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ABSTRACT
The purpose of this study was to assess whether neighborhood socioeconomic
status (SES), walkability, and green space impacts fall and fracture incidence among
postmenopausal women, and to assess important modifiers for these relationships, such
as fall history, physical activity, physical impairment, race/ethnicity, and rurality. Data
from the Women’s Health Initiative study from 1993 to 2012 (N=161,808) was used.
SES had a significant relationship with falling after adjustment (intermediate vs
low SES OR=0.99, p=0.0309; high vs low SES OR=0.99, p=0.1192). Study arm
participation and fall frequency at baseline significantly modified this relationship.
Walkability had a significant relationship with falling incidence after adjustment
(intermediate vs low walkability OR=0.99, p=0.0813; high vs low walkability OR=0.99,
p=0.0067) and study arm participation and race/ethnicity significantly modified the
relationship. Green space had a significant relationship with falling after adjustment
(intermediate vs low green space OR=0.99, p=0.0813; high vs low green space OR=0.99,
p=0.0323) and study arm participation significantly modified this relationship.
SES did not have a significant relationship with total fracture after adjustment,
although fall frequency at baseline was a significant modifier for this relationship. SES
had a significant relationship with hip fracture after adjustment for important covariates
(intermediate vs low SES HR=0.98, p=0.5105; high vs low SES HR=0.91, p=0.0052).
Study arm participation significantly modified this relationship. Walkability had a
significant relationship with total fracture after adjustment (intermediate vs low
iv

walkability HR=1.04, p<.0001; high vs low walkability HR=0.98, p=0.0187).
Race/ethnicity and rurality significantly modified this relationship. Walkability did not
have a significant relationship with hip fracture after adjustment, although study arm
participation and physical functioning status modified this relationship. Green space had
a significant relationship with total fracture after adjustment (intermediate vs low green
space HR=1.08, p<.0001; high vs low green space HR=1.10, p<.0001). Green space did
not have a significant relationship with hip fracture after adjustment, although study arm
participation modified this relationship.
Results from this longitudinal study showed neighborhood SES, walkability, and
green space impact falling and fracture risk. Uncovering relationships between outdoor
environments and falling and fracture is important for encouraging independent aging.
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CHAPTER 1
INTRODUCTION
1.1 STATEMENT OF THE PROBLEM
One in three older adults (ages 65 and older) experience at least one fall
annually,1 with an estimated 2.8 million treated in emergency departments for falls in
2014, and 27,000 resulting in death.2 Among older adults, falls account for 87% of
fractures3 and fractures are projected to increase from 2.1 million in 2005 to over 3
million in 2025.4 Gender disparities also exist: 70.5% of all falls in older adults occurred
among women, and rates of fracture were 2.2 times higher for women compared to men.5
Research ostensibly shows that gender disparities in falls and fracture are a result of
gender differences in acquisition of peak bone mass and osteoporosis prevalence,6–8 but
there is less research outlining important extrinsic risk factors for falling and fracture.
Understanding fall and fracture risk factors, particularly among women, is important as
these outcomes can lead to permanent disability, loss of independence, and increased
morbidity and mortality.9,10
Research identifying extrinsic or environmental determinants for falls and fracture
largely focuses on the home environment.11–13 With ample research on indoor hazards,
more attention is needed on outdoor environments where over half of falls14 and
fracture15 occur. As men and women age, they become more dependent on their local,
outdoor environment for health and well-being.16 Physical and cognitive impairment are
increasingly common in older adults compared to younger age groups, and this age
1

related loss of function makes older adults more impacted by proximal, environmental
factors.16 Social isolation and lacking social support are also common with older age and
may decrease the ability for individuals to travel to other places if their immediate
environments are deemed unsuitable or unsafe.17 Neighborhood environments can
facilitate health behaviors that protect against fall and fracture risk, such as physical
activity (PA),18 and often pose a risk for outdoor falls and fractures.14,19,20 Neighborhoodlevel socioeconomic status (SES),21 physical disorder,14,22 and social cohesion22 have
been related to falls, yet few studies establish a temporal relationship21,22 and only one
used objective measures.21 Neighborhood SES has been studied in relation to hip
fracture,23,24 with just one study observing this relationship over time24 and none
examining environmental determinants for total fracture.
Age Friendly Environments, defined as contexts that promote physical and
psychosocial well-being in older people and promoted by the World Health Organization
in recent years, include an empirically driven model integrating aspects of the natural,
built, and social environment.16,25 Similarly, research on outdoor risk for falls and
fracture may incorporate related neighborhood variables: natural environment is often
conceptualized as green space, built environment as walkability, and structural social
conditions as neighborhood SES. Objectively measured green space and walkability have
not been directly related to falls and fracture in the past and understanding their temporal
relationships with these outcomes would contribute greatly to the growing body of
literature supporting Aging In Place for older, postmenopausal women.
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1.2 SPECIFIC AIMS AND HYPOTHESES
The goal of this dissertation is to identify neighborhood characteristics associated
with fall and fracture occurrence among older women. To address these known gaps in
the literature, we plan to utilize the Women’s Health Initiative (WHI) dataset from 19932012. Specifically, we will:
Aim 1a: Examine the association between neighborhood and outdoor
environment features and incident falls among postmenopausal women.
Hypothesis 1a: We hypothesize that there will be a significant, negative impact of
neighborhood socioeconomic status, walkability, and green space on fall
incidence.
Aim 1b: Assess effect modification for the relationship between
neighborhood socioeconomic status, walkability, and green space and fall
incidence by clinical trial or observational study participation, race/ethnicity,
baseline PA, baseline self-reported physical functioning, baseline fall
frequency, use of hormone therapy, and rurality.
Hypothesis 1b: We hypothesize that neighborhood socioeconomic status,
walkability, and green space will have a significant, negative relationship with
fall incidence, and show a stronger relationship among Caucasian racial/ethnic
groups, among those who are more active and less sedentary, among those who
are frail, among those who have a history of falling, among those using hormone
therapy, and in rural environments.
Aim 2a: Examine the association between neighborhood and outdoor
environment features and incident fracture among postmenopausal women.
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Hypothesis 2a: We hypothesize that neighborhood socioeconomic status,
walkability, and green space will have a significant, negative relationship with
fracture incidence.
Aim 2b: Assess effect modification for the relationship between
neighborhood socioeconomic status, walkability, and green space and
incident fracture by clinical trial or observational study participation,
race/ethnicity, baseline PA, baseline self-reported physical functioning,
baseline fall frequency, use of hormone therapy, and rurality.
Hypothesis 2b: We hypothesize that neighborhood socioeconomic status,
walkability, green space, and urbanicity will have a significant, negative
relationship with fracture incidence, and show a stronger relationship among
Caucasian racial/ethnic groups, among those who are more active and less
sedentary, among those who are frail, among those who have a history of falling,
among those using hormone therapy, and in rural environments.
1.3 IMPORTANCE OF RESEARCH
The percentage of adults ages 65 or older is increasing in the United States, with
estimates projected to change from 15% (46 million people) in 2016 to 24% (98 million
people) in 2060.26 This is important since aging adults face increasing prevalence of
chronic diseases,27 as well as physical28 and cognitive29 decline. Women tend to outlive
men overall, approximately 40% of older women live alone,26 and they face higher rates
of certain chronic diseases,30–32 as well as pain disorders,33 low bone mass,34
osteoperosis,6 fracture,6 and falling compared to men.5,7 As women age, chronic diseases
and other health conditions increase in frequency and impact their independence.35,36
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Older women are dependent on their local, outdoor environment for health and wellbeing.16 While a large proportion of older women live in their homes and communities as
they age, their local environments have not been designed with their needs and capacities
in mind.
