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Abstract 
Physical activity is essential for maintaining mental and physical health. Despite its benefits, older 
adults fall short of the recommended physical activity levels. Walking, in particular, offers 
significant advantages for older adults because of its low-impact nature and lower likelihood of 
serious injuries. Accordingly, in this study, we examine three key dimensions of walking behavior 
among adults aged 50 and older: frequency, duration, and social companionship (SC). In particular, 
using data from a 2022 the American Association of Retired Persons (AARP) Walking Survey, 
and employing a joint modeling approach, we identify the factors influencing each of the three 
dimensions of walking behavior. Our findings suggest that older unemployed adults from low-
income/minority households, women, and individuals in households with children tend to walk 
less frequently and for shorter durations. Having social company on walks has the highest positive 
effect on both walk frequency and duration, dominating over other sociodemographic factors. The 
results also point to specific population segments; specifically Black individuals, those employed, 
and single adults; walking less in groups, while those in households with children walking more 
in a group. These results highlight the importance of considering social aspects in understanding 
walking behavior. Policy implications of the findings are discussed.  
 
Keywords: older adults, walking behavior, social companionship, multivariate modeling, health 
equity  
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1. INTRODUCTION 
Physical activity significantly impacts mental and physical health. It reduces the risk of 
cardiovascular diseases and enhances physical dexterity (see LaCroix et al., 1996, and Oja et al., 
2018), while also having the benefit of improving mental health through a reduction in depressive 
symptoms and enhanced life satisfaction (see Julien et al., 2013, and Franke et al., 2021). 
Recognizing such physical and mental health benefits of physical activity, the U.S. Department of 
Health and Human Services (USHHS) recommends that adults engage in at least 150 weekly 
minutes of moderate-intensity aerobic physical activity (USHHS, 2018). However, data shows that 
a large fraction of adults, particularly older adults, do not meet this recommendation. Specifically, 
only 13.9% of individuals aged 65 and older meet this standard, compared to 49.7% of all adults 
in the 18 to 64 age group (National Center for Health Statistics, 2019). One reason that older adults 
lag behind in physical activity is the increased physical frailty with age, making it more difficult 
for older adults to partake in relatively vigorous physical activities such as running or playing 
soccer. Besides, older adults tend to be more susceptible to injuries and bone fractures when 
engaging in strenuous physical activities (see Spiteri et al., 2019). Thus, the Centers for Disease 
Control and Prevention (CDC) recommends brisk walking as the primary moderate-intensity 
activity for older adults, which forms the basis for social programs promoting walking in the U.S. 
and beyond (for example, the “Walk2Connect” in the U.S, the  “Choose to Move” in Canada, and 
the “Walking for Health” in England; see Hanson and Jones, 2015 and Franke et al., 2021).  

The 150-minute total walk duration recommendation of physical activity for older adults 
(assuming that walking is indeed the predominant form of physical activity for this age group) may 
be achieved through any number of combinations of frequency of weekly walking episodes and 
duration per walking episode. While the USHHS recommendation does not specify any optimal 
combination of the two, there is evidence that a good balance and mix of the two is helpful. For 
example, while walking for 15 minutes per walking bout and ten walking bouts a week, and 
walking for 75 minutes per bout and two bouts a week, both involve a total of 150 weekly minutes 
of walking, there are differences in the potential health benefits. The shorter and more frequent 
bouts are beneficial for regulating blood sugar levels, particularly for those with diabetes or insulin 
resistance (see Umpierre et al., 2013 for a systematic review assessing the association between 
intensity and volume of exercise in patients with type 2 diabetes). Moreover, the psychological 
benefits of walking, such as reduced stress and improved mood, may be more noticeable with 
frequent bouts spread throughout the day or week. The longer bouts, on the other hand, provide 
sustained cardiovascular exercise, leading to greater improvements in heart health and endurance 
and reduction in cholesterol rate compared to the shorter, more frequent bouts (see Vasankari et 
al., 2017 and Prasertsri et al., 2022). In short, whether a good balance between frequency and 
duration is preferable or not is not in question, though the “optimal” balance may vary from 
individual to individual. In this context, it is important to examine both the frequency and duration 
dimensions of walking episodes when studying walking behaviors. In contrast, most existing 
studies have either focused solely on bout frequency (see Cerin et al., 2009,  Sehatzadeh et al., 
2011, Liao et al., 2017, and Hwang et al., 2023), or on the overall duration of walking over a 
certain period (for example, Klenk et al., 2016, Valenti et al., 2016, and Patel et al., 2018), without 
examining both aspects simultaneously. 

An additional walking dimension that has received some limited attention, albeit more in 
the public health and gerontology literature rather than the transportation/urban planning literature, 
is whether a walking bout is undertaken alone or in company. This literature indicates that having 
a walking companion, especially for older adults, has a positive impact on mental well-being (see 
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Kritz et al., 2021, and Irvine et al., 2022) and provides motivation to maintain a sustained walking 
routine (see, Leung et al., 2018, Kubota et al., 2020, Kritz et al., 2021, and Irvine et al., 2022).  
Thus, relative to walking alone, walking in social company can influence walking bout frequency 
and duration, as well as enhance quality-of-life benefits (Meads and Exley, 2018). Consequently, 
a comprehensive understanding of walking habits, especially the interplay among the three 
dimensions of frequency, duration, and companionship, would be beneficial, particularly in the 
wake of the COVID-19 pandemic that has brought about significant declines in walking among 
older adults (see Beauchamp et al., 2022, Felipe et al., 2023, and Hwang et al., 2023). Accordingly, 
in this paper, we employ a multivariate modeling approach to estimate the effects of 
sociodemographic factors on all three dimensions, utilizing data from the “American Association 
of Retired Persons (AARP) Walking Survey: Attitudes and Habits of Adults Aged 50 and Older” 
collected in July 2022.  

The rest of this paper is organized as follows: Section 2 provides an overview of the 
literature on the walking behavior of older adults. Section 3 discusses the data and sample 
characteristics, while Section 4 presents estimation results. Section 5 translates the estimation 
results into average treatment effects (ATEs) that inform policies aimed at promoting walking, as 
discussed in Section 6. Finally, Section 7 concludes the paper with a summary of the findings and 
future research directions. 

 
2. LITERATURE OVERVIEW 
A number of earlier studies have explored the health and overall well-being benefits of each of the 
three walking dimensions (i.e. frequency, duration, and companionship) considered in this study. 
Studies on walking frequency and duration effects have established beneficial effects on improving 
mental wellness (through decreasing the occurrence and frequency of depression, improving 
vitality, and reducing stress levels; see, for example, Kroesen and De Vos, 2020, Roe et al., 2020, 
Chen et al., 2021, and Chin et al., 2022)  and physical wellness (through reduced cardiovascular 
disease risks, enhanced control on blood glucose and pressure; see, for example, Morita et al., 
2019, Omura et al., 2019, Yates et al., 2020, and Rizka et al., 2022). Research on the influence of 
companionship walking, especially among older adults, has also been quite extensive, suggesting 
reduced loneliness feelings in everyday life, improved functional capability, lower body fat 
indices, better sleep, and enhanced happiness mood (see, for example, Zhu and Fan, 2018, Gümüş 
Şekerci and Kır Biçer, 2019, Kritz et al., 2021, and Mizuta et al., 2023). Extensive and relatively 
recent meta-reviews of the benefits of walking as a physical activity for health and quality-of-life 
reasons, especially for older adults, are available in Meads and Exley (2018), Bushman (2020), 
Marquez et al. (2020), Sithichoksakulchai et al. (2022), and Wei et al. (2022). 

In the rest of this section, we focus more on the determinants of walking, rather than the 
now well-established positive impacts of walking on health and quality of life. In this context, 
ecological models of physical activity in older adults (see, for example, Sallis et al., 2015; Krogstad 
et al., 2015; Thornton et al., 2017 and Bergen et al., 2023) have identified individual walking 
behavior as being influenced by the rich interplay of individual characteristics (sociodemographics 
such as age, race/ethnicity, gender, household composition, and income, and health conditions), 
psychosocial factors (social support, self-efficacy, and health and safety perceptions), and 
environment variables (including objective and perceived built environment attributes, weather 
conditions, and ambient natural greenery/vegetation characteristics). In the following sections, we 
provide a brief overview of existing studies within this ecological framework of walking, based 
on the dimension of walking considered (that is, based on walking frequency, duration, and social 
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companionship). Our review is confined to studies that examine walking, rather than the broader 
category of physical activity in older adults. We also emphasize studies of older adults, as opposed 
to those considering the entire population, though we do include some general population studies 
undertaken after the onset of the pandemic in 2020. 

  
2.1. Frequency as Measure of Walking Habits 
In the research space focusing on walking frequency among older adults, studies have identified 
many sociodemographic and built environment (BE) determinants of utilitarian and recreational 
walking trips. Giehl et al. (2016), from a study in Brazil, reported higher participation in one or 
more utilitarian bouts (of 10 minutes or more) per week among individuals living in high-
population density neighborhoods with good street connectivity and sidewalk availability, but 
observed that participation in one or more recreational walking bouts (of 10 minutes or more) per 
week to be primarily (positively) related to the neighborhood income level (“neighborhood” was 
defined in the Giehl et al. study as corresponding to the census tract of the individual’s residence). 
Complementing these findings, Yun (2019) conducted a systematic review of studies on the BE 
factors associated with older adults’ walking behaviors and reported that utilitarian walking 
frequency is associated with the physical attributes of the built environment, while recreational 
walking frequency is more closely linked to the neighborhood’s social status. Additionally, Wu et 
al. (2021) tested non-linear relationships between neighborhood BE variables (a neighborhood was 
defined as the traffic analysis zone (TAZ) of the individual’s residence) and daily walking 
frequency among older adults in Zhongshan, China. They found significant non-linear effects of 
population density, bus stop density, land-use mix, and sidewalk density on walking frequency. 
Wu et al. (2021) also presented associations between personal and household sociodemographic 
factors and walking frequency among older adults. The results showed that women, those aged 60 
to 70 years, and those with a positive attitude toward walking exhibited higher walking frequency, 
while employed individuals walked significantly less. 

During the COVID-19 pandemic, there has been an observable shift in travel behavior, 
including walking. The long-term effect of the pandemic on walking behavior is the subject of 
emerging research, though the number of studies on this topic is limited due to the relatively short 
period available for assessing long-term behavioral changes. However, research conducted by 
Hwang et al. (2023) and Younes et al. (2023) used reported walking frequency and/or intentions 
regarding walking frequency to study post-pandemic walking behavior. Hwang used a national 
U.S. sample, while Younes used a sample collected in New Jersey, U.S. Although both studies did 
not specifically focus on adults aged over 50 years, their findings suggest that individuals with 
greater flexibility and resources, such as the ability to work from home and higher income levels, 
walked more frequently than their peers. Hwang et al. (2023) further provided a comparative 
analysis of walking frequency before and after the pandemic, noting a decline in walking activity 
among individuals over 65 years of age. Similar to  Giehl et al. (2016), high neighborhood (based 
on zip-code) population density, good neighborhood walk and bicycle infrastructure, and 
proximity to the nearest bus stop also turned out to be positive determinants of walk frequency. 
Additionally, Hwang et al. explored reasons affecting the decisions to walk and found walking to 
be more motivated by recreation desires than utilitarian pursuits. Younes et al. (2023) used both 
reported walk frequency during the pandemic (based on surveys conducted in the winters of 2020-
2021 and 2021-2022), as well as walk frequency intent in the longer term future. They found that 
individuals aged over 50 years were less likely to increase walking during the pandemic. However, 
when considering the desire to walk more after the pandemic in the longer term future, there was 
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no significant difference among age groups, suggesting that older adults may be more inclined to 
resume or increase their walking habits once pandemic-related health concerns lessen. Work 
frequency from home (the main exogenous variable of interest) and high incomes also had a 
positive effect on walking frequency in the immediate aftermath of the pandemic as well as in the 
context of future walk frequency intentions. 

  
2.2. Duration as Measure of Walking Habits 
The emphasis placed by the USHHS and other health organizations on total weekly physical 
activity duration has led to many studies on weekly walk duration. Nagel et al. (2008), based on 
their study in Portland in the U.S., found that certain environment factors, such as neighborhood 
poverty, high volume streets, and good land use mix (based on quarter-mile and half-mile buffers 
around participants’ residences), significantly influenced the walking duration of older adults, 
although Nagel et al. did not find a significant relationship between BE factors and the decision to 
engage in walking. They proceed to conjecture that “modifications to the built environment may 
have little benefit in promoting walking behavior among sedentary older adults.” Older age, being 
white, and having a higher self-efficacy score also increased walking duration. Cerin et al. (2013) 
investigated the effect of perceived neighborhood BE factors (rather than objective BE measures) 
on weekly walk duration within their residential neighborhoods (defined as within 15 minutes of 
walking from the residence). They used data collected from older individuals residing in Hong 
Kong, and observed that, in general, recreational walking duration within the neighborhood had 
little association with perceived neighborhood BE factors (including perceptions of pedestrian 
infrastructure and proximity of recreational facilities). Maisel (2016) also focused on 
neighborhood BE perception (rather than objective BE measure) effects, but controlled for 
neighborhood type (classified based on population density into urban, suburban, or rural). They 
undertook the analysis using univariate Spearman’s rank correlations based on surveys of 
individuals living in senior centers in New York, U.S. Unlike the results from Cerin et al. (2013), 
Maisel observed that perceptions of low neighborhood crime, good walking/cycling infrastructure, 
and good traffic safety increased walking duration regardless of neighborhood type, with land-use 
mix particularly influencing walking duration in suburban neighborhoods and street connectivity 
particularly impacting walking duration in urban neighborhoods.  

