availability was associated with 0.13 additional steps 

during morning (95% confidence interval [CI]: 0.01, 0.25; p = 0.030); each additional unit per square meter of destination accessi-
bility was associated with 29.06 additional steps during morning (CI: 2.16, 55.96; p = 0.034); and each additional unit per square 

Fig. 1. The flowchart of participant recruitment.  
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Table 1 
Participants’ characteristics.  

Categorical variables Category Total sample (n = 122) 

n (%) 

Sex Men 36 29.5% 
Women 86 70.5% 

Marital status Married 81 66.4% 
Unmarried 41 33.6% 

Living arrangement Lived alone 13 10.7% 
Lived with other people 109 89.3% 

Educational level No tertiary education 27 22.1% 
Tertiary educationa 95 77.9% 

Employment status Full- time job 4 3.3% 
Non-full-time job 118 96.7% 

Self-rated health Good 38 31.1% 
Poor 84 68.9% 

Body mass index Normal weight (18–24 kg/m2) 62 50.8% 
Overweight (>24 kg/m2) 60 49.2% 

Continous variable  Mean Standard deviation 

Age  69.9 5.1 

SD, standard deviation. 
a Tertiary education was indicating a university or college degree or higher. 

Table 2 
Summary of objective measured neighborhood walkability attributes and older adults’ total step counts divided by time.  

Attributes Description Average (SD) 

Objective measured attributes 
Residential density (person/km2) The number of people per square kilometer 30709.4 (14618.9) 
Street connectivity (amount/km2) The number of nodes where two roads meet per square kilometer 211.56 (90.3) 
Sidewalk availability (amount/m2) The number of sidewalk areas per square meter 3627.23 (2702.6) 
Destinations accessibility (amount) The amount of 30 destination typesa 15 (12) 
Public transportation accessibility (amount) The number of public transportation stations 23 (18) 
Average step counts per day 
Overall Step counts of wear time 7454.1 (3443.5) 
Morning: 6:00 a.m. to 12 noon (amount) Step counts of older adults during the morning 2949.5 (1793.8) 
Afternoon: 12:01p.m. to 6:00 p.m. (amount) Step counts of older adults during the afternoon 2274.6 (1394.4) 
Night: 6:01 p.m. to 12 night (amount) Step counts of older adults during the night 1633.6 (1513.1) 

SD, standard deviation. 
a 30 destination types: convenience store, fruit store, dry cleaning store, supermarket, hardware shop, coin laundry, clothing store, post office, 

library, book store, café, fast food store, bank, restaurant, video and video rental shop, pharmacy, drug store, hairdresser, park, gym or sports facility, 
fitness club, kindergarten, elementary school, junior and senior high school, 2-year and 4-year college, university. 

Table 3 
Association between neighborhood environmental attributes and multi-time period objectively measured daily steps.  

Neighborhood environmental attribute Total steps of the morning Total steps of the afternoon Total steps of the night 

0600–1200 1201–1800 1801–2400  

Bb 95% CI p Bb 95% CI p Bb 95% CI p 

Residential density (person/km2) − 0.02 (-0.25, 0.22) 0.886 0.02 (-0.00, 0.03) 0.079 0.00 (-0.02, 0.02) 0.823 
R-squared  0.097   0.162   0.133  
Street connectivity (amount/km2) 1.01 (-2.71, 4.73) 0.593 1.37 (1.44, 4.19) 0.336 0.39 (-2.70, 3.46) 0.805 
R-squared  0.133   0.146   0.133  
Sidewalk availability (amount/m2) 0.13 (0.01, 0.25) 0.030a 0.03 (-0.06, 1.25) 0.482 0.08 (-0.02, 0.18) 0.103 
R-squared  0.135   0.143   0.153  
Destinations accessibility (amount) 29.06 (2.16, 55.96) 0.034a − 2.11 (-22.95, 18.73) 0.842 9.01 (-13.54, 31.73) 0.427 
R-squared  0.133   0.139   0.138  
Public transportation accessibility (amount) 18.49 (0.84, 36.15) 0.040a − 1.13 (-14.79, 12.54) 0.871 8.02 (-6.78, 22.82) 0.285 
R-squared  0.131   0.139   0.142  

Adjusted for age, sex, marital status, living arrangement, educational level, employment status, self-rated health, body mass index, and accelerometer 
wear time. 

a p < 0.05. 
b Unstandardized regression coefficient. 
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meter of public transportation accessibility was associated with 18.49 additional steps during morning (95% CI: 0.84, 36.15; p =
0.040). However, residential density and street connectivity exhibited no significant relationship with the total step count. 

3.3.2. Afternoon (12:01 to 18:00) 
No significant association was observed between any neighborhood walkability attribute and the total step count during afternoon. 

3.3.3. Night (18:01 to 24:00) 
No significant association was observed between any neighborhood walkability attribute and the total step count during night. 

4. Discussion 

Our study findings fill the research gap and emphasize the role of walking-friendly environmental attributes in supporting older 
adults’ walking behavior that varies depending on the time of the day. The association of environmental attributes with older adults’ 
step counts appeared more prominent during the day than during the night. This is the first study to investigate the association between 
walkability attributes and time-based step counts. Our findings highlighted the importance of walkability attributes during morning, 
particularly sidewalk availability, destination accessibility, and public transportation accessibility. For the advanced planning of 
favorable community-based strategies, urban designers should consider these findings to encourage older adults to walk more. 