In response to an aging population and a lack of proper neighborhood provisions
to support them, the World Health Organization (WHO) released a policy framework for
Active Aging in 2002 (almost 20 years ago).37,38 The Active Aging approach is based on
principles of independence, participation, dignity, care and self-fulfillment, and
recognized and supported by the United Nations.37 Moreover, it acknowledges the
importance of gender, earlier life experiences, and culture on how individuals age, and
accounts for biological, psychological, behavioral, economic, social, and (most
importantly) environmental factors that determine overall health and well-being.37 As
part of this effort, the WHO and worldwide partners (including community leaders and
experts) consulted with older persons to identify the major physical and social barriers to
aging in community settings and implemented and evaluated local action plans to make
the environment conducive for Active Aging.38 For this project, we will focus on themes
identified for outdoor environment, such as the importance of green spaces, walkability,
and social conditions that promote feelings of security.25,38 As stated, we hypothesize that
these features will positively impact health outcomes that may impact functional
independence, including falling and fracture. Not only will this fill an important gap in
the literature on the importance of these features for determining understudied outcomes,
but it will also help promote a larger, worldwide movement towards Active Aging.
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CHAPTER 2
BACKGROUND AND SIGNIFICANCE
2.1 BACKGROUND
Falls Among Older Adults
Approximately 28.7% of older adults experience at least one fall annually (29
million falls), resulting in an estimated 2.8 million older adults treated in emergency
departments as a result of falls, and 27,000 of those resulting in death in 2014.2 In 2015,
medical costs for fatal and nonfatal falls was approximately $50 billion ($29 million by
Medicare, $12 billion by private/out of pocket, and $9 billion by Medicaid).39 Falls also
have important health consequences, with about 50% resulting in fracture, about 20%
resulting in sprains or strains, and a growing number resulting in mortality.40,41 Fallrelated mortality has increased in recent years, with one study recording a 22.1% increase
in mortality from 2003 to 2007,42 and another recording a 30% increase from 2007 to
2016.10 Currently, the age-adjusted rate of fall-related death is 62 deaths per 100,000
older adults.10 This is important since disparities exist for falls and related mortality, with
higher fall-related mortality among older age groups compared to younger, white races
compared to minority groups, and females compared to males.42
About 70.5% of all falls in older persons occurred among women and, relatedly,
rates of fracture were 2.2 times higher for women compared to men.5 Women are more
likely than men to report and seek medical care for a fall,5,7 and tend to outlive men,
which partly explains why falls and fracture are reported more among women.43 Past
6

research has identified causes of falls in older adults, with most due to environmentrelated accidents (31%), including falls that stem from identifiable environmental
hazards, followed by weakness or balance disorders (17%).44 Risk factors also differ by
gender.45,46 One study showed that women are more likely to fall while walking
compared to men.46 Other research showed that, among men, stroke, poor nutrition,
education, cataracts and/or glaucoma, marital status (i.e. widowed, separated, divorced),
and arthritis are independently associated with significantly fall risk.45 Among women,
stroke, age (i.e. 85 years or older), poor nutrition, alcohol consumption (i.e. at least 1
alcoholic drink per week), use of 5 or more medications, arthritis, diabetes, mobility
limitations, and osteoporosis were reported as independent and significant fall risk
factors.45,47 Most importantly, higher rates of osteoporosis and low bone mass among
women have accounted for a large proportion of their increased fall risk compared to
men, due to their impact on balance.48 Strategies to reduce high rates of falls must target
gender specific risk factors related to walking and environmental supports and hazards.
Fall prevention efforts have been largely focused on interventions involving
exercise, vitamin supplementation, cognitive behavioral therapy, and extrinsic or
environmental risk modification within the home environment.49–52 Exercise trials have
shown significant reductions in fall rates and related injuries but had no significant
impact on fall-related mortality.49,52 Overall, studies have shown a positive impact of
exercise on muscle strength and balance that may curtail risk for falling.49,52 Vitamin
supplementation trials often involved administering vitamin D or calcium to participants,
and showed mixed findings with most studies reporting non-significant results.49,52 The
positive impact of vitamin supplementation on muscle function and strength has been
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established,53 so the mixed findings reflect administration of vitamin supplements to
populations with varying risk profiles (i.e. interventions in groups that were not vitamin
deficient).49 Cognitive behavioral therapy for reducing fall risk in past research often
focused on relaxation techniques and counseling around safety and fear of falling.49,52,54,55
While some research noted a significant impact of this therapy on the reduction of fear of
falling and balance issues,55 findings were inconsistent on whether it improved overall
falling risk.49,52,54,55 Studies examining extrinsic or environmental determinants for falls
within the home environment have identified factors such as poor fitting footwear,
slippery floors, loose rugs, tripping hazards, lack of stair railings or grab bars, steep
stairs, unstable furniture, and poor lighting.11,12,52 Interventions aimed at modifying the
home environment to attenuate risk for falls have shown mixed findings, with the most
effective trials aimed at modifying specific, in-home risk factors aimed at high risk
groups (e.g. those who are very frail, or those who fell in the past year).49–52,56 This is not
surprising since those who are more likely to fall indoors (versus outdoors) tend to be
more frail and have worse overall health.14,57 One important finding to note is that
injurious falls have been more likely to occur away from or outside the home.9 More
research is needed on environmental risk modification outdoors, since neighborhood
environments may introduce additional risk to an otherwise “safe” home environment for
those who are healthy enough to interact with their outdoor environments regularly.58
Fracture Among Older Adults
Among those 65 and older, fractures are projected to increase from 2.1 million in
2005 to over 3 million in 2025 due to an increasing aging population in the United
States.4 Costs of incident and prevalent fracture are also projected to increase by 50% by
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2025, from $19 billion in health care costs in 2005.4 While fractures account for only
35% of non-fatal, fall-related injuries, they cover 61% of related costs.59 More marked
increases in fracture are estimated for populations ages 65-74 years, which are projected
to increase by 87% by 2025.4 Fracture is problematic, as it can lead to permanent
disability, loss of independence, and increased morbidity and mortality.60–62 In addition,
personal history of falling63 and fracture64 increases risk for subsequent fracture. Hip
fracture (which accounts for 14% of fractures)4 has especially devastating consequences,
including reduced physical functioning, quality of life, social integration, and
independence, as well as decreased overall health status and increased risk for
mortality.65–69 Disability, costs, and mortality associated with these hip fractures is high,
especially in the year following the event.70 In addition, research has shown that hip
fracture related mortality in the year following the event increased by 2% annually from
1999 to 2015.71 Hip and total fracture risk have also shown age, race/ethnicity, and
gender disparities, being more common at older ages, among Caucasians, and among
women compared to their counterparts.5,6,8,72–74
The burden and costs of fracture have disproportionally affected women: women
account for 71% of fractures and 75% of related costs,4 and annual fracture incidence is
greater than that for outcomes such as breast cancer and cardiovascular disease in
women.74 In addition, women had greater rates of fracture at all fracture sites, and
hospitalization rates related to fracture were 1.8 times greater for women compared to
men.5 Despite sharing many person-level risk factors with men, including family history,
old age, living alone, low bone density, frailty, history of falling or fracture, poor diet,
low PA, and smoking,6,8,75–78 rates of total fracture and hip fracture are higher among
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women due to gender differences in acquisition of peak bone mass and osteoporosis
prevalence.5,6,8,79,80 Due to longer life spans, women may experience higher rates of
disability and chronic disease which may impact their ability to function and avoid
injury.81
Interventions developed in the past to prevent fracture employ similar strategies to
those directed at fall prevention.82 Methods commonly used to prevent fracture include
wearing hip protectors to prevent more serious fracture in frail adults,83,84 participating in
exercise programs,85 use of hormone therapy,86 and implementing changes to the home
environment to remove hazards for fall and fracture.51,87 Research shows that use of hip
protectors reduces risk of more serious fracture, such as hip fracture, but issues around
design of the device and compliance reduce the effectiveness of this type of intervention.