Thornton et al. (2017), based on a study in Seattle and Baltimore in the U.S., employed 
one-mile buffers around participants’ homes to construct BE measures. They identified high 
intersection density, good land-use mixing, and number of recreation centers within the buffer as 
positive determinants of weekly utilitarian walking duration, but only mixed land-use as a negative 
determinant of weekly recreational walking duration. Perception of neighborhood walking/cycling 
facilities, self-efficacy (confidence to walk), positive social support (higher family companionship 
in walking and more family encouragement for walking), non-Hispanic white race, and not having 
a driving license were all also associated with an elevated utilitarian walk duration, while self-
efficacy, positive social support, non-Hispanic white race/ethnicity, and being on the younger side 
were the psycho-social and demographic variables increasing recreational walking duration. Zang 
et al. (2022), like Maisel (2016), also investigated whether BE effects varied by neighborhood 
type, though using objective BE measures based on buffers around participants’ residences and 
considering socioeconomic status (SES) to characterize neighborhood type. In their study of 
Chinese neighborhoods in Guangzhou, they observed that street connectivity was negatively 
correlated with walking duration in areas with low socioeconomic status, while it had no 
significant effect on walking duration in high-status neighborhoods. 
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2.3. Companionship as an Influencer of Walking Habits 
Beyond walking frequency and duration, walking behavior can also be influenced by social 
companionship. In a study conducted in Ontario, Canada, Clark and Scott (2016) examined the 
barriers to walking for a number of population subgroups, and found that “I have no one to walk 
with” is one of five important barriers for senior citizens (aged 65+ years) (the other barriers 
included a lack of motivation to walk, poor lighting, high traffic volumes, and dangerous 
crossings). The authors suggest that companionship offers both a sense of safety from traffic and 
crime, as well as serves a social purpose. Arroyo et al. (2020) used a dataset from a web-based 
survey from Valencia, Spain, investigating the importance of companionship in active lifestyle 
(walking and cycling) behaviors. They found more positive attitudes toward walking when a 
person had a larger, geographically compact,  and deeper (more frequent communications) social 
network, suggesting again a relationship between companionship and walking behavior. In 
contrast, Leung et al. (2018) examined the impact of both physical and social environments on 
walking behavior and concluded that companionship does not significantly influence the daily step 
count of older adults. In a longitudinal study, Kritz et al. (2021) discovered that older adults 
walking with peers tended to walk more frequently than those walking alone, with corresponding 
improvements in their physical health.  

In one of the only studies we are aware of that expressly considers companionship effects 
and neighborhood BE perception effects on individual walk duration (but at the trip level rather 
than a weekly level), Liu et al. (2020) employed a survey of older adults residing in Dalian, China. 
Their results revealed an interesting pattern where walking trip duration decreased when combined 
with other activities, when pursued with a social companion, and when undertaken frequently 
during the week. Trip walking duration also increased when residents (a) were satisfied with 
pedestrian walkway facilities, (b) had a positive view of neighborhood aesthetics, and (c) walked 
in the evening and felt crime safety was quite under control.  

 
2.4. The Current Study  
Table 1 synthesizes the many walking studies just discussed. In the table, we do not include review 
studies, but do include the Hwang et al. (2023) and Younes et al. (2023) studies that have been 
undertaken after the onset of the pandemic and considered age as an exogenous variable in their 
walking studies. In addition to the studies discussed earlier, we also include the study by Yang et 
al. (2022), who applied a seemingly unrelated regression equations system to examine the 
influence of neighborhood BE factors and sociodemographics on daily walking frequency and 
duration, accommodating for unobserved correlations (such as weather conditions on the day of 
survey) between walk frequency and walk duration. Their analysis used a 2015 travel survey from 
Xiamen, China, from which they selected individuals 60 years of age or over. The definition of a 
neighborhood in their analysis was at the community level (shequ). Their results indicated the 
strong positive effects of good land-use mix, high intersection density, and proximity to the 
commercial center on both the dimensions of frequency and duration, as well as revealed 
significant demographic effects (men, older and more highly educated individuals, those with 
many household members, and with a driver’s license walk less). The correlation between 
frequency and duration turned out to be positive and statistically significant. While providing good 
empirical insights, this study’s use of a correlated linear regression for daily walk outcomes (with 
a mean value of 1.11 walk bouts in the day) needs to be viewed with caution.  
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Table 1. Literature on Walking Behavior of Older Adults 

Reference 
Walking 

Metric Used 

Data Characteristics Main  
Exogenous 
Variablec Typeb Year Region 

Considers 
Companionship? 

Nagel et 
al. (2008) 

Weekly 
duration 

RP 2001 Portland, U.S. No BE (objective) 

Cerin et al. 
(2013) 

Weekly 
Duration 

RP 
2007-
2008 

Hong Kong, 
China 

No BE (perceived) 

Giehl et al. 
(2016) 

Binaryd  RP 
2009-
2010 

Florianopolis, 
Brazil 

No BE (objective) 

Maisel 
(2016) 

Weekly 
duration 

RP 2013 
Erie County, 

U.S. 
No BE (perceived) 

Thornton 
et al. 

(2017) 

Weekly 
Duration 

RP 
2005-
2008 

Baltimore, 
Seattle, U.S. 

No 
BE (objective and 

perceived) 

Liu et al. 
(2020) 

Trip duration RP 2017 
Dalian, 
China 

Yes (as 
exogenous) 

BE (perceived), SD 

Wu et al. 
(2021) 

Daily 
Frequency 

RP 2012 
Zhongshan, 

China 
No BE (objective) 

Zang et al. 
(2022) 

Total 
duration 

RP 2019 
Guangzhou, 

China 
No BE (objective), SES 

Yang et al. 
(2022) 

Frequency 
/Total 

duration 
RP 2015 Xiamen, China No BE (objective), SD 

Hwang et 
al. (2023)a 

Frequency RP/SI 
2020-
2021 

United States No BE (objective), SD 

Younes et 
al. (2023)a 

Frequency SI 
2021-
2022 

United 
Kingdom 

No 

Employment status, 
WFH (or not) 

during the 
pandemic  

a Studies covered walking behavior after the pandemic, but not focused on older adults. 
b RP = Revealed preference, SI = Stated intention 
c BE = Built environment, SD = Sociodemographic, SES = Socioeconomic status, WFH = Work from home 
d The dependent outcome was whether an individual walked 10 minutes or more in the week for utilitarian purposes 
and for recreational purposes.  

 
In this study, and relative to the many studies summarized in Table 1, we offer a novel 

analytic lens to understand older adults’ walking behaviors. In doing so, we contribute to the extant 
literature in many salient ways. First, our study uses revealed preference data on the walking habits 
of older adults from July 2022, at a time when the worst of the pandemic was clearly in the rear-
view mirror. Thus, our analysis should be able to provide a more stable and timely characterization 
of post-pandemic walking behaviors. Our analysis is particularly relevant given the rapidly aging 
population in the United States (Caplan, 2023). Second, to our knowledge, this is the first study to 
jointly model walking frequency, duration, and social companionship. Earlier studies, as should 
be clear from our earlier discussion and except for Yang et al. (2022), consider a single dimension, 
sometimes using another dimension (such as frequency or social companionship) as an exogenous 
variable. Third, as again should be obvious from Table 1, most earlier studies have investigated 
BE effects on walking behavior, ostensibly because BE measures are viewed as the main policy 
lever for planners to promote walking. However, in the aftermath of the pandemic, when 
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fundamental walking behaviors have shifted, the role of sociodemographic variables and social 
companionship considerations should not be underplayed. In fact, a better understanding of 
individual and companionship factors can provide fundamental insights that promote walking in 
the post-pandemic era and inform the design of sustainable urban systems. Besides, as indicated 
by Paydar and Fard, (2021), “…..the previous studies on walking behavior mostly focused on the 
contribution of built environment to walking behavior, whereas the role of socio-demographic as 
well as social factors in improvement of walking behavior has been less studied”.1  

Figure 1 illustrates the conceptual/analytic framework used in the paper. Exogenous 
variables, representing individual and household sociodemographic characteristics, are located on 
the left side of Figure 1. As part of our joint system, we estimate alternative directions of 
recursivity among the three walking measures  (for a total of six possible recursive configurations) 
and obtain the one that outperforms the others based on data fit considerations (more on this in 
Section 4.3).2 The final recursive configuration in our analysis indicated that walking frequency 
has a direct effect on walking duration, while companionship influences both walking frequency 
and the average duration of walking sessions. These endogenous effects are the ones represented 
(by the bold lines) on the right side of the figure within the box labeled “walking outcomes.” The 
dashed lines within the same box characterize correlations between the outcome variables. 

 
Figure 1. Relationship between Exogenous Variables and Walking Outcomes 

 

 
1Further, most studies considering BE measures ignore the potential endogeneity of these measures to walking 
behavior. This is particularly important when using cross-sectional data, because of the potential comingling of “true” 
BE effects with a spurious associative effect originating from the non-random assignment of individuals to residential 
locations. Bhat and Guo (2007) discuss this residential self-selection issue at length. More recent studies that establish 
the presence of such self-selection effects include Van Wee, 2009; Van Acker et al., 2014; Bhat et al., 2016, and Bhat, 
2024. Guan et al., (2020) provides an exhaustive review of this self-selection literature. In this study, we steer clear of 
these issues by not considering any BE measure as an exogenous variable. In any case, BE measures cannot be 
constructed in our study, because, other than the Census Division (and Region) of residence, no other geo-location 
identifier of an individual’s residence was collected in the AARP survey. But, as indicated earlier, the AARP survey 
is a timely and rich source of walking behavior of older adults in the aftermath of the pandemic.  
2In joint limited dependent variable models such as the one estimated in the current paper, logical consistency 
considerations allow only one-way recursive effects, where the observed value of one endogenous variable can 
influence the underlying propensity of another endogenous variable, but not vice versa. This is discussed in detail in 
(Bhat, 2015). 
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3. METHODOLOGY 
3.1. Survey 
This study utilizes data from “AARP Walking Survey: Attitudes and Habits of Adults Aged 50 
and Older” (AARP, 2023). The survey collected data from 1,691 U.S. adults aged 50 and older via 
the National Opinion Research Center (NORC)’s Foresight 50+ panel.3 The survey was conducted 
between July 21 and July 26, 2022, a period characterized by widespread vaccination, and the 
lowest COVID-related death and hospitalization rates since the beginning of the pandemic. 
Additionally, at the time of data collection most of the restrictions, including the mandatory 
wearing of face masks and social distancing, had been lifted, allowing people to return to normal 
daily life (Phillips, 2022). Following extensive data cleaning and the removal of erroneous entries, 
1,667 observations were retained in the final sample. 
 
3.2. Exogenous Variables 
The exogenous variables are grouped into individual and household characteristics. Additionally, 
we also considered regional residence within the U.S. to capture heterogeneity in weather and 
social environment.4 Individual-related factors include age, gender, education level, employment 
status, and race. Household characteristics include household income, marital status, and 
household composition. Benchmark data from NORC’s report, derived from the U.S. Census 
Current Population Survey (CPS) and the American Community Survey, were used to determine 
the sample’s representativeness of the broader 50+ U.S. population, as depicted in Table 2 (AARP 
and NORC, 2022). There was a deliberate oversampling of individuals of non-white origin in the 
NORC survey, as evidenced in the 44.8% of white, non-Hispanic individuals relative to the 
corresponding census statistic is 70.7% for individuals aged 50 and over), and the clear over-
representation of individuals of non-Hispanic Black, non-Hispanic Asian, and Hispanic origin. 
The comparisons also reveal an over-representation of (a) senior individuals (65 years or older), 
men, individuals with middle and higher levels of education, employed individuals, and never-
married individuals, and (b) households with a middle-income level and those living with children 
(a child was defined in the survey as an individual less than the age of 18 years).  

In estimation, we use the unweighted sample, given our focus is to estimate individual-
level relationships of the effect of changes in exogenous variables on the endogenous outcomes. 
Thus, the main consideration relates to whether the sampling strategy is endogenous or exogenous 
to the modeled outcomes. Because our sample corresponds to exogenous sampling, we use the 
efficient and consistent unweighted approach (see also Wooldridge, 1995 and Solon et al., 2015). 
 
 

 
3 Additional details of the survey administration and methodology are available at 
https://www.aarp.org/pri/topics/health/prevention-wellness/walking-attitudes-habits-adults-50-older/. Accessed June 
6, 2024.  
4 The regions were defined based on the nine US Census Divisions of New England, Middle Atlantic, East North 
Central, West North Central, South Atlantic, East South Central, West South Central, Mountain and Pacific. Further, 
these divisions were aggregated into four Census Regions: Northeast, South, West, and Midwest. Interestingly, while 
our sample had ample representation from each Census Division and Region, these geographic dummy variables (with 
one of them being the base category) did not turn out to be statistically significant even at the 80% confidence level, 
after controlling for the socio-demographic variables. That is, after controlling for socio-demographics, no 
heterogeneity based on geography of  residence (at least captured in the form of Census Divisions and Regions, as 
available in the AARP walking survey) was observed in any of the three walking outcomes considered in the current 
paper. Thus, in the rest of this paper, we do not raise the issue of geographic location residence.  
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Table 2. Sample Distribution of Exogenous Variables (N = 1,667) 
Variable % in Sample % in Benchmark (2021) 
Age   

50-64 43.4 52.1 
65 and above 56.6 47.9 

Gender   
Women 47.9 52.8 
Men 52.1 47.2 

Education   
High school or less 23.2 40.8 
Some college or Bachelor 62.2 44.9 
Some graduate degree 14.6 14.3 

Employment status   
Employed 48.1 45.3 
Retired/Not employed 51.9 54.7 

Race   
White, non-Hispanic 44.8 70.7 
Hispanic 22.9 11.7 
Black, non-Hispanic 21.6 10.7 
Asian, non-Hispanic 9.7 5.4 
Others 1.0 1.5 

Household Income   
Less than $50,000 19.1 35.7 
$50,000 - $99,999 46.4 27.9 
More than $100,000 34.5 36.4 

Marital status   
Married 54.7 58.1 
Divorced/Separated/Widowed 31.0 34.2 
Never married 14.3 7.7 

Household composition   
No child  81.9 86.4 

Live with a child (“child” is defined as 
an individual less than 18 years of age) 

18.1 13.6 

 
3.3. Walking Outcome 
The walking (dependent) outcomes in this study include the number of days per week spent 
walking for more than ten minutes at a time (also referred to as walking frequency), the average 
daily walking duration on days walked (also referred to as walking duration), and the propensity 
to walk with others (also referred to as walking companionship). The outcomes were constructed 
based on the respondents’ answers to the following survey questions: 

 Frequency of walking: "In a typical week, how many days do you walk for at least 10 
consecutive minutes, regardless of the reason?" (Response options include Never, 1-2, 3-
4, 5-6, or 7 days per week).  
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 Daily walking duration: "On days when you walk, approximately how many minutes do 
you spend walking on average?" (Response options include 10, 11-29, 30-59, or 60 or more 
minutes); for ease, in the rest of this paper, we will refer to this dimension simply as 
“walking duration.”  