4.1. Sidewalk availability, destination accessibility, and public transportation during the morning period 

During the morning period (6:00 to 12:00), a positive relationship was found between sidewalk availability and total step counts. 
When time segmentation was not considered, significant relationships were observed between sidewalk availability, destination 
accessibility, and public transportation accessibility, and older adults’ step counts (Barnett et al., 2017; Saelens and Handy, 2008; Yun, 
2019). In Taiwan, the perceived presence of sidewalks and objectively measured sidewalk availability have been found to be positively 
associated with walking and older adults’ step counts (Chen et al., 2019; Liao et al., 2015). Our study not only produced consistent 
results but also confirmed the aforementioned positive correlations specifically during morning. Because older adults typically wake 
up early and visit parks or local markets to converse with their friends (Pleson et al., 2014), the presence of increased areas of sidewalk 
and number of destinations and public transportation stations may increase their mobility by encouraging them to visit these places. 

Residential density and street connectivity were not found to be positively associated with total step counts during morning (6:00 to 
12:00). Although numerous studies have demonstrated that older adults can conveniently access locations in neighborhoods with a 
high residential density and connectivity (Forrest et al., 2002; Li et al., 2005; Sugiyama et al., 2012), both residential density and street 
connectivity were not always strongly related to older adults’ walking behavior because of safety concerns in the environment (e.g., 
crowded street crossings or heavy traffic) (Kerr et al., 2012; Michael et al., 2006). Future studies should focus on these matters. 

4.2. During night period and afternoon period– no significant relationship 

Our results demonstrated that the five walkability attributes that promoted physical activity (Yun, 2019) were not related to older 
adults’ step counts during afternoon (12:01 to 18:00) and night (18:01 to 24:00). Previous studies have indicated that older men tend 
to have the highest step counts during morning (peak at 10–11 a.m.) and decreased step counts during afternoon and night. This 
finding might be attributed to older adults performing their daily tasks such as bathing, dressing, running errands, and volitional 
physical exercise during morning and being less active later in the day (Schrack et al., 2013; Wennman et al., 2019). In addition, in 
Taiwan, a high proportion of older adults have the habit of napping during afternoon (Lan et al., 2007). This phenomenon may 
mitigate the association between neighborhood attributes and total step counts during afternoon. During night, older adults encounter 
more challenges while walking (Gallagher et al., 2010). For example, poor street lighting at night compared with natural light at 
daytime can increase the risk of tripping, falling, or getting robbed (Gallagher et al., 2010; Van Cauwenberg et al., 2012). Furthermore, 
older adults might be more reluctant to venture outside during the night (Rosenberg et al., 2013; Van Cauwenberg et al., 2012). Thus, 
we speculate that even highly walkable neighborhoods would not significantly support older adults’ walking behavior during after-
noon and night because few people utilize these neighborhood facilities during those periods (Foster et al., 2014). Additional studies 
should examine time-segmented associations along with perceived environmental factors to further elucidate the more distinct roles of 
neighborhood walkability attributes during various times of the day. 

4.3. Policy implications 

Our results indicated that older adults prefer going for walks in a relatively walking-friendly environment and areas with a 
favorable public transport network during morning. Increased areas of sidewalks and number of destinations and public transport 
stations (Rissel et al., 2012) can encourage older adults to walk more during morning and motivate them to run their daily errands 
(Schrack et al., 2013). Moreover, because of sufficient sunlight during morning, older adults can identify obstacles on the sidewalk, 
resulting in a lower risk of falling (Rosenberg et al., 2013). To promote walking behavior among older adults, these time-segmented 
findings should be considered to develop tailored and effective community-based strategies such as setting up wider and safer side-
walks, increasing the bus frequency during morning, and building a convenient dwelling environment in communities. Urban de-
signers and researchers in related fields should develop strategies to increase older people’s perception of their neighborhood 
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environment despite living in walkable neighborhoods (Parra et al., 2010). 

4.4. Limitations 

This study has several limitations. First, the study’s cross-sectional design limited our ability to determine causality. Second, 
because perceived environmental factors were not considered in this study, critical information may have been neglected (Bowling and 
Stafford, 2007; Rosso et al., 2011); however, we recorded objective measurements to conduct a time-based examination and confirm 
positive relationships during specific time periods. Third, participants included in our study may not be representative of all Taiwanese 
older individuals because we used convenience sampling. Furthermore, participants with better overall health and more outdoor 
walking time may have been more likely than others to have higher step counts. However, in our study, the proportion of 
high-functioning older adults who reached a step count of 8000 per day (Tudor-Locke et al., 2011) was low (39.3%). Fourth, although 
the segmentation of time into morning, afternoon, and night was based on big data averages (Althoff et al., 2017), it may differ from 
the actual daily life patterns of participants, leading to less generalizable results. Moreover, because of privacy concerns (Liao et al., 
2019), we determined neighborhood walkability attributes according to self-reported addresses and not exact residential addresses. 
However, perceived neighborhood was validated for measuring neighborhood walkability attributes (Leslie et al., 2005). Fifth, our 
study focused only on the movements of older adults for determining daily step counts. However, walking is considered the funda-
mental standard of physical activity among older adults because walking is preferred by this population (Amireault et al., 2019; 
Murtagh et al., 2010). Finally, we did not consider other factors that would affect walking activity, including light and temperature. 
Future studies performing time-divided analyses should be conducted to obtain additional information. 

5. Conclusions 

The results of the present study indicated that depending on the time of the day, neighborhood environments play distinct roles in 
increasing the daily step counts of older adults. Our results may be beneficial for policymakers and urban designers because they reveal 
that associations between walkability attributes and older adults’ step counts may be stronger during morning than afternoon and 
night. 
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