Specifically, devices needed to be designed to be sufficiently padded, and those high-risk
individuals that needed to wear the hip protector long-term showed poor adherence
without substantial caregiver support.83,84 Exercise programs have been used extensively
for fall prevention and show significant risk reductions in some trials,49,52 and the efficacy
of these programs to prevent fracture in older adults has also been established.51,85,88,89
While findings showed that exercise programs in long term care settings were effective
for preventing falls but not fracture, other studies showed a positive relationship between
exercise and fracture risk reduction among community dwelling adults,51,89 and
specifically among postmenopausal women.88 Research and intervention on the impact
of hormone therapy on bone fracture ostensibly shows that hormone use (in the form of
estrogen and progesterone supplementation) significantly reduce risk for total, hip, and
vertebral fractures.86,90 Importantly, the positive impacts of hormone therapy are more
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pronounced among women over 60 years of age. Lastly, implementing changes to the
home environment (which usually entails assessing the specific home environment and
identifying/removing high risk objects, such as tripping hazards) has been shown to
reduce falls and fall-related injuries, such as fracture, among older adults.87 Despite this,
research has shown that injurious falls are more likely to occur away from or outside the
home,9 so interventions should target outdoor risk factors to better prevent fracture
outcomes. There is very limited research examining the impact of an outdoor
environmental risk modification intervention for fracture (and falling) among older
adults.
Racial and ethnic disparities for falling and fracture
Race and ethnicity disparities exist for fall and fracture occurrence, similar to the
gender and age disparities discussed previously.91,92 This is important since the United
States population is getting older, and research shows that it is also becoming more
diverse.93 Among older adults, 77% are projected to be White alone in 2050 compared to
87% in 2010.93 It is important to understand how an increasing aging population may
translate to worsening racial/ethnic disparities in fall rates and related health
consequences and costs.94 Past research shows that there are racial and ethnic disparities
for falling in the United States, with prospective studies using nationally representative
data that reported that falling incidence is higher among Whites compared to other
racial/ethnic groups.92 Fall-related mortality also shows racial/ethnic disparities, with
higher mortality recorded among Whites compared to those from Black, American
Indian, Asians or Pacific Islander, and Hispanic descent.42

11

Among women, research shows that Whites fall 50 to 60% more than those from
other racial/ethnic groups.95–99 In addition, research shows that White women are more
likely to fall outdoors,100 and experience higher rates of serious fall-related injury and
mortality compared to Black women.42,92 Despite this, research shows mixed findings for
racial/ethnic differences in multiple falls, with one study showing no difference in Whites
and Blacks for multiple falls and another reporting 24% fewer falls among Blacks
compared to Whites (among fallers). 97,99 For Hispanic populations, research shows
comparable fall rates and related health consequences compared to Whites.22,101–104
Importantly, disparities in falling by race/ethnicity has also translated to differing fracture
risk, specifically because White women are more likely to fall laterally versus forwards
and less likely to land on the hand or wrist (which equates to more serious injury).100
Clearly, fall-related health consequences, such as fracture, are important to observe when
conceptualizing these disparities.
Research has demonstrated that White women have higher risk for fracture
compared to White men as well as Black men and women, likely due differences in
longevity, rates of falling, and bone mineral density.73,97,105–107 Blacks have shown lower
fracture in 13 sites compared to Whites, and this relationship persisted after controlling
for age, sex, and nursing home residence.73,108 Moreover, rates of total fracture are lowest
among Black women compared to Black men, White men, and White women.73 Hip
fracture disparities also exist, with rates of hip fracture and related mortality rates lower
for Black, Hispanic, and Asian older adults compared to Whites.91,109 While varying
intrinsic factors have been identified, little attention has been paid to extrinsic or
environmental factors that may also be driving racial disparities for falls and fracture.
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Neighborhood characteristics and older adults’ health
The World Health Organization’s International Classification of Functioning,
Disability and Health conceptual framework posits that regular activity and social
participation are affected both by individual impairments and environmental
contexts.110,111 Indeed, outdoor environments are increasingly the focus of research on
older adults as aging men and women are dependent on their local environment for health
and well-being.16 Researchers have recognized the important role of physical and
cognitive impairment, since those with age-related loss of function are more impacted by
environmental factors.16 To conceptualize these relationships, Bowen et al. developed a
framework for the role of environment on physical and cognitive decline to show how the
interplay of environmental and individual factors influence ability for self-care and
functional status (Figure 2.1).112 Social isolation and lacking social support that are also
common with older age may decrease the ability for individuals to travel to other places
if their immediate environments are deemed unsuitable or unsafe.17 Research has
identified environmental determinants for falls and fracture but has largely focused on the
home environment and showed that modifying the home environment can reduce risk for
falling and injury (especially among high risk groups).11–13,113,114 The prevalence of
extrinsic hazards within the home has been high among older adults, with approximately
80% of homes containing at least 1 hazard and 39% containing over 5 hazards.110,115
While there is ample research on indoor hazards for fall and injury prevention, more
attention is needed on outdoor environments where over half of falls14 and fracture15
occur.
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Environments with which people interact can facilitate or inhibit PA,18 and are
important for fall and fracture prevention as falls predominantly take place
outdoors.14,19,20 PA promotion is crucial for older adults, since falls can be prevented
through regular PA among community dwelling older adults14 due to the influence of PA
on increased muscle strength and balance.116,117 In addition, research shows that falls are
more likely to result in injury if they take place outdoors.9 This is particularly important
for women, since they have reported more barriers to outdoor PA such as poor health and
unsupportive neighborhood conditions compared to men.118 With an increasing
proportion of women in the U.S. that are 65 years and older,26 there is need to understand
how falls and fractures are associated with specific outdoor, environmental features to
minimize risk during outdoor PA and community engagement.