 Social companionship: "In general, when you walk for any reason, how often do you walk 
with someone else?" (Response options include Never, Rarely, Sometimes, Often, 
Always); for ease, in the rest of this paper, we will refer to this dimension simply as “SC.” 
 
The 10-minute walking duration is especially relevant as it aligns with the World Health 

Organization's (2010) recommendation that aerobic activity should be performed in bouts of at 
least 10 minutes5. Respondents who reported never walking more than ten minutes per day were 
not asked about their walking duration and social companionship. Table 3 shows the distribution 
of the three outcome variables. Responses were predominantly concentrated around the mid-level 
options for all three questions, yet each level retained a sufficiently large number of observations. 

 
Table 3. Distribution of Outcome Variables 

Walking frequency 
(weekly) 

(N=1667) 

Walking duration  
(per day of walking)  

(N=1352) 
Social Companionship (SC) 

(N=1352) 

Never 
315 

(18.9%) 
10 minutes 

159 
(11.7%) 

Never 
160 

(11.9%) 

1-2 days/week 
285 

(17.1%) 
11-29 minutes 

538 
(39.8%) 

Rarely 
437 

(32.3%) 

3-4 days/week 
466 

(27.9%) 
30-59 minutes 

447 
(33.1%) 

Sometimes 
441 

(32.6%) 

5-6 days/week 
353 

(21.2%) 
60 or more 
minutes  

208 
(15.4%) 

Often 
222 

(16.4%) 

7 days/week 
248 

(14.9%) 

  

Always 
92 

(6.8%) 

 
3.4. Mathematical Formulation 
To account for potential interdependencies among the different dimensions of walking behavior, 
we employ a multivariate modeling approach. For walking frequency and companionship, ordered-
response probit models are used, which assume flexible thresholds and latent variables without 
direct physical interpretations of the underlying latent variables. However, walking duration is 
treated differently from the other two outcomes, because it is a continuous variable measured in 
grouped form. Thus, for duration, we apply a grouped continuous model with fixed thresholds 
using an unobserved underlying latent variable that represents the individual's continuous walking 
duration. Note, however, that because we assume a normal distribution for the error term in the 
grouped model, the unobserved underlying latent variable is considered as ln(walking duration), 
so that it can range over the entire real line. This also assures that predictions of the continuous 
walking duration will always be positive.  

 
5 For full transparency, we should note that the latest World Health Organization guidelines on physical activity and 
sedentary behavior (Bull et al., 2020) have removed the minimum bout duration recommendation of 10 minutes.  
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In the following presentation, we suppress the notation q for individuals, and derive the 
likelihood contribution for each individual q. Also, we develop the estimation procedure for the 
case when all three outcomes are available. In cases where respondents indicated that they never 
walked on any day of the week for more than 10 minutes, it stands to reason that their walking 
duration is shorter than 10 minutes. However, social companionship is not relevant for “never” 
walkers; so, for “never” walkers, the procedure below needs to be modified to consider only the 
marginal bivariate probability of frequency and duration. Next, following notations from Bhat et 
al., (2010) and Bhat, (2018), let i be an index for outcome (i 1,2,…, I; in this study, I 3). Also, 
let the ordered-response (grouped-response) level for outcome i be mi {1, 2, …, Ki}, where Ki is 
the highest level corresponding to variable i. In conventional ordered response formulation,  

* ,i i i i iy y m  β x  if  1 *i im m
i i iy    , (1) 

where x  is an (L×1) vector of exogenous variables (including a constant) as well as possibly the 
observed values of other endogenous variables, iβ  is a corresponding (L×1) vector of coefficients 

to be estimated (some of those coefficients can, and in general, will be zero).  i  is assumed to be 

a normal error term, and im
i  is the upper bound threshold for level mi, satisfying 

  iii K
ii

K
i

K
iiii    ,  ;... 01210  for each outcome i. Assume that the first 

outcome is frequency ( *
1y  is the underlying latent propensity for walking that is mapped to the 

observed ordered-response weekly frequency 1y  through the thresholds), the second is duration 
*
2( y  corresponds to the unobserved continuous natural logarithm of walking duration, which is 

observed in the coarsely censored grouped form of 2y ), and the third is social companionship (SC) 

( *
3y  is the underlying latent propensity for group walking that is mapped to the ordered-response 

outcome 3y  through the thresholds). The thresholds for the second outcome are 0
2 ,θ  

1
2 ln(10 minutes),θ   2

2 ln(30 minutes),θ  3
2 ln(60 minutes),θ  and 4

3 . θ  (the thresholds for 

the first and third outcomes are to be estimated).  The variance of 2  (say 2
2 ) is estimable, while 

the variances of 1 3and   (for the ordered-response frequency and SC outcomes) are normalized 

to one for identification purposes. The i  terms are normalized to have zero mean (this zero mean 

normalization implies that the 2β  vector element on the constant in x  for the duration outcome 

needs to be estimated, while the corresponding  1β  and  3β  vector elements on the constant in the 

x  vector element have to be normalized to zero, because the underlying locations of *
1y  and  *

3y  

for the ordered-response outcomes are not identifiable). Then, 1 2( , , , ) 'I  ε   follows a 

multivariate normal distribution with an (I×1) mean vector of zeros 0 I  and an (I×I) covariance 

matrix Σ, as follows (for our empirical application): 

 
12 13

2
12 23

13 23

0 1

~ , , or ~ 0 ,

0 1

2

I I I 2 2 2

2

MVN MVN

  
    
  

    
         
        

ε 0 Σ ε  

12  corresponds to the correlation in the error terms underlying the latent continuous variables 

between the frequency and duration outcomes, 13  is the corresponding correlation between the 
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frequency and SC outcomes, and 23  is the corresponding correlation between the duration and 

SC outcomes. Collapsing this formulation into matrix notation, let 1 2( , ,..., )L β β β β  [(I×L) 

matrix]. Also, define the vector of thresholds for each outcome variable ,1 ,2 , 1( , ,..., )
ii i i i K        

and vertically stack all i  vectors for the ordered-response outcomes (i=1 and i=3 for our empirical 

analysis) into a single vector  . Let the individual under consideration select level ki (i = 1,2,.., I). 
Stack the lower thresholds 

, 1


ii k
 corresponding to the observed values of the individual into an 

(I×1) vector ,low  and the upper thresholds 
,


ii k
 into another (I×1) vector .high  Also, stack the *

iy  

latent variables into an (I×1) vector *y . Then, in matrix form, the latent propensities underlying 

the observed multivariate outcome for the individual should satisfy : 

 *y β x ε ,  *ylow high  ,  where * ~ ( , )y β x ΣCMVN .     (2) 

Lastly, define a vector δ  that holds the collection of parameters to be estimated: 

   Vech( ) , , Vechup( ) ,
    

 
δ β    where the operator “Vech(.)” row-vectorizes all the non-zero 

elements of the matrix/vector on which it operates, and the operator Vechup(.) row-vectorizes the 
(estimable) upper diagonal elements of a matrix. Then the likelihood function of a single individual 
may be written as: 

*( ) Pr ,    δ ylow highL                                                                          

 ( | , ) ,  β x
r

I

D

f dr r                 (3) 

where the integration domain { : }  r low highD r r   is simply the multivariate region of the *y  

vector determined by the upper and lower thresholds. ( | , )β x ΣIf r  is the MVN density function 

of dimension I with a mean of β x  and a correlation matrix Σ . A maximum likelihood inference 
approach is used in estimation. The log-likelihood function for a sample of Q decision-makers is 
obtained as the sum of the individual-level log-likelihood functions.   
 
4. EMPIRICAL RESULTS 
This section presents the model estimation results for the three outcomes of interest in the study. 
A variety of functional forms and combinations for the explanatory variables were examined, with 
the final model selection based on statistical significance and parsimony considerations. Table 4 
presents the estimation results. In Table 4, a positive coefficient for an exogenous variable 
indicates that individuals with the corresponding characteristic have a higher propensity to walk 
frequently, have longer walking durations, and have a higher propensity to walk with others. 
Conversely, a negative coefficient suggests that individuals with higher levels of that exogenous 
variable have a lower inclination to walk frequently, have shorter walking duration, and have a 
lower inclination to engage in walking with others. A “--” in Table 4 is used to signify that a 
variable is not statistically significant at the 95% confidence level. Note that the values reported 
in the “Thresholds” panel for frequency and companionship in Table 4 do not have any substantive 
interpretations on their own. These thresholds serve solely as a mapping mechanism to translate 
the underlying propensity to the actual observed ordinal category. For duration, the thresholds are 
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fixed based on the brackets provided in the survey, as discussed in Section 3.4. Additionally, the 
duration model includes a constant term, as discussed earlier. Technically speaking, the 
coefficients in Table 4 correspond to the effects of exogenous variables (and the endogenous SC 
and walk frequency effects) on the logarithm of duration, but, for presentation ease, we will refer 
to ln(duration) simply as duration in the interpretation of results. Finally, the effects of exogenous 
variables on the frequency dimensions reflect direct effects after accounting for any indirect effects 
of the variables through the SC dimension, while the effects for the duration dimension reflect 
direct effects after accounting for the mediating effects through the SC and frequency dimensions. 
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Table 4. Estimates of Exogenous Variables on Outcome Variables 

Exogenous variables (base) 
Frequency Ln(Duration) 

Social 
Companionship 

Coef. t-stat Coef. t-stat Coef. t-stat 

Individual Characteristics 

Age (base: 50-64 years old) 

65 years or older -0.109 -2.26 -0.147 -2.89 -- -- 

Gender (base: Man) 

Woman -0.143 -3.15 -0.160 -3.21 -- -- 

Race/Ethnicity (base: Non-Black) 

Black -- -- -- -- -0.171 -2.89 

Employment status (base: Retired or not employed) 

Employed 0.125 2.67 -- -- -0.150 -2.78 

Household Characteristics 

Household composition (base: Two adults without child) 

Single adult without child -- -- -- -- -0.283 -4.89 

Three or more adult without child -- -- -0.119 -1.89 -- -- 

Single adult with child 

-0.204 -3.30 

-- -- 

0.257 3.39 Two adults with child -- -- 

Three or more adults with child -0.218 -2.42 

Household income (base: < $100,000) 

$100,000 or higher 0.092 1.69 0.149 2.51 -- -- 

Endogenous Effects 

Companionship (base: Walk with others sometimes or less) 

Walk with others - often or always 1.254 14.19 1.179 10.57 -- -- 

Frequency (base: Never walk or less than two days a week) 

Walk more than three days a week -- -- 0.374 5.26 -- -- 

Variance -- -- 0.988 29.20 -- -- 

Correlations 

Frequency 1.00 -- 0.66 24.54 -0.57 -15.98 

Duration -- -- 1.00 -- -0.44 -11.28 

Companionship -- -- -- -- 1.00 -- 

Constant -- -- 2.611 37.89 -- -- 

Thresholds Coef. t-stat Coef. t-stat Coef. t-stat 

1|2 -0.682 -9.98 2.303(ln10) -- -1.444 -23.30 

2|3 -0.076 -1.35 3.401(ln30) -- -0.514 -10.26 

3|4 0.575 10.29 4.094(ln60) -- 0.391 6.97 

4|5 1.147 18.65 -- -- 1.210 17.75 
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4.1. Influence of Exogenous Variables on Walking Frequency, Average Walking Duration, 
and Walking Companionship 

The results in Table 4 show that individuals 65 years of age or older and women display a lower 
walk propensity and duration than those between the ages of 50-64 years and men, respectively. 
The age result is the reverse of the result found in some studies from the pre-pandemic literature, 
including Nagel et al. (2008) and Thornton et al. (2017), but harmonious with other findings 
predating the pandemic (see, for example, Paul et al., 2015, National Center for Health Statistics, 
2019, and Liu et al., 2020). It is also consistent with the results from Hwang et al. (2023) and 
Younes et al. (2023) conducted after the onset of the pandemic. This result may be due to overall 
safety concerns, less confidence in one’s walking abilities, and declines in physical fitness with 
age. Clark and Scott (2016) also identified the lack of social companionship (SC) as a walking 
barrier for older adults. The gender result appears more consistent with the pre-pandemic and after-
COVID literature (see, for example, Rišová and Sládeková Madajová, 2020; Hwang et al., 2023; 
Rodrigue et al., 2024), perhaps a reflection of heightened harassment and security concerns.   

Black and employed older adults appear to have a lower propensity to walk with others. 
Although literature examining the relationship between walking companionship propensity and 
race is limited, previous studies by Wen et al. (2007) and Yi et al. (2016) have reported that Blacks 
do not exhibit a positive correlation between neighborhood social cohesion and aerobic physical 
activity.6 The disinclination of employed older adults to walk in company may be due to challenges 
in coordination given work schedules. Employment status also directly and positively influences 
the propensity to walk frequently, though this effect is tempered through the negative indirect 
effect through SC on walk frequency (SC impacts both walking frequency and walking duration 
positively, as we discuss later; the net effect of employment status on walk frequency will be 
individual-specific, though we provide a sense of the magnitude of this net overall effect in Section 
5). Regardless, the positive direct employment status effect on walk frequency propensity is still 
intriguing, and contrary to the findings of overall population studies suggesting that employment 
constrains the time for pursuing walking and other physical activities (see, Li et al., 2019 and 
Hwang et al., 2023). But one possible explanation for our result in older adults specifically is that 
employment may be viewed as a kind of social participation that promotes social networks and 
social support (Ihara et al., 2022), and thus provides for more self-efficacy and confidence in older 
adults to pursue walking and other physical activity.  

Older adults living alone have the lowest propensity to walk with a companion relative to 
their peers in other household arrangements, which is intuitive given the absence of another adult 
or child who could serve as a walking companion. On the other hand, the propensity to walk with 
one or more companions is highest among older adults with children, much higher than older adults 
in any other family arrangement without children. Adults with children in the household are likely 
to pursue joint activity participation in outdoor family activities as a caregiver and more (Colley 
et al., 2019). Additionally, individuals living in households with children have a lower propensity 
of frequent walks, though this is tempered by the indirect positive effect of the higher propensity 
to partake in group-walking. The direct negative effect of children on the propensity to walk 
frequently is possibly a reflection of time constraints associated with childcare responsibilities (see 
Aliyas, 2020). Finally, older adults with three or more adults in the household (including the older 
adult) tend to walk for shorter durations, with this negative direct effect being even stronger in the 

 
6 Neighborhood social cohesion refers to the sense of trust, belonging, and closeness shared among neighbors in a 
community. Higher social cohesion generally means people feel more connected to their neighbors (Wen et al., 2007, 
and Yi et al. 2016). 
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presence of a child. However, again this direct negative effect for the case of three adults with a 
child is tempered by the indirect positive effect through the SC dimension. Overall, these results 
suggest that older adults in households with three or more adults, with or without children, have a 
lower walk duration per day. The family science literature (see, for example, Van Der Meer, 2008) 
does suggest that older adults, when having adequate human company within the home, have less 
motivation to venture out of the home for any kind of social contact, which may, at least in part, 
explain this result. 

With respect to socioeconomic status (SES), older adults in high-income households 
(annual income of $100,000 or more) exhibit both a greater propensity to walk frequently and for 
longer durations. This aligns with previous research by Kamphuis et al. (2009) and Stalsberg and 
Pedersen (2018). Those with higher incomes have the luxury of time and resources to allocate 
toward recreational pursuits, including walking. Additionally, this income effect may simply be 
capturing the disparity in the quality of the walking infrastructure between neighborhoods with 
high-income households and low-income households. In summary, while quantitatively measured 
walkability appears to be higher in lower SES neighborhoods as a result of high population density 
(see Bereitschaft, 2017), the perceived quality of walking infrastructure, such as pavement 
condition, sidewalk continuity, and aesthetics along sidewalks, has been consistently noted to be 
worse in lower SES neighborhoods (see Sallis et al., 2011, and Zandieh et al., 2016). This outcome 
highlights how income disparities not only contribute to active living considerations, but then 
permeate further into public health disparities because of the strong connection between physical 
activity and mental/physical wellness.  

 
4.2. Endogenous Effects and Variance/Correlations 
Moving on to the endogenous effects, as discussed in Bhat (2015), in a joint limited dependent 
variable model system, the causal relationship between endogenous outcomes cannot be 
bidirectional, where an observed endogenous outcome A affects outcome B and also outcome B 
affects outcome A. Additionally, cyclical relationships, where outcome A affects B, B affects C, 
and C, in turn, affects A, are not permissible. In the study, there are six possible combinations of 
endogenous relationships. By testing all six possible structures, we arrive at the preferred 
endogenous pathway of effects in Table 4. The strong causal effect of SC on frequency and 
duration (after controlling for unobserved factor effects, as discussed earlier in this section) is 
consistent with empirical programs that have attempted to increase walking through social 
engagement, and provides a strong justification for considering companionship in research on 
walking behavior. The other significant endogenous effect from frequency on duration is supported 
by the study of Duncan et al. (2010), which found that exercise frequency is motivated by both 
integrated (i.e., “I exercise because it is consistent with my values”) and identified (i.e., “It is 
important for me to exercise regularly”) regulations, while long exercise periods are motivated by 
identified regulations only. Therefore, “Frequent walkers” are more likely to be “Long walkers” 
than the opposite. 

The variance of the error term for the ln(walking duration) dimension ( 2  in Equation (2)) 

is estimated to be 0.988. The row panel labeled “correlations” in Table 4 indicates highly 
statistically significant correlation effects, supporting the notion that the three walking dimensions 
are chosen as a package (the endogenous effects discussed in the previous paragraph are after 
controlling for these unobserved correlation effects). The results reveal that unobserved factors 
that increase SC predisposition also decrease walk frequency propensity 13( 0.57)    and 

decrease walk duration 23( 0.44).    For example, individuals who are extroverted may be the 
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ones who enjoy group walking, but also intrinsically prefer inactive leisure pursuits (rather than 
being physically active) to maximize social time and conversations. Equivalently, individuals who 
are introverted may prefer to partake alone in walking as a means of refreshment and solitude (and 
an escape from what they may view as banal social chatter; see Veitch et al., 2020). Further, if 
such unobserved negative correlations are not considered, they would incorrectly manifest 
themselves as a negative endogenous SC effect on walk frequency and duration. That is, the “true” 
causal positive SC effects on walking frequency and duration that we obtained, as discussed earlier, 
would get underestimated or even be potentially completely overturned. Similarly, our results 
show a strong positive correlation effect between the error terms for frequency and duration 

12( 0.66).   This suggests the presence of unobserved individual factors, such as an intrinsic 

active lifestyle preference, that elevates both walking frequency and duration simultaneously; thus, 
“Outdoorsy” individuals will enjoy spending time often outdoors and also tend to walk for longer 
durations.  

 
4.3. Goodness-of-Fit Measures 
We assess the performance of our proposed multivariate model, by conducting a comparative 
analysis against (i) an independent model that disregards correlations, and (ii) a constants-only 
model, which has only thresholds for frequency and SC, and constant and variance for duration. 
Several metrics can be used for this comparison. The Bayesian Information Criterion statistic, 

defined as     ˆBIC ( ) 0.5 #  of model parameter log sample size ,      δL  where ˆ( )δL  is the 

log-likelihood value at convergence, indicates superior model performance for the joint model due 
to its lower BIC value compared to the independent and thresholds-only models. Moreover, the 
higher values of the average probability of correct prediction and the adjusted likelihood ratio 
index 2   for the joint model reflect its improved performance compared to the independent 

model. The 2  index is calculated as follows: 

2
ˆ( )

1
(c)

 
 

δL M

L
                 (4) 

In the above equation, L(c) represents the constants-only log-likelihood function at convergence 
and M is the number of parameters estimated in the model (excluding the constants and thresholds). 
We are also able to statistically compare the data fit performance of our multivariate model with 
that of the independent model and the constants-only model using nested likelihood ratio tests. 
More intuitively, we compare the models using the average probability of correct prediction. The 
results, shown in Table 5, reveal that our proposed multivariate model outperforms the independent 
model on all the likelihood-based tests, as well as has a better average probability of correct 
prediction. 7  Notably, the likelihood ratio test rejects the independent model at literally the 
0.000001 level; that is, the probability that the superior performance of the multivariate model 
could have been a chance occurrence is almost zero.  
 
 

 
7 Note that, while the average probability of correct prediction may seem low, this is because of the multivariate nature 
of our model. For almost all individuals in our sample, there is a total of 100 combinations of the frequency, duration, 
and social companionship dimensions; a random prediction model would have an average probability of correct 
prediction of the order of 0.01.  
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Table 5. Data Fit Measures 

Summary Statistics 
Multivariate 

model 
Independent 

model 
Constants-only 

model 
Log-likelihood at convergence -6219.08 -6400.17 -6879.38 
Number of parameters 30 27 10 
Bayesian Information Criterion (BIC) 6267.41 6443.67 6895.49 
Adjusted likelihood ratio index ( 2 ) 0.093 0.067 -- 

Likelihood ratio test versus multivariate 
model 

-- 
LR=362.18>> 

=30.66 
LR=1320.60>> 

=65.42 

Average probability of correct prediction 0.024 0.022 0.016 
 
5. AVERAGE TREATMENT EFFECTS OF EXOGENOUS VARIABLES 
The coefficients corresponding to the variables presented in Table 4 represent effects on 
underlying scale-less and location-less propensities for the frequency and SC dimensions, though 
they have a more tangible interpretation as effects on the logarithm of walking duration for the 
duration dimension. For the frequency and SC dimensions, therefore, the actual effects of variables 
on the ordinal categories are not obvious from the estimates. Besides, there are endogenous 
outcome effects, which implies that the total effect of an exogenous variable will be a combination 
of the direct effect of the variable on a specific outcome as well as indirect effects of the variable 
through the endogenous effects of other outcomes. These indirect pathways of influence, along 
with the correlations among the outcomes and the structure of the ordered-response/grouped 
models, introduce non-linearities, making it challenging to interpret the overall magnitude and 
directionality of effects solely based on the coefficient estimates in Table 4. To fully understand 
the overall impacts, including both direct and indirect effects, and to compare the relative 
magnitudes of these different effect pathways, an Average Treatment Effect (ATE) analysis is 
undertaken. The ATE analysis also allows the examination of "counterfactual" outcomes, which 
represent scenarios that are not directly observed in the survey data. For instance, it can estimate 
the intended companionship preference for individuals who reported never walking for more than 
ten minutes, even though this scenario is not captured in the survey. 

The ATE computation procedure starts with computing, for each individual, the 
multivariate probability predictions for each of the 100 multivariate combination outcomes of the 
walking dimensions (total possible combinations=5×4×5= 100, including counterfactual 
outcomes). Then, for each individual, we compute the expected outcome for each of the three 
dimensions. For frequency, since the proportion of each level (never (or zero), 1-2 days/week, 3-
4 days/week, 5-6 days/week, and 7 days/week) is known, the expected value is calculated by 
weighting the probability of each level with the mid-point value of each level (so, we assume 1-2 
days per week represents 1.5 days a week and so on). For duration, the expected value in walking 
minutes is conveniently computed as 2

2exp[ ( / 2)]. β x  For companionship, where the levels are 

not obvious, we collapse the SC ordered-response into a binary outcome of SC often/always 
(which we will view as “yes” for the SC dimension) and SC never/rarely/sometimes (which we 
will view as “no” for the SC dimension). Lastly, the ATEs are quantified as the change in the 
expected walking frequency and duration, and the share of the “yes” category for the SC 
dimension, due to a change in the state of an antecedent variable from a base level “BL” to a 
treatment level “TL”. For example, to estimate the treatment effect of age, the BL would represent 
individuals between 50 and 64 years, while the TL could represent individuals aged 65 years or 
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above. To compute the ATE, all individuals in the dataset are first assigned to the BL, individual-
level expected outcomes for each dimension are computed based on the model estimates, and 
averaged across all individuals in the sample to obtain (a) average walking frequency per week 
across all individuals, (b) average walking duration per day across all individuals, and (c) shares 
of individuals with “yes” on the SC dimension. Then, all individuals are assigned to the TL, and 
the same procedure is adopted. The percentage changes in the outcomes between levels TL and 
BL  provide the magnitude and direction of the impact of the age variable on walking frequency, 
duration, and companionship. 

Besides the total ATEs, our analysis allows us to quantify and compare the direct effect of 
an exogenous variable on an endogenous outcome with its indirect effect mediated through other 
upstream endogenous variables. Distinguishing between direct and indirect effects entails tracing 
the "pathways" through which exogenous variables affect each dimension of walking behavior. To 
do so, we compute the direct effect of an exogenous variable X on a specific outcome Y by 
maintaining all values of other exogenous variables (as well as other endogenous outcomes 
affecting the outcome Y of interest) as they are in the data and evaluating the treatment effect only 
on Y. By subtracting the direct effect from the total ATE, we obtain the indirect effects. A 
straightforward extension applies to the case of partitioning the total effects of exogenous variables 
on duration, accounting for indirect effects through multiple upstream endogenous outcomes.  

The results of the ATE analysis are presented in Table 6. The ordering of the outcomes is 
slightly different from that in Table 4 because of the causal pathway effects starting from SC to 
frequency and duration, and from frequency to duration. The exogenous variable effects on SC are 
straightforward, and represent direct effects. There are three sub-columns under the SC main 
column. Thus, consider the effect of employment on SC. The entry of “Retired or not employed” 
under the BL column indicates that, on average, the probability that an unemployed individual 
walks with a companion (defined for purposes of ATE computations as often or always) is 0.33, 
while the entry of “Employed” under the TL column shows that, on average, the probability that 
an employed individual walks with a companion is 0.27. The total ATE in percentage terms (-
18.2%) is the difference between the TL and BL entries, indicating that employed individuals are 
18.2% less likely than unemployed individuals to walk with companions, or equivalently, that 
unemployed individuals are about 1.2 [100/(100-18.2)] times more likely to walk with companions 
than employed individuals. Next, proceeding to the exogenous variable effects on frequency, the 
first three sub-columns are similar to that for SC, and represent total effects of the variable. Thus, 
the entry of “3.58” for employment status under the “BL” column indicates that unemployed 
individuals walk, on average, 3.58 days in a week, while employed individuals walk, on average, 
3.73 days in the week (with a corresponding total ATE change of 4.2%). The next main column 
labeled “% contribution by source of effect” under “Frequency” splits the total employment effect 
into percentage effects mediated through an SC effect (-34.5%) and a direct effect (+65.5%). Note 
that the sign associated with the percentage contribution is used to illustrate whether the effect 
decreases the total ATE (-) or increases it (+), while the relative magnitudes of the effects are 
computed to total 100%. That is, as discussed in Section 4.1, employment reduces SC propensity, 
which through the positive SC effect on frequency, leads to a reduction in frequency (as 
represented by the -34.5% entry). But employment status also has a direct positive weekly 
frequency effect (as reflected in the +65.5% entry). Finally, for the exogenous variable effects on 
duration, the layout is similar, except that the total effect is now partitioned into an indirect SC 
effect, an indirect frequency effect, and a direct effect. Thus, employment has a total ATE effect 
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of -6% on walk duration per day, partitioned into a negative 82.1% contribution through the SC 
effect and a positive 17.9% contribution through the frequency effect.  