When discussing the importance of outdoor environments for older adults, it is
important to consider contextual factors that promote or inhibit the use of outdoor
environments. First, weather and climate can positively or negatively impact an
individual’s ability to interact with their outdoor environments, access nearby resources,
and participate in PA. Research shows that, across all age groups, PA varies according to
season as well as extreme weather condition (which often relates to season).119 The
impact of weather conditions on mobility and participation in activities outside the home
is more salient among older adults, since it inhibits their ability to leave their homes and
drive to other (possibly indoor) locations for activity and social engagement.120
Moreover, more extreme weather (e.g., the presence of snow or rain) can modify
neighborhood walkability in older adults and make it more difficult to engage in outdoor
walking.120,121
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Over two thirds of U.S. counties are considered rural, which translates to over 50
million rural residents and a growing number of those residents belonging to minority
racial and older age groups.122–124 Over 8 million older adults make up this rural
population and older adults make up a greater percentage of the population compared to
urban areas (16.2 vs. 12.6%).123,124 Rurality plays an important role in understanding the
role of outdoor environments on the health and well-being of older adults, since
environments vary greatly according to their rurality status.125–128 Moreover, many
measures of the built environment may differ substantially according to rurality, such as
walkability129,130 and green space.126,131 Research shows that non-urban areas have
significantly worse walkability compared to urban locations,129,130 and that rural areas
have higher levels of green space compared to urban areas but also less access to
resources or destinations.126,131 Additionally, several characteristics of rural environments
may have a stronger impact on older adults: lower population density, reduced land use
mix, fewer nearby service options, less heterogenous sociodemographic profiles, more
traditional values and cultural traditions, and fewer resources to address needs of older
adults compared to urban counterparts.124,132,133 These differences have also translated to
differential outcomes among rural compared to urban older adults, such as higher poverty
(and lower income), less adequate and older housing, reduced access to transportation,
lower access to health services, fewer long term care options, and worse overall health
status.123,124,132,133
Due to the importance of outdoor environments for maintaining independence and
functional status among older adults, the term Age Friendly Environments has become
increasingly popular. As previously stated, Age Friendly Environments are defined as
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contexts that promote physical and psychosocial well-being in older people and have
been promoted by the World Health Organization in recent years.16,25 Healthy aging and
maintaining optimal functional status has been strongly related to the ability to engage in
safe walking outdoors, whether it be for PA or completion of routine daily tasks.134–136
An empirically driven model has been developed to ensure these communities integrate
aspects of the natural, built, and social environment to ensure aging populations are able
to age in place.16,25 That is, older adults are not forced to move to care facilities to meet
their needs by ensuring their local environments meet certain, necessary standards of
accessibility and safety.16,137
Neighborhood socioeconomic status
On the individual level, socioeconomic status (SES) is defined as an individual’s
sociological and economic standing and measures this position in relation to others using
individual income, education, and occupation.138 Individual SES has been related to
health behaviors,139 as well as health outcomes such as poor mental health,140
cardiovascular disease,141 stroke,142 cancer,143–145 and overall mortality.146,147
Alternatively, neighborhood or area-level SES is often conceptualized using poverty,
household income, employment, and wealth data for a specific geographic area, for
example, a county or a census block.148 Many studies simply employ measures of median
household income to represent the SES of an area.138,149–151 Researchers have also used
measures of social deprivation.152 Generally, this includes dimensions of income and
wealth (e.g., median household income), education (e.g., the percentage of residents with
a high school and college degree), and occupation (e.g., the percentage of adults who are
unemployed).152
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Neighborhood SES is associated with access to many built and physical
environment features that may improve or impair ability for positive health behaviors and
risk for certain health outcomes.153 As examples, research has shown a positive
relationship between neighborhood SES and neighborhood-level air pollution,154,155
walkability,156–158 blue space,159 green space,160 access to PA resources,161,162 and access
to nearby food outlets.163,164 Neighborhood SES, through its relationship with access to
health-promoting resources and exposure to environmental stressors and hazards, is
related to several health behaviors, such as physical activity165,166 and healthy eating,167
and outcomes, such as poor mental health,168,169 heart disease,170,171 stroke,172 cancer,173
and overall mortality.174,175 While these findings may apply to the general population,
research has also shown that the impact of neighborhood SES on health behaviors and
outcomes is more pronounced for older adults.16,137
Proximal, neighborhood resources become more important for influencing health
with age due to higher rates of functional decline compared to younger populations.16,28
Therefore, neighborhood SES, and access to built and physical environment features that
are often lacking in low SES neighborhoods, may play a more important role for
maintaining good health among older adults.94 Research has even demonstrated that
neighborhood SES had a strong relationship with a variety of health outcomes among
older adults that is not seen when using individual measures for SES.94 This is not only
due to the greater dependence on neighborhood resources due to mobility loss in old age,
but also due to differences in the meanings for income, education and occupation for
older versus younger populations.94 For instance, accumulated wealth, retirement status,
and familial financial support better indicate individual SES at older ages compared to
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income, education, and occupation. Conventional, individual SES may not be a reliable
measure to use among older populations, and more attention should be paid to older
adults' exposure to socioeconomic conditions within the neighborhood environment.94,176
Neighborhood SES has been related to behaviors that may further impact functional
decline, such as physical activity,166 and has also been related to cognitive177 and
physical178,179 decline among older adults. Similar to findings among all age groups,
neighborhood SES has been associated with several health outcomes among older adults,
such as depression,180,181 quality of life,182 cardiovascular disease,183 and overall
mortality.184 In addition, neighborhood SES is related to fall21,22 and hip fracture23,24
outcomes among older adults. Neighborhood SES has a stronger impact on the health of
older women, since they tend to be more limited in their mobility and ability to travel to
places outside of their immediate neighborhood compared to men.185,186 Older women are
also more likely to live alone,26 and experience physical impairment,187,188 which may
further the influence of neighborhood SES on their health.
Neighborhood walkability
Walkability measures how supportive for walking a space is and is particularly
important for older adults that are confined to their local environment for activity and
social engagement.189 This measure, which is generally measured on the neighborhood
level, can be calculated based on the “3 Ds” associated with walking, including density,
diversity, and design.190,191 Density, which is often measured as population density, is
related to increased active transportation and improved resident health outcomes and can
be used as a proxy measure for walkability.192 Diversity, which is often measured as land
use mix, indicates walkability since mixed land use often translates to compact, walking-
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friendly, economically and socially vibrant communities due to integration of residential,
commercial, and recreational land uses.193–195 Lastly, design is a measure of urban layouts
that promote walkability, which often include characteristics of street design and other
physical features (e.g. sidewalk width, traffic volume, weather).196 Other ways to
conceptualize walkability include indices comprised of residential density, retail floor
area ratio, land use mix, and intersection density,197 or similarly, comprised of population
density, land use mix, connectivity, and walk/bike design (e.g., continuous sidewalks).198
Research has shown that walkable neighborhoods are more likely to contain other
environmental features, such as access to nearby food outlets,192 green space,199 and blue
space.200 As stated previously, walkability is also related to neighborhood SES, with
more walkable neighborhoods located in higher SES areas.201 Walkability has also been
related to several person-level outcomes in past research, including improved mental
health,202 increased activity levels,203,204 and reduced risk for chronic disease, such as
cardiovascular disease205 and diabetes.206,207
Since walking is the most reported exercise in older adults,118 it is important that
nearby environments are considered accessible to walk and safe from danger. Past
research has studied the impact of walkable neighborhoods for older adults and reported
neighborhood walkability was related to physical activity157,208–210 and healthy
eating211,212 behaviors, as well as health outcomes such as depression,202 obesity,213,214
and diabetes.192 One study examined the relationship between poor perceived
neighborhood walkability and falling in older adults, but this study did not establish a
significant relationship, only used perceived measures for walkability and did not observe
the relationship over time.215 Interestingly, this study also showed that those with poor
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health and limited mobility were more likely to perceive their environments as
unwalkable.215 It is not surprising that walkability is strongly related to several health
behaviors and outcomes among older adults, since the majority report walking outdoors
as their main source of PA.118,216 Despite these important findings, research is lacking on
the association between walkability and fracture among older adults.217
Neighborhood green space
Green space captures the presence of trees or other vegetation and has been
related to outdoor engagement as well as physical and mental well-being.218,219 Typically,
green space is measured using data on land coverage,220,221 spatial techniques that detect
amount and type (i.e., dense or low/grass) of vegetation,222 or surveys or tools that
measure perceptions of local green space.223 Green space is related to area-level
SES,224,225 and promotes engagement with the outdoor environment. This construct has
been related to several person-level outcomes in past research, including improved
mental health,226–228 increased activity levels,229,230 reduced risk for chronic conditions
such as obesity,231 cardiovascular disease,232 diabetes,233 and mortality.233–235
Green space has a salient, positive impact on physical and mental health of older adults
confined to more proximal environments as they age.218,219 Green space has been linked
to PA in older adults,236,237 as well as mental health,227,238 obesity,239 cardiovascular
disease,240 diabetes,241 and mortality.242 In addition, green space has been associated with
slower decline in PA among older adults,243 and has been shown to protect against social
isolation that is common with old age.244 While it is clear that green space has a profound
impact on health and well-being with age, more research is needed to understand if it is
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related to other outcomes related to outdoor engagement, such as fall and fracture
occurrence.