Following the interpretive reasoning discussed above, we are able to make several 
observations related to the effects of the exogenous variables on walking dimensions that cannot 
be inferred from the estimation results. First, the ATE analysis allows us to compare the true and 
total magnitude of influence of exogenous variables on the three walking measures. For example, 
contrary to what the coefficients suggest (0.143 for women versus 0.204 for children), gender has 
a stronger overall negative effect on walking frequency than living with children. This is because 
households with children tend to have a higher propensity for walking companions, which partially 
offsets the direct negative effect through a positive indirect effect (+37.1%) mediated by 
companionship. Similarly, the effect of employment is weaker than high-income status due to the 
lower tendency of employed individuals to walk with companions. Second, the ATE analysis 
identifies the indirect effects of variables on the three outcomes, even in the absence of any direct 
effects. For example, living alone significantly reduces walking frequency and duration (ATE of -
7.4% for frequency and -15.4%, respectively) due to the negative indirect effect of SC. Black 
individuals also walk less frequently and for shorter durations, not directly because of their racial 
and cultural background, but indirectly through low SC. Third, this approach allows for 
decomposing the contribution of each pathway from exogenous variables to outcome variables. 
The effect of child presence on walking illustrates this nuanced interplay. It includes (1) a positive 
indirect effect mediated through SC (+46.6%), (2) a negative indirect effect through frequency (-
10.1%), and (3) a direct negative effect (-43.3%). This decomposition shows that the positive effect 
of having a child through higher SC is close to more than canceled out by the negative indirect 
effect through frequency and the direct negative effect, especially in households with three or more 
adults, resulting in shorter walk durations for these households compared to two-adult households 
without child. Overall, these effects balance out, resulting in a minimal total ATE of -2.1%. 

Finally, toward the end of the table, we also compute the ATE effects of the endogenous 
outcomes, even though they are not exogenous variables. While these effects are implicit in the 
pathway effects for the exogenous variables, they provide valuable insights for policy development. 
For these calculations, we consider a change from the BL of “sometimes or less” to the TL “often 
or always” for the SC outcome, and from the BL of “less than 3 times a week” to the TL of “3 
times a week or more” for walk frequency. These endogenous outcome effects reveal a substantial 
impact of SC on walking frequency (ATE of 96.1%). SC also influences walk duration with an 
ATE of 272.1%, with 82.9% of this effect coming directly from SC and 17.1% indirectly through 
its effect on frequency. Additionally, frequency itself affects duration with an ATE of 45.4%.
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Table 6. Average Treatment Effects (ATEs)  

Variables 
Base Level 

(BL) 
Treatment Level 

(TL) 

Social Companionship 
(SC) Frequency Duration 

Share of SC 
often/always Total 

ATE 
(%) 

Waling 
Frequency 
(per week) 

Total 
ATE 
(%) 

% Contribution 
by sources of 

effect* 

Walking 
Duration per 

day (Min) 
Total 
ATE 
(%) 

% Contribution by 
sources of effect* 

BL TL BL TL SC Direct BL TL Freq. SC Direct 
Individual Characteristics 

Age 50-64 65 or more 0.30 0.30 0.0 3.77 3.50 -7.2 0.0 -100.0 46.12 39.22 -15.0 -8.2 0.0 -91.8 

Gender Man Woman 0.30 0.30 0.0 3.82 3.47 -9.2 0.0 -100.0 46.75 39.09 -16.4 -11.1 0.0 -88.9 

Race Non-black black 0.31 0.26 -16.1 3.69 3.52 -4.6 -100.0 0.0 43.91 40.16 -8.5 0.0 -100.0 0.0 

Employment 
status 

Retired or not 
employed 

Employed 0.33 0.27 -18.2 3.58 3.73 4.2 -34.5 +65.5 44.43 41.77 -6.0 +17.9 -82.1 0.0 

Household Characteristics 

Household 
composition 

Two adults 
without child 

Single adult without 
child 

0.31 0.22 -29.0 3.77 3.49 -7.4 -100.0 0.0 44.74 37.87 -15.4 0.0 -100.0 0.0 

Single/Two adults 
with a child 

0.31 0.40 29.0 3.77 3.57 -5.3 +37.1 -62.9 44.74 43.82 -2.1 -10.1 +46.6 -43.3 

Three or more 
adults  
without child 

0.31 0.31 0.0 3.77 3.77 0.0 0.0 0.0 44.74 39.73 -11.2 0.0 0.0 -100.0 

Three or more 
adults with child 

0.31 0.40 29.0 3.77 3.57 -5.3 +37.1 -62.9 44.74 41.58 -7.1 -8.7 +39.9 -51.4 

Household income $100,000 or more <$100,000 0.30 0.30 0.0 3.82 3.60 -5.8 0.0 -100.0 48.46 41.25 -14.9 -7.9 0.0 -92.1 

Endogenous Variables 

Social 
companionship 
(SC) 

Sometimes or 
less 

Often or Always -- -- -- 2.79 5.47 96.1 +100.0 0.0 23.98 89.24 272.1 +17.1 +82.9 0.0 

Frequency 
Less than 3 times 
a week 

3 times a week or 
more 

-- -- -- -- -- -- -- -- 32.74 47.59 45.4 +100.0 0.0 0.0 

* The percentage contribution of each pathway is determined by the origin of the effects. For example, the indirect effect of companionship on walking duration 
includes the influence of companionship on walking frequency, which then impacts duration, as well as the influence of companionship itself on duration. The 
absolute value represents the relative magnitude of the effect from each source, regardless of whether the effect is positive or negative. 
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6. POLICY IMPLICATIONS 
Building on the ATE analysis findings, this section identifies approaches to promote walking 
through tailored initiatives focusing on social support, infrastructure improvements, and 
awareness/incentive programs. 
 
6.1. Promoting Social Companionship in Walking 
Social companionship dominates over all other demographic effects in promoting walking 
frequency and duration, as clearly observed from the total ATE effects in Table 6. This has not 
been lost on major health organizations, such as the American Heart Association and the British 
Heart Foundation, which recommend group walking as a beneficial and enjoyable way to promote 
physical activity (American Heart Association, 2024, and British Heart Foundation, 2024). 
However, until this study, there has been little quantification of this benefit, as we are able to do 
using our ATE analysis. Further, Table 6 reveals that specific groups do tend to walk less or more 
in groups; Black individuals, those employed, and single adults without children walk less in 
groups, while those in households with children walk more as a group. No significant difference 
is found in group walking behavior based on age and gender. Nudging individuals to walk in 
groups within any of the above population segments should be beneficial in addressing physical 
activity deficits and inequities, as we selectively discuss below.  

Starting with age disparities, although there is no difference in the frequency of walking 
with companions between those aged 50-64 and seniors, the older group exhibits lower walking 
frequency and duration levels. For individuals aged 65 and over, significant barriers such as 
reduced mobility and safety concerns, particularly the fear of falling or getting hurt, can result in 
decreased walking. This initiates a negative snowballing cycle where lower walking levels 
diminish physical ability, that then leads to even less walking, which further continues the 
downward spiral (Freiberger et al., 2020). Group walking initiatives and buddy systems can help 
break this cycle, providing support, shared experiences, and guidance from group leaders on 
safe/accessible routes to alleviate fears and instill a sense of security. Having a regular walking 
partner also promotes accountability and motivation for an active lifestyle. Policymakers can 
encourage programs through partnerships with senior centers, parks/recreation departments, and 
healthcare providers. These partnerships can take the form of funding and logistical support for 
the formation of senior-focused walking groups led by trained facilitators to provide guidance on 
proper walking techniques, pacing, and safety measures. 

Moving on to gender differences, women often face unique barriers to walking, such as 
feeling less safe walking alone, especially in certain areas or during certain times of the day, due 
to the risk of harassment or violence (see Rišová and Sládeková Madajová, 2020). Social 
companionship can act as a deterrent to potential harassers or attackers. Additionally, women are 
known to prioritize social interactions in general (see Van Uffelen et al., 2017), viewing social 
networking as a way to build personal relationships. This generic social tendency, however, does 
not seem to translate to group walking among women, but opens up an avenue to leverage such 
motivations. Existing online platforms such as Meetup, SweatPals, and Facebook groups can be 
employed to organize women-focused walking events at local parks, trails, and neighborhoods. 
Such platforms can also benefit other demographic groups, such as singles (for example, "Single's 
Hike" events on Meetup), who are 29.0% less likely to walk with companions based on the ATE 
analysis. Also, households with children, who exhibit a high propensity for walking with 
companions (ATE of 29.0%), can greatly benefit from group walking initiatives that facilitate 
bonding experiences across family/friend networks. Walking clubs that accommodate all ages, 
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with flexible schedules and family-friendly routes, can particularly encourage multi-generational 
group walks.  

Table 6 reveals that racial minorities, particularly Black individuals, experience lower 
walking frequency and duration, primarily due to their reduced likelihood of walking with 
companions. Meanwhile, compared to those from high-income groups, low-income individuals 
walk around 5.8% less frequently and for about 14.9% shorter durations, though there is no 
variation in social accompaniment between income groups. Regardless, interventions focusing on 
companionship can benefit Black and low-income populations; previous studies have 
demonstrated the important role that fostering social cohesion and social capital plays in dealing 
with, and cushioning, the repercussions of systemic inequalities in society, even beyond the 
physical health benefits of walking groups (see Rigby et al., 2020 for a comprehensive review of 
the relevant literature). Potential strategies include forming groups with shared backgrounds to 
create a sense of belonging, and supporting the development of community-based walking 
programs that are led by trusted local organizations, such as churches or cultural centers. This 
should be particularly effective for racial minorities, who have lower levels of generalized trust, 
trust in neighbors, and trust in community due to racism-related experiences (see Wilkes and Wu, 
2019, and Evangelist, 2022).  

 
6.2. Improving Infrastructure and the Built-Environment 
Beyond the mediating effects of companionship, individual and household characteristics also 
directly influence walking frequency and duration, suggesting customized measures to address the 
walking barriers faced by different groups.  

To improve the walking environment for seniors (aged 65 and older), age-friendly 
infrastructure investments should help. This includes ensuring sidewalks and walking paths are 
well-maintained, free of tripping hazards, and equipped with sufficient lighting and benches for 
resting. Seniors feel more comfortable and safe in parks that have places to sit, are flat, and are 
well-maintained (see Veitch et al., 2020). Collaborating with local transportation agencies to 
implement road “diet” programs in areas near senior centers, and providing ample time for seniors 
to cross streets safely, are additional avenues to promote walking. Furthermore, community efforts 
can be directed toward the design of walking trails and loops in parks/community spaces with 
gentle inclines, stable surfaces, and handrails, all of which can provide a secure, comfortable, and 
inviting walking environment for older adults.  

The presence of children in households (regardless of the number of adults) has a direct 
negative impact on walking intensity (both in terms of frequency and duration), presumably due 
to childcare-related time constraints, but also has a mediating positive impact through increased 
group walking. To leverage the positive inclination for group walking in such households, 
neighborhood walkability, particularly around schools, can be improved. Such interventions can 
take the form of traffic calming measures around school zones to discourage through traffic, 
installing high-visibility crosswalks and lighting, and the strict enforcement of speeding laws (see 
Rothman et al., 2022). These measures can lead to increased walking of caregivers to school with 
their children/grandchildren, while also bringing the benefits of multi-generational companionship. 
In this context, some studies suggest that pedestrian-related crashes in and around schools are 
because parents' inadequate education of their children on safe walking (see Cloutier et al., 2021), 
as well as their parking habits during pick-up and drop-off , such as double-park or block bus stops, 
which can result in students being in the street and obstructing sights of drivers, and dropping 
children at the opposite side of the road from schools that can cause uncontrolled, dangerous 
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crossing (see Abd El-Shafy et al., 2017 and Rothman et al., 2017 for observation results). Adult 
traffic safety training classes conducted through parent teacher associations (PTAs) can be helpful 
in reducing such unsafe driving and walking practices. Another approach would be to work 
through schools to promote active living among students in middle and high schools, which then 
can increase walking among older adults in the household through social companionship effects.  

Socioeconomic status (SES), including income and race, also emerges as a significant 
factor influencing walking habits, with lower-income individuals and racial minorities often facing 
physical barriers to safe and accessible walking infrastructure. For example, while there are many 
considerations related to the walking environment in SES neighborhoods, Haddad et al. (2023) 
observed that high transit use (typical in SES neighborhoods), combined with the traditional bus 
stop placement in close proximity of intersection crosswalks, contribute substantially to pedestrian 
crashes. This traditional stop placement serves to reduce the walking distance from across the 
street to a bus stop. But it also reduces the field of vision of a crossing pedestrian and also lowers 
the ability of bus drivers to spot crossing pedestrians (especially when making left turns; Samerei 
et al., 2021) Focused bus driver training programs, particularly for drivers traveling routes through 
neighborhoods with a high share of transit users and pedestrian movement, can help improve traffic 
safety at transit-embarking and transit-disembarking points. Other investments to promote walking 
in SES neighborhoods can include providing adequate lighting, benches, and green spaces. 
Richardson et al. (2020) reported an increase in walking within parks when such safety investments 
were made in the immediate proximity of SES neighborhoods.  

 
6.3. Awareness/Incentive Programs 
Raising awareness of the physical and mental health benefits of regular walking can be another 
useful strategy for promoting active lifestyles among seniors. Impactful education campaigns 
through both traditional media channels (television and radio) and digital social media can be 
effective, as adults over 50 spend a good part of their awake time watching TV and spend a 
comparable amount of time on social media relative to their younger peers (see Sheldon et al., 
2021). Similarly, culturally relevant campaigns spearheaded by influencers from underserved 
communities can effectively communicate the availability of safe, accessible walking 
environments, while providing practical tips and strategies tailored to the specific needs and 
concerns of each target audience.  

Awareness campaigns can also be complemented with approaches that leverage wearable 
activity- and fitness-tracking devices. Although their long-term impact on user behavior is still 
being studied (as reported by Heidel and Hagist, 2020), these devices show promise. Services 
based on activity tracking can boost walking among older adults in three ways. First, older adults 
can share and compare walking records virtually, such as daily step counts  as collected by tracking 
devices. This can create a sense of community and accountability (see Foster et al., 2010, and Liu 
and Lachman, 2021), even if only virtually, particularly for those facing barriers to group activities. 
Second, most wearable devices are equipped with heart rate and blood oxygen sensors that can 
monitor vital signs. In case of emergencies, these devices can alert emergency services, providing 
immediate assistance if the wearer is injured or immobilized after a fall. This feature helps alleviate 
safety concerns that might otherwise discourage older adults from outdoor walking. Third, 
smartphone applications paired with wearable devices offer users the chance to set up and engage 
in weekly challenges and competitions, earning badges and rewards upon completion. This feature 
can boost motivation and accountability, encouraging users to maintain their physical activity 
levels, including walking. Also, several health insurance providers currently offer discounts on 
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premiums for meeting physical activity goals. For instance, some insurance companies provide 
policyholders with up to $100 annually for achieving daily step targets when syncing a step tracker 
with their mobile application (see Bengfort, 2023). Similarly, partnerships with local or online 
businesses (such as sports stores) to offer rewards to individuals who meet a certain number of 
daily steps or who visit scenic outdoor sites (Kim et al., 2024) can serve as a tangible motivator 
for older adults. However, also to note is that only a quarter of seniors in the U.S. are estimated to 
wear fitness devices (Morning Consult, 2023). Implementing programs and services that offer 
educational resources and the opportunity to rent or borrow devices can further encourage their 
use among older adults. Additionally, manufacturers of activity-tracking devices should consider 
the needs of older adults, such as ensuring that the display screens are large and well-lit for easy 
readability. 

Another emerging technology with the potential to improve walking habits among older 
adults is Intelligent Conversational voice assistants (ICVs), such as Siri on the iPhone. These ICVs 
provide real-time, voice-activated support, making them particularly beneficial for older adults 
who may be less familiar with technology or face challenges in navigating screen-based interfaces 
(see Bokolo Jnr, 2024). ICVs can promote walking through two primary functions. First, ICVs can 
assist users in finding and navigating safe and walkable routes, thereby reducing the fear of getting 
lost or concerns about route safety. Second, ICVs can serve as an accessible alternative to 
individualized professional coaching, which has been shown to positively impact physical activity 
participation (see Oliveira et al., 2017). As AI technology advances, the chasm between human 
coaching and ICV support may narrow, making ICVs an increasingly valuable and reliable tool to 
promote walking among older adults (see, for example, Mohan et al., 2020, and Vardhan et al., 
2022).  

 
7. CONCLUSIONS 
This study has investigated the determinants of three separate, but inter-related dimensions of older 
adults' walking behavior: frequency of days of walk in the week, typical duration of walk during 
days of walk, and social companionship (SC). The analysis is undertaken using a multivariate 
mixed data approach (including two ordered-response outcomes and a grouped outcome), 
nationally representative survey data collected after the peak of the COVID-19 pandemic in July 
2022. This approach facilitated the comprehensive understanding of the long-term effects of the 
pandemic on older adults' walking behaviors. 

This study aimed to identify the relationships between sociodemographic factors and the 
three dimensions of walking behavior (frequency, duration, SC) among older adults, as well as 
capture the causal effects among these dimensions. Overall, the findings revealed significant, yet 
distinct, relationships between sociodemographic factors and each dimension of walking behavior. 
In terms of causal relationships, the presence of companions had a positive endogenous effect on 
both the frequency and duration of walking. Also, frequent walking positively influenced the 
average walking duration. Further, an average treatment effects (ATEs) analysis was conducted to 
quantify the overall impact of exogenous variables and decompose these impacts into direct and 
indirect effects mediated through the endogenous walking behavior variables (frequency and 
companionship). The findings suggested that older adults with fewer resources, such as those who 
are over 64 years, unemployed, from low-income households, and members of households with 
children, tended to walk less frequently and for shorter durations. However, the causal effect of 
SC revealed that certain groups, such as Black individuals and those living alone, walked less due 
to the absence of walking companions. These results highlight the importance of considering social 
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aspects in understanding walking behavior and suggest that approaches to encourage walking need 
to be tailored to different social groups. By tailoring interventions to the unique needs of different 
populations and leveraging the power of community, companionship, and emerging technologies, 
policymakers can effectively foster a culture of active living among older adults and equitable 
access to the numerous benefits of regular walking. 

The research in this study may be advanced in many ways. First, although we acknowledge 
the significant impact of the built and natural environment on walking, we could not explore this 
aspect due to the lack of data on respondents' residential locations. Future research should prioritize 
examining how these factors specifically affect older adults' walking behavior, especially since 
this demographic may be particularly sensitive to environmental conditions due to factors such as 
fear of falling, concerns about safety, and vulnerability to weather conditions (see, for example,  
Li et al., 2015). Second, our study highlighted specific sociodemographic groups that may benefit 
from interventions that promote walking. To better inform the design of such interventions among 
older adults, it would be beneficial to collect subjective perceptions on the barriers and concerns 
that influence walking behaviors. Third, since utilitarian and leisure walking trips have distinct 
characteristics, analyzing them as separate behaviors would provide deeper insights.  
 
ACKNOWLEDGEMENTS 
This research was partially supported by the U.S. Department of Transportation through the Center 
for Understanding Future Travel Behavior and Demand (TBD) (Grant No. 69A3552344815 and 
No. 69A3552348320). The authors are grateful to Lisa Macias for her help in formatting this 
document.  
 
REFERENCES 
AARP. (2023). AARP Walking Survey: Attitudes and Habits of Adults Aged 50 and Older. 

https://doi.org/10.25940/ROPER-31120071 
AARP, & NORC. (2022). Foresight 50+ demographics report. 

https://www.norc.org/content/dam/norc-org/pdfs/FINAL%20-
%20Demographic%20Report%20for%20Foresight%2050+%20--%20April%202022.pdf 

Abd El-Shafy, I., Savino, J., Christopherson, N. A. M., & Prince, J. M. (2017). Reduction of 
pediatric pedestrian hazardous road conditions in a school drop-off zone using video 
review. Journal of Trauma and Acute Care Surgery, 83(5S), S227–S232. 
https://doi.org/10.1097/TA.0000000000001599 

Aliyas, Z. (2020). Why Some Walk and Others Don’t: Neighborhood Safety and the 
Sociodemographic Variation Effect on Walking for Leisure and Transportation. Journal of 
Public Health Management and Practice, 26(4), Article 4. 
https://doi.org/10.1097/PHH.0000000000000992 

American Heart Association. (2024). Start or Join a Walking Club. 
https://www.heart.org/en/healthy-living/fitness/walking/start-or-join-a-walking-club 

Arroyo, R., Ruiz, T., Mars, L., Rasouli, S., & Timmermans, H. (2020). Influence of values, 
attitudes towards transport modes and companions on travel behavior. Transportation 
Research Part F: Traffic Psychology and Behaviour, 71, 8–22. 
https://doi.org/10.1016/j.trf.2020.04.002 



27 

Beauchamp, M. K., Joshi, D., McMillan, J., Erbas Oz, U., Griffith, L. E., Basta, N. E., Kirkland, 
S., Wolfson, C., Raina, P., Canadian Longitudinal Study on Aging (CLSA) Team, Costa, 
A., Anderson, L., Balion, C., Yukiko, A., Cossette, B., Levasseur, M., Hofer, S., Paterson, 
T., Hogan, D., … Cosco, T. (2022). Assessment of Functional Mobility After COVID-19 in 
Adults Aged 50 Years or Older in the Canadian Longitudinal Study on Aging. JAMA 
Network Open, 5(1), e2146168. https://doi.org/10.1001/jamanetworkopen.2021.46168 

Bengfort, H. (2023). What are health insurance rewards programs, and how do they impact 
HRAs? https://www.peoplekeep.com/blog/what-are-health-insurance-rewards-programs 

Bereitschaft, B. (2017). Equity in neighbourhood walkability? A comparative analysis of three 
large U.S. cities. Local Environment, 22(7), 859–879. 
https://doi.org/10.1080/13549839.2017.1297390 

Bergen, K., Jubenvill, M., Shaw, K., Steen, E., Loewen, H., Mbabaali, S., & Barclay, R. (2023). 
Factors Associated with Outdoor Winter Walking in Older Adults: A Scoping Review. 
Canadian Journal on Aging / La Revue Canadienne Du Vieillissement, 42(2), 316–327. 
https://doi.org/10.1017/S0714980822000460 

Bhat, C. R. (2015). A new generalized heterogeneous data model (GHDM) to jointly model 
mixed types of dependent variables. Transportation Research Part B: Methodological, 79, 
50–77. https://doi.org/10.1016/j.trb.2015.05.017 

Bhat, C. R. (2018). New matrix-based methods for the analytic evaluation of the multivariate 
cumulative normal distribution function. Transportation Research Part B: Methodological, 
109, 238–256. https://doi.org/10.1016/j.trb.2018.01.011 

Bhat, C. R. (2024). Transformation-Based Generalization of Ordered-Response Probit Models 
with Dummy Endogenous Regressors. 
https://www.caee.utexas.edu/prof/bhat/ABSTRACTS/Transformation.pdf 

Bhat, C. R., Astroza, S., Bhat, A. C., & Nagel, K. (2016). Incorporating a multiple discrete-
continuous outcome in the generalized heterogeneous data model: Application to 
residential self-selection effects analysis in an activity time-use behavior model. 
Transportation Research Part B: Methodological, 91, 52–76. 
https://doi.org/10.1016/j.trb.2016.03.007 

Bhat, C. R., & Guo, J. Y. (2007). A comprehensive analysis of built environment characteristics 
on household residential choice and auto ownership levels. Transportation Research Part 
B: Methodological, 41(5), 506–526. https://doi.org/10.1016/j.trb.2005.12.005 

Bhat, C. R., Varin, C., & Ferdous, N. (2010). A comparison of the maximum simulated 
likelihood and composite marginal likelihood estimation approaches in the context of the 
multivariate ordered-response model. In W. Greene & R. Carter Hill (Eds.), Maximum 
Simulated Likelihood Methods and Applications (Vol. 26, pp. 65–106). Emerald Group 
Publishing Limited. https://doi.org/10.1108/S0731-9053(2010)0000026007 

Bokolo Jnr, A. (2024). Examining the Use of Intelligent Conversational Voice-Assistants for 
Improved Mobility Behavior of Older Adults in Smart Cities. International Journal of 
Human–Computer Interaction, 1–22. https://doi.org/10.1080/10447318.2024.2344145 

British Heart Foundation. (2024). How a walking group can help you to get moving. 
https://www.bhf.org.uk/informationsupport/heart-matters-
magazine/activity/walking/walking-groups 



28 

Bull, F. C., Al-Ansari, S. S., Biddle, S., Borodulin, K., Buman, M. P., Cardon, G., Carty, C., 
Chaput, J.-P., Chastin, S., Chou, R., Dempsey, P. C., DiPietro, L., Ekelund, U., Firth, J., 
Friedenreich, C. M., Garcia, L., Gichu, M., Jago, R., Katzmarzyk, P. T., … Willumsen, J. 
F. (2020). World Health Organization 2020 guidelines on physical activity and sedentary 
behaviour. British Journal of Sports Medicine, 54(24), 1451–1462. 
https://doi.org/10.1136/bjsports-2020-102955 

Bushman, B. A. (2020). Exercise for Prevention of Chronic Diseases. ACSM’S Health & Fitness 
Journal, 24(1), 5–10. https://doi.org/10.1249/FIT.0000000000000533 

Caplan, Z. (2023). U.S. Older Population Grew From 2010 to 2020 at Fastest Rate Since 1880 to 
1890. United States Census Bureau. https://www.census.gov/library/stories/2023/05/2020-
census-united-states-older-population-grew.html 

Cerin, E., Leslie, E., & Owen, N. (2009). Explaining socio-economic status differences in 
walking for transport: An ecological analysis of individual, social and environmental 
factors. Social Science & Medicine, 68(6), Article 6. 
https://doi.org/10.1016/j.socscimed.2009.01.008 

Cerin, E., Sit, C. H. P., Barnett, A., Cheung, M., & Chan, W. (2013). Walking for Recreation and 
Perceptions of the Neighborhood Environment in Older Chinese Urban Dwellers. Journal 
of Urban Health, 90(1), 56–66. https://doi.org/10.1007/s11524-012-9704-8 

Chen, S.-T., Stevinson, C., Yang, C.-H., Sun, W.-J., Chen, L.-J., & Ku, P.-W. (2021). Cross-
sectional and longitudinal associations of outdoor walking with overall mental health in 
later life. Experimental Gerontology, 151, 111428. 
https://doi.org/10.1016/j.exger.2021.111428 

Chin, E. C., Yu, A. P., Leung, C. K., Bernal, J. D., Au, W. W., Fong, D. Y., Cheng, C. P., & Siu, 
P. M. (2022). Effects of Exercise Frequency and Intensity on Reducing Depressive 
Symptoms in Older Adults With Insomnia: A Pilot Randomized Controlled Trial. Frontiers 
in Physiology, 13, 863457. https://doi.org/10.3389/fphys.2022.863457 