Neighborhood environments and falling
Most falls among older adults have taken place outdoors and were due to extrinsic
or environmental causes (e.g. walking hazards), in contrast to indoor falls that are more
often a result of intrinsic factors (e.g. vision impairment, medication use).245 Therefore, it
is important to understand which neighborhood characteristics relate to an increased risk
for falling among older adults. Research has shown that neighborhood features such as
SES, physical disorder (e.g., presence of vandalism, safety concerns, unmaintained or
abandoned buildings or lots), and social cohesion are related to falls.14,21,22,57,136,215,246–248
One unit increases in physical disorder and social cohesion have been associated with a
4% reduction in odds for single and multiple falls, and high SES is related to a 300%
reduction in incident falls compared to low SES neighborhoods among older adults.21,22
Limited research has examined the relationship between neighborhood walkability and
falling, but some research has shown that walkability translates to a non-significant
reduction in falling and a significant reduction in fear of falling.215 Qualitative research
on neighborhood environments and falling in older adults has also demonstrated that
neighborhood features such as poorly maintained or uneven walking surfaces, puddles
and snow (i.e. poor weather), poor lighting, and other hazards (such as toys left on the
sidewalk) contributed to falling and perceived fall risk.136,248 While research has
investigated the outdoor environmental features that increase fall risk, several literature
gaps remain. To start, no temporal relationship has been determined between the
objective neighborhood environment features and fall incidence. Second, cross sectional
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studies have examined the fall circumstances in outdoor environments,14,44,245,249 but the
majority did not mention specific features causing falls, either due to poor recall of
specific fall event details or failure to collect that information.246 Limited built
environment features have been studied in relation to falling: most studies examined only
the role of neighborhood SES and few studies use objective environmental measures.
Lastly, no past research on the relationship between neighborhood environment features
and fall outcomes has focused exclusively on woman (a population at greater risk for
outdoor falls).5,45,46
Few prospective studies have examined the role of outdoor environment for fall
outcomes.21,22,246 Nicklett et al. found that perceived social cohesion and physical
environments, measured as the presence of waste or trash and safety features, were
significantly related to fall incidence after controlling for important demographic and
health-related covariates.22 This study established a relationship between these two,
subjective neighborhood measures and falling. Talbot et al. reported that falls mostly
occurred while walking and cited generally that falls were due to environmental causes,
but most participants could not recall the specific, environmental object or hazard that
caused their fall (i.e. just reported it took place outdoors).246 Past research on falls asking
participants to recall details about the fall event suffered from poor recall, pointing to a
need for studies using objective measures of environmental supports or hazards. Lo et al.
identified a relationship between neighborhood disadvantage and incident falls
(controlling for person level poverty), and used objective measures of disadvantage to
avoid poor recall.21 Lastly, Ryu et al. found an inverse relationship between objective
neighborhood SES and accidental falls.247 Importantly, this study showed a dose response
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relationship between neighborhood SES and accidental falls requiring emergency care.
Results also showed a relationship between neighborhood SES and fall risk factors such
as positive health behaviors (i.e., smoking and binge drinking), social support, and
functional status.247 As stated, only neighborhood SES has been related to falls
objectively in past research.
Despite these compelling results, information is needed on which environmental
features that are related to neighborhood disadvantage may also impact fall risk,21 such as
walkability156,158 and green space.160,250 In addition, past research has focused on
hazardous outdoor features and has largely overlooked environmental features that
promote outdoor activity that is related to healthy aging.251 Research examining whether
objectively measured walkability and green space impact fall occurrence over time would
greatly contribute to this body of literature.
Neighborhood environments and fracture
To date, only neighborhood SES status has been studied in relation to hip
fracture,23,24,252–254 and research is needed on the impact of neighborhood features on total
fracture among older adults. Findings on the impact of neighborhood SES on hip fracture
are mixed: some research reported a 6-30% reduction in hip fracture risk when
comparing high to low income areas,24,252,253 while other studies reported that low income
areas showed reduced hip fracture risk compared to high income (with a 30% risk
reduction in one study).23,254 Research showing that area-level SES has a negative
relationship with fracture occurrence posits that it is likely due to the influence of SES on
access to nearby resources and PA levels,255 as well as its overall impact on health
outcomes.149 One study noted that, regardless of SES, older adults living in rural areas
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had a significantly lower risk for hip fracture compared to urban counterparts.253
Additionally, residential density and higher vacancy rate have been related to greater fallrelated injury, but this study did not specifically look at fracture outcomes.256 It is also
important to note that no research looking at the neighborhood impact on hip fracture risk
has focused specifically on female populations, who show different risk factors for falling
and fracture compared to men.5,6,118,188 Outdoor and neighborhood environmental features
and their relation specifically to fracture is understudied, especially in older women who
are at the highest risk of fracture.
Cross-sectional studies have identified key environmental factors related to
falls,14,245,246,249 but limited research measures the impact of environmental features on
total fracture incidence and no studies have looked at fracture in a longitudinal fashion.22
Research on environmental determinants and their direct relation to fracture is limited to
investigations of area-level associations of SES and only focus on one fracture site (i.e.,
hip fracture).23,24,252–254 Studies showed mixed findings for the relationship between arealevel SES and hip fracture risk and more research is needed on other environmental
features that are associated with SES that may have independent associations with
fracture, such as walkability156,158 and green space.160,250 Neither of these measures have
been related directly to fracture in past research, and understanding their temporal
relationships with fracture incidence would contribute greatly to the growing body of
literature on outdoor fracture risk.
Physical activity among older adults
Regular PA protects against chronic conditions such as obesity, diabetes,
cardiovascular disease, and many types of cancer,257,258 as well as physical and cognitive
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decline.259,260 Despite clear benefits, a low proportion of adults meet recommended PA
levels (i.e., at least 30 minutes per day 5 times per week)261 and activity levels are
substantially lower among older populations.118,262 In addition, a much lower percentage
of women meet PA recommendations compared to men.118,263 Most older adults reported
walking as their predominant form of exercise, with equal walking frequency between
genders, but shorter duration among women.118 Women also reported more barriers to
outdoor PA participation such as poor health and unsupportive neighborhood
conditions.118 Among older women, the impact of regular PA is more pronounced; not
only does regular PA improve skeletal muscle function, arthritis symptoms, depression,
and sleep disturbances among older women,264–267 it also reduces the risk for osteoporosis
and bone mass reduction.268,269 Due to faster declines in bone mass and higher rates of
osteoporosis among women,6,270,271 it is important for women to engage in regular PA in
order to protect against physical and cognitive decline, as well as other adverse health
outcomes.272,273
Sedentary behavior, defined here as engaging in too much sitting time, also plays
an important role in health and wellbeing among older adults.274 Excessive sedentary
time (i.e., over 8.5 hours/day) has been linked to depression, diabetes, cardiovascular
disease, cancer, and overall mortality,275–277 yet approximately 70% of older adults spend
excessive amounts of their time sitting.278 Older adults spend an average of 9.4 hours
each day being sedentary, which comprises 65-80% of their waking day.279 Determinants
of sedentary behavior include those at the individual (e.g., age, sex, marital status,
education and health status), interpersonal level (eg., loneliness and perceptions of
neighborhood age structure), and environmental (e.g., urban/rural residence, safety, and
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access to nearby facilities) level.280 While men tend to be more sedentary compared to
women,280 sedentary behavior and lack of PA engagement had a direct relationship with
physical decline among postmenopausal women in past research.281
In facilitating a deeper understanding of the multiple contextual influences at play
that may impact outdoor engagement and activity, as well as risk for falls and fracture,
the social ecological model can be employed.18,282 The social ecological model (SEM)
posits that population change must involve individuals in a community, as well as social,
physical, and policy environments.18,282 These changes on multiple levels of influence
impact four domains for active living and regular PA of residents: recreation, transport,
occupation, and household.18 For older populations, community resources for PA and a
lack of environmental barriers are crucial for maintaining mobility.283 Jones et al.
developed a conceptual framework for physical literacy in older adults using an
ecological approach, shown in Figure 2.2.284 This social ecological framework applies
directly to older populations, and shows that, in conjunction with individual
characteristics and health barriers, organizational and community factors have a salient
effect on ability to remain active.284
Environment plays a key role in walking in older adults, by promoting or
inhibiting PA based on built and physical factors.285 Outdoor, environmental factors are
crucial for PA promotion in older adults, since walking has been the most reported form
of exercise among aging populations.118 Specifically, studies have shown that outdoor
and neighborhood features such as sidewalk connectivity or walkability, neighborhood
aesthetics, green space, presence of visible water outlets, neighborhood SES, safety,
exposure to air pollution, and access to nearby outlets have a salient effect on PA and
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mobility in older individuals.57,118,125,286–292 Another conceptual model for the influence of
built environment on PA participation in older adults, developed by Haselwandter et al.,
shows how individual characteristics interact with certain outdoor features to promote
mobility and independence (Figure 2.3).293 While this model applies to those living in
assisted living facilities, it demonstrates that accessibility and connectivity (e.g.,
walkability), aesthetics (e.g., green space), and safety (e.g., crime, neighborhood SES)
may all impact PA and therefor support continued functional independence.293 The
presence of outdoor barriers and supports may greatly impact PA among women
(especially those with poor health), as women report more barriers to outdoor PA and
unsupportive neighborhood conditions.118
Impact of physical activity on falling and fracture
To maintain mobility and independence with age, researchers have recommended
maintaining a healthy lifestyle, including regular PA and (in some instances) physical
therapy, are recommended to older adults to prevent falls and related injury.217,273,294 This
is particularly important among those at increased risk for injury,295,296 since PA can
increase muscle strength and balance that may increase quality of life.116,117,217 In past
research, PA has been identified as an effective strategy for fall prevention, reducing fear
of falling, and avoiding fall-related health consequences.297–306 PA has been particularly
important for reducing fall risk among high risk groups, such as those with osteoporosis
or frailty, as examples.299,301–305,307–309 Despite this, some research has shown that PA can
increase risk for falling among older adults that are not very active, with increased risk
among those with low walking speed or with a history of falling.310 While PA can be
protective against falling, the current literature supports the idea that older adults that are
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generally inactive or sedentary have overall higher risk of falling and maintaining
recommended PA levels is necessary to reduce this risk.310,311 Those who meet PA
recommendations may have the balance and muscle strength to protect them from falling
and related injury during PA, although researchers should always consider other factors
that may put older adults at additional risk, such as those with a history of falling, stroke,
frailty, and vision impairment.11,217,312
In addition to research that as shown that PA positively influences risk for falling,
some research has also pointed to its positive effects on risk for fracture.217 Although
limited research has observed the impact of PA on total or other osteoporotic fracture
risk, consistent evidence has shown a 20-40% reduction in hip fracture risk for active
versus sedentary older adults.217 Recently, research using the WHI data demonstrated a
connection between self-reported PA and sedentary behavior on both hip and total
fracture risk among postmenopausal women.313 For hip fracture, the results showed a
significant risk reduction according to total PA (>17.7 metabolic equivalent [MET]
hours/week vs none; 18% risk reduction ), walking (>7.5 MET hours/week vs none; 12%
risk reduction), mild activity (>3.5 MET hours/week vs none; 18% risk reduction), and
mild-to vigorous activity (>9 MET hours/week vs none; 12% risk reduction).313 For total
fracture, the results demonstrated a significant risk reduction for mild activity (>3.5 MET
hours/week vs none; 9% risk reduction) and sedentary time (>9.5 vs <6.5 hours/day; 4%
increased risk).313 Importantly, results showed that higher total PA partly attenuated total
fracture risk associated with sedentary behavior, and total PA also increased risk for knee
fracture (although fractures at this site are considered less serious).313
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Impact of frailty on falling and fracture
Frailty is defined as increased vulnerability to poor physical health states or
mortality after exposure to some stressor, and is a clinical expression of more advanced
physical decline or impairment.314,315 Gender differences exist for frailty outcomes:
research showed frailty symptomology was significantly higher among women but higher
frailty-related mortality rates occurred among men.316 Risk factors for frailty include
physiologic characteristics, medical illness, disability, gender, SES, race, and
depression.317,318 In addition, lifestyle factors,319 such as PA and neighborhood
environments,320,321 are associated with frailty risk by impacting aging processes and
physiological reserve.314,318,322 Although general physical impairment is a normal
function of aging, frailty can increase rates of cognitive decline,323 falling,324 and bone
fracture,78 as well as decrease levels of PA,325 mobility,326 and independence.327 In
addition, frailty can have more serious consequences, as frailty symptoms increase risk
for all-cause mortality, as well as mortality from heart disease, cancer, respiratory illness,
and dementia compared to those without symptoms.328
Neighborhood characteristics are also associated with frailty in past research, and
include SES, walkability, residential instability, population density, physical disorder,
and crime safety.322,329–331 Although there is a lack of longitudinal research examining
whether frail individuals “select into” neighborhoods with particular resources, it is clear
that frail individuals are more dependent on local resources due to increased physical
decline.331 Frailty is also an important factor to consider when studying the impact of
neighborhood environments on fall and fracture outcomes, since very frail individuals
may not be able to navigate their outdoor environments and experience higher levels of
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fear of falling when doing so compared to non-frail counterparts.330,332 Due to decreased
outdoor engagement and activity, frail individuals have been more susceptible to outdoor
hazards.331 Figure 2.4 displays a conceptual framework for the relationships between
environmental factors and individual or genetic factors and their influence on frailty,
developed by Clegg et al.314 The diagram shows how individual and environmental risk
factors reduce physiological reserve at a rate that differs by PA level, and subsequently
increases risk for frailty and related outcomes, such as falls, disability, increased need for
care, and decreased independence.314 In summary, frailty level has impacted the
relationship between environment and other outcomes, including falls, since frail adults
interact with their environment quite differently from those who don’t show symptoms.314
Literature Review Summary
In summary, this literature review has described the current research on the fall
and fracture outcomes among older adults and highlights the important role of outdoor,
environmental determinants or risk factors. This review also provides a nuanced
discussion about the importance of individual-level characteristics such as race/ethnicity,
PA levels, frailty, history of falling, and rurality. Despite the breadth of research
described above, there are four gaps that have been highlighted that warrant further
exploration to move the field forward and contribute to the literature on outdoor
environments and fall and fracture outcomes among older adults: 1) the role of
neighborhood walkability and green space on falling is understudied, 2) no research has
examined the role of neighborhood walkability and green space on total fracture, 3) there
is a need to determine female-specific outdoor environmental risk factors for falling and
fracture, and 4) limited research has examined the modifying role of race/ethnicity,
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baseline PA , baseline self-reported physical impairment (a proxy measure for frailty),
baseline history of falling, use of hormone therapy, and rurality on the relationships
between outdoor environment and falling and fracture. In the following sections, the
significance and innovation of this project and the methodology utilized to address these
identified gaps for falling and fracture in older adults is discussed in detail.