Clark, A., & Scott, D. (2016). Barriers to Walking: An Investigation of Adults in Hamilton 
(Ontario, Canada). International Journal of Environmental Research and Public Health, 
13(2), 179. https://doi.org/10.3390/ijerph13020179 

Cloutier, M.-S., Beaulieu, E., Fridman, L., Macpherson, A. K., Hagel, B. E., Howard, A. W., 
Churchill, T., Fuselli, P., Macarthur, C., & Rothman, L. (2021). State-of-the-art review: 
Preventing child and youth pedestrian motor vehicle collisions: critical issues and future 
directions. Injury Prevention, 27(1), 77–84. https://doi.org/10.1136/injuryprev-2020-
043829 

Colley, K., Currie, M. J. B., & Irvine, K. N. (2019). Then and Now: Examining Older People’s 
Engagement in Outdoor Recreation Across the Life Course. Leisure Sciences, 41(3), 186–
202. https://doi.org/10.1080/01490400.2017.1349696 

Duncan, L. R., Hall, C. R., Wilson, P. M., & O, J. (2010). Exercise motivation: A cross-sectional 
analysis examining its relationships with frequency, intensity, and duration of exercise. 
International Journal of Behavioral Nutrition and Physical Activity, 7(1), 7. 
https://doi.org/10.1186/1479-5868-7-7 

Evangelist, M. (2022). Narrowing Racial Differences in Trust: How Discrimination Shapes Trust 
in a Racialized Society. Social Problems, 69(4), 1109–1136. 
https://doi.org/10.1093/socpro/spab011 



29 

Felipe, S. G. B., Parreira Batista, P., Da Silva, C. C. R., De Melo, R. C., De Assumpção, D., & 
Perracini, M. R. (2023). Impact of COVID‐19 pandemic on mobility of older adults: A 
scoping review. International Journal of Older People Nursing, 18(1), e12496. 
https://doi.org/10.1111/opn.12496 

Foster, D., Linehan, C., Kirman, B., Lawson, S., & James, G. (2010). Motivating physical 
activity at work: Using persuasive social media for competitive step counting. Proceedings 
of the 14th International Academic MindTrek Conference: Envisioning Future Media 
Environments, 111–116. https://doi.org/10.1145/1930488.1930510 

Franke, T., Sims-Gould, J., Nettlefold, L., Ottoni, C., & McKay, H. A. (2021). “It makes me feel 
not so alone”: Features of the Choose to Move physical activity intervention that reduce 
loneliness in older adults. BMC Public Health, 21(1), 312. https://doi.org/10.1186/s12889-
021-10363-1 

Freiberger, E., Sieber, C. C., & Kob, R. (2020). Mobility in Older Community-Dwelling 
Persons: A Narrative Review. Frontiers in Physiology, 11, 881. 
https://doi.org/10.3389/fphys.2020.00881 

Giehl, M. W. C., Hallal, P. C., Corseuil, C. W., Schneider, I. J. C., & d’Orsi, E. (2016). Built 
Environment and Walking Behavior Among Brazilian Older Adults: A Population-Based 
Study. Journal of Physical Activity and Health, 13(6), 617–624. 
https://doi.org/10.1123/jpah.2015-0355 

Guan, X., Wang, D., & Jason Cao, X. (2020). The role of residential self-selection in land use-
travel research: A review of recent findings. Transport Reviews, 40(3), 267–287. 
https://doi.org/10.1080/01441647.2019.1692965 

Gümüş Şekerci, Y., & Kır Biçer, E. (2019). The effect of walking exercise on quality of life and 
sleep in elderly individuals: Randomized controlled study. 

Haddad, A. J., Mondal, A., Bhat, C. R., Zhang, A., Liao, M. C., Macias, L. J., Lee, M. K., & 
Watkins, S. C. (2023). Pedestrian crash frequency: Unpacking the effects of contributing 
factors and racial disparities. Accident Analysis & Prevention, 182, 106954. 
https://doi.org/10.1016/j.aap.2023.106954 

Hanson, S., & Jones, A. (2015). A spatial equity analysis of a public health intervention: A case 
study of an outdoor walking group provider within local authorities in England. 
International Journal for Equity in Health, 14(1), 106. https://doi.org/10.1186/s12939-015-
0256-x 

Heidel, A., & Hagist, C. (2020). Potential Benefits and Risks Resulting From the Introduction of 
Health Apps and Wearables Into the German Statutory Health Care System: Scoping 
Review. JMIR mHealth and uHealth, 8(9), e16444. https://doi.org/10.2196/16444 

Hwang, H., Haddad, A., Batur, I., Saxena, S., Pendyala, R. M., & Bhat, C. R. (2023). An 
analysis of walking frequency before and after the pandemic. Technical Paper, Department 
of Civil, Architectural and Environmental Engineering, The University of Texas at Austin. 

Ihara, S., Ide, K., Kanamori, S., Tsuji, T., Kondo, K., & Iizuka, G. (2022). Social participation 
and change in walking time among older adults: A 3-year longitudinal study from the 
JAGES. BMC Geriatrics, 22(1), 238. https://doi.org/10.1186/s12877-022-02874-2 

Irvine, K. N., Fisher, D., Marselle, M. R., Currie, M., Colley, K., & Warber, S. L. (2022). Social 
Isolation in Older Adults: A Qualitative Study on the Social Dimensions of Group Outdoor 
Health Walks. International Journal of Environmental Research and Public Health, 19(9), 
5353. https://doi.org/10.3390/ijerph19095353 



30 

Julien, D., Gauvin, L., Richard, L., Kestens, Y., & Payette, H. (2013). Longitudinal Associations 
Between Walking Frequency and Depressive Symptoms in Older Adults: Results from the 
VoisiNuAge Study. Journal of the American Geriatrics Society, 61(12), 2072–2078. 
https://doi.org/10.1111/jgs.12546 

Kamphuis, C. B., Van Lenthe, F. J., Giskes, K., Huisman, M., Brug, J., & Mackenbach, J. P. 
(2009). Socioeconomic differences in lack of recreational walking among older adults: The 
role of neighbourhood and individual factors. International Journal of Behavioral Nutrition 
and Physical Activity, 6(1), 1. https://doi.org/10.1186/1479-5868-6-1 

Kim, D.-J., Lee, Y.-S., Jeon, E.-R., & Kim, K. J. (2024). Present and Future of AI-IoT-Based 
Healthcare Services for Senior Citizens in Local Communities: A Review of a South 
Korean Government Digital Healthcare Initiatives. Healthcare, 12(2), 281. 
https://doi.org/10.3390/healthcare12020281 

Klenk, J., Dallmeier, D., Denkinger, M. D., Rapp, K., Koenig, W., Rothenbacher, D., & ActiFE 
Study Group. (2016). Objectively Measured Walking Duration and Sedentary Behaviour 
and Four-Year Mortality in Older People. PLOS ONE, 11(4), e0153779. 
https://doi.org/10.1371/journal.pone.0153779 

Kritz, M., Thøgersen-Ntoumani, C., Mullan, B., Stathi, A., & Ntoumanis, N. (2021). “It’s Better 
Together”: A Nested Longitudinal Study Examining the Benefits of Walking Regularly 
With Peers Versus Primarily Alone in Older Adults. Journal of Aging and Physical 
Activity, 29(3), 455–465. https://doi.org/10.1123/japa.2020-0091 

Kroesen, M., & De Vos, J. (2020). Does active travel make people healthier, or are healthy 
people more inclined to travel actively? Journal of Transport & Health, 16, 100844. 
https://doi.org/10.1016/j.jth.2020.100844 

Krogstad, J. R., Hjorthol, R., & Tennøy, A. (2015). Improving walking conditions for older 
adults. A three-step method investigation. European Journal of Ageing, 12(3), 249–260. 
https://doi.org/10.1007/s10433-015-0340-5 

Kubota, A., Carver, A., & Sugiyama, T. (2020). Associations of Local Social Engagement and 
Environmental Attributes With Walking and Sitting Among Japanese Older Adults. 
Journal of Aging and Physical Activity, 28(2), 187–193. https://doi.org/10.1123/japa.2018-
0321 

LaCroix, A. Z., Leveille, S. G., Hecht, J. A., Grothaus, L. C., & Wagner, E. H. (1996). Does 
Walking Decrease the Risk of Cardiovascular Disease Hospitalizations and Death in Older 
Adults? Journal of the American Geriatrics Society, 44(2), 113–120. 
https://doi.org/10.1111/j.1532-5415.1996.tb02425.x 

Leung, K. M., Chung, P.-K., Wang, D., & Liu, J. D. (2018). Impact of physical and social 
environments on the walking behaviour of Hong Kong’s older adults. Journal of Transport 
& Health, 9, 299–308. https://doi.org/10.1016/j.jth.2018.03.002 

Li, S., Zhao, P., Zhang, H., & Quan, J. (2019). Walking behavior in the old downtown Beijing: 
The impact of perceptions and attitudes and social variations. Transport Policy, 73, 1–11. 
https://doi.org/10.1016/j.tranpol.2018.10.005 

Li, Y., Kao, D., & Dinh, T. Q. (2015). Correlates of Neighborhood Environment With Walking 
Among Older Asian Americans. Journal of Aging and Health, 27(1), 17–34. 
https://doi.org/10.1177/0898264314535636 



31 

Liao, Y., Huang, P.-H., Hsiang, C.-Y., Huang, J.-H., Hsueh, M.-C., & Park, J.-H. (2017). 
Associations of Older Taiwanese Adults’ Personal Attributes and Perceptions of the 
Neighborhood Environment Concerning Walking for Recreation and Transportation. 
International Journal of Environmental Research and Public Health, 14(12), Article 12. 
https://doi.org/10.3390/ijerph14121594 

Liu, Y., & Lachman, M. E. (2021). A Group-Based Walking Study to Enhance Physical Activity 
Among Older Adults: The Role of Social Engagement. Research on Aging, 43(9–10), 368–
377. https://doi.org/10.1177/0164027520963613 

Liu, Z., Kemperman, A., & Timmermans, H. (2020). Correlates of older adults’ walking trip 
duration. Journal of Transport & Health, 18, 100889. 
https://doi.org/10.1016/j.jth.2020.100889 

Maisel, J. L. (2016). Impact of Older Adults’ Neighborhood Perceptions on Walking Behavior. 
Journal of Aging and Physical Activity, 24(2), 247–255. https://doi.org/10.1123/japa.2014-
0278 

Marquez, D. X., Aguiñaga, S., Vásquez, P. M., Conroy, D. E., Erickson, K. I., Hillman, C., 
Stillman, C. M., Ballard, R. M., Sheppard, B. B., Petruzzello, S. J., King, A. C., & Powell, 
K. E. (2020). A systematic review of physical activity and quality of life and well-being. 
Translational Behavioral Medicine, 10(5), 1098–1109. https://doi.org/10.1093/tbm/ibz198 

Meads, C., & Exley, J. (2018). A Systematic Review of Group Walking in Physically Healthy 
People to Promote Physical Activity. International Journal of Technology Assessment in 
Health Care, 34(1), 27–37. https://doi.org/10.1017/S0266462317001088 

Mizuta, S., Uchida, K., Sawa, R., Nakamura, J., Encho, H., Akisue, T., & Ono, R. (2023). 
Context of walking and loneliness among community-dwelling older adults: A cross-
sectional study. BMC Geriatrics, 23(1), 326. https://doi.org/10.1186/s12877-023-04043-5 

Mohan, S., Venkatakrishnan, A., & Hartzler, A. L. (2020). Designing an AI Health Coach and 
Studying Its Utility in Promoting Regular Aerobic Exercise. ACM Transactions on 
Interactive Intelligent Systems, 10(2), 1–30. https://doi.org/10.1145/3366501 

Morita, Yokoyama, Imai, Takeda, Ota, Kawai, Hisada, Emoto, Suzuki, & Okazaki. (2019). 
Aerobic Exercise Training with Brisk Walking Increases Intestinal Bacteroides in Healthy 
Elderly Women. Nutrients, 11(4), 868. https://doi.org/10.3390/nu11040868 

Morning Consult. (2023). Use of wearable fitness or wellness technologies in the United States 
as of 2023, by age [dataset]. https://www.statista.com/statistics/1424304/use-of-fitness-
wearables-in-the-us-by-age/ 

Nagel, C. L., Carlson, N. E., Bosworth, M., & Michael, Y. L. (2008). The Relation between 
Neighborhood Built Environment and Walking Activity among Older Adults. American 
Journal of Epidemiology, 168(4), 461–468. https://doi.org/10.1093/aje/kwn158 

National Center for Health Statistics. (2019). Health, America, 2019: Table 25 [dataset]. 
https://www.cdc.gov/nchs/hus/contents2019.htm 

Oja, P., Kelly, P., Murtagh, E. M., Murphy, M. H., Foster, C., & Titze, S. (2018). Effects of 
frequency, intensity, duration and volume of walking interventions on CVD risk factors: A 
systematic review and meta-regression analysis of randomised controlled trials among 
inactive healthy adults. British Journal of Sports Medicine, 52(12), 769–775. 
https://doi.org/10.1136/bjsports-2017-098558 



32 

Oliveira, J. S., Sherrington, C., Amorim, A. B., Dario, A. B., & Tiedemann, A. (2017). What is 
the effect of health coaching on physical activity participation in people aged 60 years and 
over? A systematic review of randomised controlled trials. British Journal of Sports 
Medicine, 51(19), 1425–1432. https://doi.org/10.1136/bjsports-2016-096943 

Omura, J. D., Ussery, E. N., Loustalot, F., Fulton, J. E., & Carlson, S. A. (2019). Walking as an 
Opportunity for Cardiovascular Disease Prevention. Preventing Chronic Disease, 16, 
180690. https://doi.org/10.5888/pcd16.180690 

Patel, A. V., Hildebrand, J. S., Leach, C. R., Campbell, P. T., Doyle, C., Shuval, K., Wang, Y., & 
Gapstur, S. M. (2018). Walking in Relation to Mortality in a Large Prospective Cohort of 
Older U.S. Adults. American Journal of Preventive Medicine, 54(1), 10–19. 
https://doi.org/10.1016/j.amepre.2017.08.019 