2.2 SIGNIFICANCE AND INNOVATION
Significance
Falling and fracture among older adults is a growing public health concern, due to
population aging and longer life expectancy in most developed countries.333 Falling has
been related to subsequent fracture and other injury,40,41 while both falling and fracture
have been related to loss of functional independence,334 social isolation,335,336 and
mortality.41,62 Not only do falling and fracture have physical, but also economic,
consequences; the average hospitalization cost for a fall injury is $34,294 and for fracture
is $39,813.337,338 Each year, $50 billion is spent on non-fatal falls and $754 million on
fatal falls.39 For fracture, $20 billion is spent per year.339,340 As stated, approximately
71% of all falls5 and fractures4 in older persons occur among women, so gender
differences may also exist for medical costs. One study showed that women account for
75% of fracture expenditures.4 To contextualize these differences, research has shown
that women are more likely to report and seek medical care for a fall or related injury,5,7
have higher rates of low bone mass and osteoporosis,5,6,8,79,80 and have longer lifespans43
compared to men. Falling and fracture have important physical, social and economic
consequences, which are more pronounced among older ages and women.6,19,44,75 With
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increasing trends of falls and related injuries in recent years among women,341–345 it is
important to identify key risk factors that can be effectively intervened upon.
Approaching research on falling and fracture risk factors in older adulthood from the
community-level of the social ecological model, by researching the role of infrastructure
and environmental changes on these outcomes, is necessary to deal with rising incidence,
prevalence, and related costs.16,25,284,346 Indeed, built and physical environment features
that make up neighborhoods and communities are recognized as contributing factors for
population-level health behaviors, like PA.18,157,347,348 For older adults, ample research
has demonstrated that community features, like increased sidewalk connectivity or
walkability, neighborhood aesthetics, green space, presence of visible water outlets,
neighborhood SES, safety, exposure to air pollution, and access to nearby outlets have a
salient effect on PA and mobility.57,118,125,286–292 Though these environments have been
linked to PA, fewer studies have linked neighborhood and outdoor features such as these
with outcomes related to PA, such as: falling and fracture.14,21–24 As stated, some studies
have linked falling with neighborhood SES, physical disorder, and social cohesion and
fewer studies have linked hip fracture with neighborhood SES, but major research
limitations and gaps exist.14,21–24 Moreover, none of these studies have examined the
important roles of green space and walkability on falling and fracture.
Addressing built environment characteristics at a more distal, community level
can promote population-level reductions in falls and fracture by modifying the context in
which older adults regularly interact. While much research exists on the role of home
environment in causing or preventing falling and subsequent injury or fracture,11,12,52
research on outdoor environments and neighborhood characteristics is lacking. This is
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unfortunate, since most older adults participate in walking for exercise,118 and not
surprisingly, over half of falls and fractures take place outdoors.14,15 Moreover, older
adults facing reduced mobility and life space are more dependent on their neighborhoods,
not only for PA and transport, but also for social interaction and accessing important
health resources.16,21,288,326,349 By integrating data on the built, physical, and social
environments, the current study substantially contributed to research promoting Active
Aging and Aging in Place.16,25,38 Finally, examining the association of outdoor
environment features on falling and fracture can help explain the important role of
contextual influences on disparities according to race or ethnicity, physical activity level,
physical impairment status, history of falling, hormone therapy use, and rurality. Previous
research has presented conceptual models demonstrating that differential access to health
promoting, environmental features may impact health behaviors (i.e. PA) and outcomes
(i.e. functional status) among older adults,112,284,346 to justify the movement towards
Aging in Place and Aging Friendly Environments. However, many of these studies have
not connected the differences in community features to important health outcomes, like
falling and fracture. Furthermore, considering the role of individual-level,
sociodemographic characteristics as correlates of falling and fracture may contribute to
better understanding determinants of these patterns.2,19
In summary, this research substantially contributes to the field of public health by
1) explicitly focusing on important fall and fracture risk factors that are specific to
postmenopausal women, 2) employing an ecological perspective to examine the
relationship between falling and fracture and multiple built and physical environment
features, and 3) exploring how certain person and place based characteristics, such as
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race or ethnicity, activity level, physical impairment, fall history, hormone therapy use,
and rurality, may modify the relationship between built and physical environment factors
and falling and fracture.
Innovation
Current research on environmental determinants of fracture is largely limited to
studies outside the U.S.,24 and has not focused on large cohorts of older women residing
in community settings. The WHI study offers a unique opportunity to expand on previous
research by further investigating outdoor and environmental risk factors for fracture in
women, already well-characterized on personal level risk factors (e.g., age, family history
of fracture, race, among others), with large national reach (24 states, 40 regions) and a
large sample size (162,000 participants) available to produce risk estimates.350 Older
adults, and especially postmenopausal women, are dependent on their immediate
environments and many will choose to Age in Place instead of moving from their
residence to receive assistance as they age.137 Understanding the relationship between
outdoor and neighborhood environments and fall and fracture outcomes among older
women in the U.S., while accounting for many known person-level risk factors, makes
this proposed study a significant literature contribution.
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Figure 2.1 Bowen et al.’s framework of functional and cognitive
domains to examine functional status among older adults

Figure 2.2 Jones et al.’s physical literacy model for older adults using
an ecological approach
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Figure 2.3 Conceptual framework for environmental influences
on physical activity in older adults in continuing care facilities

Figure 2.4 Clegg et al.’s conceptual framework
for mechanisms influencing frailty outcomes
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CHAPTER 3
APPROACH
This dissertation project is part of a broader public health movement to better
understand how neighborhoods affect the health and well-being of older adults,16,38
specifically looking at the important roles of neighborhood SES, walkability and green
space. The following methods chapter describes the conceptual framework, study setting,
data collection procedures, study measures, and analytical approach used for this project.
3.1 CONCEPTUAL FRAMEWORKS
The conceptual model that guided this dissertation project was largely adapted
from Wang et al.’s model for using environments to promote aging-in-place at home
through PA,346 due to the important role that PA level has for outdoor
engagement210,351,352 and fall298,299 and fracture313 risk among older women (Figure 3.1).