Paul, P., Carlson, S. A., Carroll, D. D., Berrigan, D., & Fulton, J. E. (2015). Walking for 
Transportation and Leisure among U.S. Adults—National Health Interview Survey 2010. 
Journal of Physical Activity and Health, 12(s1), Article s1. 
https://doi.org/10.1123/jpah.2013-0519 

Paydar, M., & Fard, A. K. (2021). The Contribution of Socio-Demographic Factors to Walking 
Behavior Considering Destination Types; Case Study: Temuco, Chile. Social Sciences, 
10(12), 479. https://doi.org/10.3390/socsci10120479 

Phillips, S. (2022, August 3). This Is the Phase of the Pandemic Where Life Returns To Normal. 
Time. https://time.com/6203058/covid-19-pandemic-return-to-normal-column/ 

Prasertsri, P., Phoemsapthawee, J., Kuamsub, S., Poolpol, K., & Boonla, O. (2022). Effects of 
Long-Term Regular Continuous and Intermittent Walking on Oxidative Stress, Metabolic 
Profile, Heart Rate Variability, and Blood Pressure in Older Adults with Hypertension. 
Journal of Environmental and Public Health, 2022, 1–12. 
https://doi.org/10.1155/2022/5942947 

Richardson, A. S., Ghosh-Dastidar, M., Collins, R. L., Hunter, G. P., Troxel, W. M., 
Colabianchi, N., Cohen, D. A., & Dubowitz, T. (2020). Improved Street Walkability, 
Incivilities, and Esthetics Are Associated with Greater Park Use in Two Low-Income 
Neighborhoods. Journal of Urban Health, 97(2), 204–212. https://doi.org/10.1007/s11524-
019-00416-7 

Rigby, B. P., Dodd-Reynolds, C. J., & Oliver, E. J. (2020). Inequities and inequalities in outdoor 
walking groups: A scoping review. Public Health Reviews, 41(1), 4. 
https://doi.org/10.1186/s40985-020-00119-4 

Rišová, K., & Sládeková Madajová, M. (2020). Gender differences in a walking environment 
safety perception: A case study in a small town of Banská Bystrica (Slovakia). Journal of 
Transport Geography, 85, 102723. https://doi.org/10.1016/j.jtrangeo.2020.102723 

Rizka, M., Laksmi Ambardini, R., Adhi Virama, L. O., & Yudhistira, D. (2022). The Effect of 
Walking Exercise on Blood Pressure and Blood Glucose in the Elderly. International 
Journal of Kinesiology and Sports Science, 10(1), 30–35. 
https://doi.org/10.7575/aiac.ijkss.v.10n.1p.30 

Rodrigue, L., El-Geneidy, A., & Manaugh, K. (2024). Sociodemographic matters: Analyzing 
interactions of individuals’ characteristics with walkability when modelling walking 
behavior. Journal of Transport Geography, 114, 103788. 
https://doi.org/10.1016/j.jtrangeo.2023.103788 



33 

Roe, J., Mondschein, A., Neale, C., Barnes, L., Boukhechba, M., & Lopez, S. (2020). The Urban 
Built Environment, Walking and Mental Health Outcomes Among Older Adults: A Pilot 
Study. Frontiers in Public Health, 8, 575946. https://doi.org/10.3389/fpubh.2020.575946 

Rothman, L., Buliung, R., Howard, A., Macarthur, C., & Macpherson, A. (2017). The school 
environment and student car drop-off at elementary schools. Travel Behaviour and Society, 
9, 50–57. https://doi.org/10.1016/j.tbs.2017.03.001 

Rothman, L., Ling, R., Hagel, B. E., Macarthur, C., Macpherson, A. K., Buliung, R., Fuselli, P., 
& Howard, A. W. (2022). Pilot study to evaluate school safety zone built environment 
interventions. Injury Prevention, 28(3), 243–248. https://doi.org/10.1136/injuryprev-2021-
044299 

Sallis, J. F., Owen, N., Fisher, E., & others. (2015). Ecological models of health behavior. Health 
Behavior: Theory, Research, and Practice, 5(43–64). 

Sallis, J. F., Slymen, D. J., Conway, T. L., Frank, L. D., Saelens, B. E., Cain, K., & Chapman, J. 
E. (2011). Income disparities in perceived neighborhood built and social environment 
attributes. Health & Place, 17(6), Article 6. 
https://doi.org/10.1016/j.healthplace.2011.02.006 

Samerei, S. A., Aghabayk, K., Shiwakoti, N., & Karimi, S. (2021). Modelling bus-pedestrian 
crash severity in the state of Victoria, Australia. International Journal of Injury Control 
and Safety Promotion, 28(2), 233–242. https://doi.org/10.1080/17457300.2021.1907597 

Sehatzadeh, B., Noland, R. B., & Weiner, M. D. (2011). Walking frequency, cars, dogs, and the 
built environment. Transportation Research Part A: Policy and Practice, 45(8), Article 8. 
https://doi.org/10.1016/j.tra.2011.06.001 

Sheldon, P., Antony, M. G., & Ware, L. J. (2021). Baby Boomers’ use of Facebook and 
Instagram: Uses and gratifications theory and contextual age indicators. Heliyon, 7(4), 
e06670. https://doi.org/10.1016/j.heliyon.2021.e06670 

Sithichoksakulchai, S., Chen, M.-C., & Chen, K.-M. (2022). Walking Promotes Physical Fitness 
of Community-Dwelling Older Adults: A Systematic Review and Meta-analysis. Topics in 
Geriatric Rehabilitation, 38(2), 101–109. https://doi.org/10.1097/TGR.0000000000000351 

Solon, G., Haider, S. J., & Wooldridge, J. M. (2015). What are we weighting for? Journal of 
Human Resources, 50(2), 301–316. 

Spiteri, K., Broom, D., Hassan Bekhet, A., Xerri De Caro, J., Laventure, B., & Grafton, K. 
(2019). Barriers and Motivators of Physical Activity Participation in Middle-Aged and 
Older Adults—A Systematic Review. Journal of Aging and Physical Activity, 27(6), 929–
944. https://doi.org/10.1123/japa.2018-0343 

Stalsberg, R., & Pedersen, A. (2018). Are Differences in Physical Activity across Socioeconomic 
Groups Associated with Choice of Physical Activity Variables to Report? International 
Journal of Environmental Research and Public Health, 15(5), 922. 
https://doi.org/10.3390/ijerph15050922 

Thornton, C. M., Kerr, J., Conway, T. L., Saelens, B. E., Sallis, J. F., Ahn, D. K., Frank, L. D., 
Cain, K. L., & King, A. C. (2017). Physical Activity in Older Adults: An Ecological 
Approach. Annals of Behavioral Medicine, 51(2), 159–169. https://doi.org/10.1007/s12160-
016-9837-1 

Umpierre, D., Ribeiro, P. A. B., Schaan, B. D., & Ribeiro, J. P. (2013). Volume of supervised 
exercise training impacts glycaemic control in patients with type 2 diabetes: A systematic 
review with meta-regression analysis. Diabetologia, 56(2), 242–251. 
https://doi.org/10.1007/s00125-012-2774-z 



34 

U.S. Department of Health and Human Services. (2018). Physical Activity Guidelines for 
Americans, 2nd edition. 

Valenti, G., Bonomi, A. G., & Westerterp, K. R. (2016). Walking as a Contributor to Physical 
Activity in Healthy Older Adults: 2 Week Longitudinal Study Using Accelerometry and 
the Doubly Labeled Water Method. JMIR mHealth and uHealth, 4(2), e56. 
https://doi.org/10.2196/mhealth.5445 

Van Acker, V., Mokhtarian, P. L., & Witlox, F. (2014). Car availability explained by the 
structural relationships between lifestyles, residential location, and underlying residential 
and travel attitudes. Transport Policy, 35, 88–99. 
https://doi.org/10.1016/j.tranpol.2014.05.006 

Van Der Meer, M. J. (2008). The sociospatial diversity in the leisure activities of older people in 
the Netherlands. Journal of Aging Studies, 22(1), 1–12. 
https://doi.org/10.1016/j.jaging.2007.02.001 

Van Uffelen, J. G. Z., Khan, A., & Burton, N. W. (2017). Gender differences in physical activity 
motivators and context preferences: A population-based study in people in their sixties. 
BMC Public Health, 17(1), Article 1. https://doi.org/10.1186/s12889-017-4540-0 

Van Wee, B. (2009). Self‐Selection: A Key to a Better Understanding of Location Choices, 
Travel Behaviour and Transport Externalities? Transport Reviews, 29(3), 279–292. 
https://doi.org/10.1080/01441640902752961 

Vardhan, M., Hegde, N., Merugu, S., Prabhat, S., Nathani, D., Seneviratne, M., Muhammad, N., 
Reddy, P., Lakshminarasimhan, S., Singh, R., Lorenzana, K., Motwani, E., Talukdar, P., & 
Raghuveer, A. (2022). Walking with PACE - Personalized and Automated Coaching 
Engine. Proceedings of the 30th ACM Conference on User Modeling, Adaptation and 
Personalization, 57–68. https://doi.org/10.1145/3503252.3531301 

Vasankari, V., Husu, P., Vähä-Ypyä, H., Suni, J., Tokola, K., Halonen, J., Hartikainen, J., 
Sievänen, H., & Vasankari, T. (2017). Association of objectively measured sedentary 
behaviour and physical activity with cardiovascular disease risk. European Journal of 
Preventive Cardiology, 24(12), 1311–1318. https://doi.org/10.1177/2047487317711048 

Veitch, J., Flowers, E., Ball, K., Deforche, B., & Timperio, A. (2020). Designing parks for older 
adults: A qualitative study using walk-along interviews. Urban Forestry & Urban 
Greening, 54, 126768. https://doi.org/10.1016/j.ufug.2020.126768 

Wei, L., Hu, Y., Tao, Y., Hu, R., & Zhang, L. (2022). The Effects of Physical Exercise on the 
Quality of Life of Healthy Older Adults in China: A Systematic Review. Frontiers in 
Psychology, 13, 895373. https://doi.org/10.3389/fpsyg.2022.895373 

Wen, M., Kandula, N. R., & Lauderdale, D. S. (2007). Walking for Transportation or Leisure: 
What Difference Does the Neighborhood Make? Journal of General Internal Medicine, 
22(12), 1674–1680. https://doi.org/10.1007/s11606-007-0400-4 

Wilkes, R., & Wu, C. (2019). Immigration, Discrimination, and Trust: A Simply Complex 
Relationship. Frontiers in Sociology, 4, 32. https://doi.org/10.3389/fsoc.2019.00032 

Wooldridge, J. M. (1995). Selection corrections for panel data models under conditional mean 
independence assumptions. Journal of Econometrics, 68(1), 115–132. 

World Health Organization. (2010). Global recommendations on physical activity for health. 
WHO press. 



35 

Wu, J., Zhao, C., Li, C., Wang, T., Wang, L., & Zhang, Y. (2021). Non-linear Relationships 
Between the Built Environment and Walking Frequency Among Older Adults in 
Zhongshan, China. Frontiers in Public Health, 9, 686144. 
https://doi.org/10.3389/fpubh.2021.686144 

Yang, L., Tang, X., Yang, H., Meng, F., & Liu, J. (2022). Using a system of equations to assess 
the determinants of the walking behavior of older adults. Transactions in GIS, 26(3), 1339–
1354. https://doi.org/10.1111/tgis.12916 

Yates, T., Edwardson, C. L., Celis-Morales, C., Biddle, S. J. H., Bodicoat, D., Davies, M. J., 
Esliger, D., Henson, J., Kazi, A., Khunti, K., Sattar, N., Sinclair, A. J., Rowlands, A., 
Velayudhan, L., Zaccardi, F., & Gill, J. M. R. (2020). Metabolic Effects of Breaking 
Prolonged Sitting With Standing or Light Walking in Older South Asians and White 
Europeans: A Randomized Acute Study. The Journals of Gerontology: Series A, 75(1), 
139–146. https://doi.org/10.1093/gerona/gly252 

Yi, S. S., Trinh-Shevrin, C., Yen, I. H., & Kwon, S. C. (2016). Racial/Ethnic Differences in 
Associations Between Neighborhood Social Cohesion and Meeting Physical Activity 
Guidelines, United States, 2013–2014. Preventing Chronic Disease, 13, 160261. 
https://doi.org/10.5888/pcd13.160261 

Younes, H., Noland, R. B., Von Hagen, L. A., & Sinclair, J. (2023). Working from Home and 
Walking during and after COVID. Findings. https://doi.org/10.32866/001c.78110 

Yun, H. Y. (2019). Environmental Factors Associated with Older Adult’s Walking Behaviors: A 
Systematic Review of Quantitative Studies. Sustainability, 11(12), 3253. 
https://doi.org/10.3390/su11123253 

Zandieh, R., Martinez, J., Flacke, J., Jones, P., & Van Maarseveen, M. (2016). Older Adults’ 
Outdoor Walking: Inequalities in Neighbourhood Safety, Pedestrian Infrastructure and 
Aesthetics. International Journal of Environmental Research and Public Health, 13(12), 
1179. https://doi.org/10.3390/ijerph13121179 

Zang, P., Xian, F., Qiu, H., Ma, S., Guo, H., Wang, M., & Yang, L. (2022). Differences in the 
Correlation between the Built Environment and Walking, Moderate, and Vigorous Physical 
Activity among the Elderly in Low- and High-Income Areas. International Journal of 
Environmental Research and Public Health, 19(3), 1894. 
https://doi.org/10.3390/ijerph19031894 

Zhu, J., & Fan, Y. (2018). Daily travel behavior and emotional well-being: Effects of trip mode, 
duration, purpose, and companionship. Transportation Research Part A: Policy and 
Practice, 118, 360–373. https://doi.org/10.1016/j.tra.2018.09.019 

 