Wang et al.’s model, shown in Figure 3.1, highlights pathways by which the built (or
physical) environment and PA level impact health and services that facilitate aging in
place at home. Aging in place at home refers to the ability of older adults to remain
independent with old age, and inappropriately demanding environments (i.e,. ones with
barriers to outdoor activity and completion of daily tasks) are important barriers for
that.346 Indeed, this model illustrates how outdoor environments impact health and
functional status in older adults through either direct or indirect or pathways.346 This
model was used in conjunction with the theoretical concepts from a physical literacy
model for older adults by Jones et al. that uses an ecological approach.284 Jones’ social
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ecological model, shown in Figure 3.2 below, demonstrates how intrapersonal,
interpersonal, organizational, community, and political levels of influence impact PArelated behaviors and physical literacy.284 Importantly, this model outlines the critical
(although unmeasured in this study) influence of more distal cultural, political, and
economic environments on the development of communities that promote PA and PA
literacy. Understanding these higher level influences is important for discussing findings
related to environmental influences on falls and fractures in this study, since results
should be put in context with cultural and political movements towards Aging in Place
and creating Aging Friendly Environments.16,25,137,346 Overall, these frameworks were
used to inform this research and its own conceptual model. They highlight the complex,
multi-level determinants of PA and maintaining functional status with old age.
Figure 3.3 presents the conceptual model for this research, integrating
components from Wang et al.’s model for aging in place at home, and Jones et al.’s
social ecological framework for physical literacy among older adults. This model
demonstrates how multiple levels of influence ultimately impact outcomes such as falls
and fractures among older adults. It specifically shows how extrinsic factors, described as
the natural, built, and social neighborhood environments, play an important role for
shaping individual level risk factors or behaviors (i.e., diet, PA, smoking, alcohol intake,
etc.). In turn, individual level risk factors lead to more proximal health outcomes, such as
higher rates of physical and cognitive decline. While these proximal outcomes directly
impact risk for falling and fracture, they also may have some impact on subsequent health
behavior (increasing individual level risk) and ability to navigate outdoor environment
(reducing exposure to natural, built, and social neighborhood contexts). More generally,
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this model demonstrates how neighborhood exposures may impact the outcomes of
interest through their impact on individual level risk factors or behaviors, but also
impacts the outcomes directly by introducing hazards to daily life. Neighborhood
contexts may be the root causes for falls and fractures among older adults.
Figure 3.4 represents the directed acyclic graph for the relationship between
neighborhood exposures (i.e., SES, walkability, green space) and outcomes (i.e. incident
falls and fracture) of interest. Like the conceptual diagram in Figure 3.3, extrinsic
neighborhood or neighborhood exposures are represented in relation to falling and
fracture outcomes. Extrinsic and intrinsic influences, which may take place on
intrapersonal (e.g., vision impairment, age) and community (e.g., neighborhood SES,
walkability, green space) levels impact fall and fracture outcomes directly, and indirectly
through their impact on cognitive decline, physical decline, and activity levels (as
examples). Importantly, intrinsic factors influence the ability to engage with outdoor
environment and impact risk for fall and fracture outcomes (so must be controlled for).
Another example of confounding is air temperature and region of residence (which refers
to climate consistent boundaries) due to their influence on both the exposures and
outcomes. The impact of PA on muscle strength and bone density is also highlighted
(although they are unmeasured for this study) since they have a particularly impactful
role for fall and fracture risk among older women.6,8 Lastly, this diagram demonstrates
how race/ethnicity, activity levels, physical decline (i.e., frailty), history of falling,
hormone therapy use, and rurality may modify the relationship between extrinsic factors
and falling and fracture outcomes. As an example, hormone therapy (i.e. estrogen or
progesterone use) impact falling and fracture outcomes but also impact the relationship
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between neighborhood exposures and the outcomes by making it more likely that a
person may fall and injure themselves if neighborhood hazards exist.
3.2 SETTING DESCRIPTION
This study includes a nationally representative sample of older women from the
WHI study, who took part in the Observational Study and the Clinical trial. The WHI
study took place across 40 clinical centers in the U.S. (Figure 3.5). For each clinical
center, there were approximately 4,000 participants.353,354
3.3 SAMPLE: WOMEN’S HEALTH INITIATIVE
Data collected from 1993 to 2012 for Observational Study (~93,000 women) and
Clinical Trial (~68,000 women) participants were analyzed for this study (Figure 3.6).
This included a total of 161,808 women in WHI recruited from 1993 to 1998 from
diverse locations across the United States (Figure 3.5). Only women with available
information on key variables (available address for outdoor/neighborhood environment
ascertainment, fracture & fall incidence, baseline PA, baseline fall frequency, baseline
self-assessed physical impairment, age) were included in this analysis. Women reporting
a previous history of hip fracture at enrollment were excluded, due to increased risk for
mortality during study participation.355 We also excluded women if they reported any
disability related to walking, using the SF-36 physical functioning scale to remove all
women who reported substantial limitations with walking a block or more.
3.4 DATA COLLECTION
Women ages 50-79 years were recruited at 40 US clinical centers (1993-1998)
primarily using population-based mass mailings to age-eligible women, with response
rates ranging from 2% to 20%.353,354 In addition to mailings, community presentations,

40

print ads, public service announcements, health fairs, and physician referrals were used
for recruitment. Eligibility criteria for women included: 50–79 years of age at
screening/enrollment, postmenopausal, had no medical condition associated with a
predicted survival of less than 3 years, and planned to reside in the same geographic area
for at least 3 years.353,354,356 Women were recruited and enrolled in the WHI clinical trial
or observational study from 1993 to 1998 and were followed and measured over time up
to present day,353,354 although observations were only used up to 2012 for this study.
WHI clinical trial participants were enrolled in one or more of three randomized
controlled trials: dietary modification (DM), hormone therapy (HT), and calcium/vitamin
D (CaD) supplementation.357 For the DM trial, the purpose was to evaluate the impact of
a low-fat eating pattern on breast cancer, colorectal cancer, and coronary heart disease.
The HT trial studied the effects of estrogen or estrogen plus progestin versus placebo on
coronary heart disease, osteoporotic fractures, and breast cancer. These trials began after
enrollment and were stopped early in July 2002 and March 2004, respectively, but all HT
participants were followed without additional intervention until March 31, 2005. The
CaD trial, which began 1 to 2 years after women enrolled in one (or both) of the HT and
DM trials, evaluated the impact of supplementing calcium and vitamin D on osteoporotic
fractures and colorectal cancer. Women ineligible for, or not interested in, the WHI
clinical trial were given the opportunity to enroll in the observational study. The original
purpose of the observational study was to collect risk factor information on major causes
of morbidity and mortality in this sample, and to serve as a control group for the WHI
clinical trials. Additional information about the study design, recruitment, and enrollment
can be found elsewhere.357
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Demographic and lifestyle/behavioral data, as well as data regarding medical
history, were obtained by self-report using standardized questionnaires.353,354,357 Certified
staff took physical measurements, including height and weight, and blood samples at the
clinic visit. A standardized written protocol centralizing training of local clinic staff, local
quality assurance activities, and periodic quality assurance visits by the Clinical
Coordinating Center was used to maintain uniform data collection procedures at all study
sites.357 Participants also reported their place of residence at baseline, which was used for
communication and ascertainment of contextual information (e.g. neighborhood SES,
walkability, green space). Participants were asked to report any changes to their place of
residence throughout their involvement of the study. For participants that dropped out of
the study or passed away, addresses were only included for specific date ranges (for
ascertaining contextual variables).
3.5 MEASURES
Exposure: neighborhood socioeconomic status
Based on a socioeconomic deprivation metric developed previously,
neighborhood, or census tract level, SES included dimensions of income and wealth,
education, and occupation.152 Income and wealth were measured using median
household income, the percentage of households with interest, dividends or rent income,
and the median value of owner-occupied housing. Education was measured as the
percentage of adults with high school and college degrees. Occupation was measured as
the percentage of civilian population with a professional, managerial, or executive
occupation. Census tract-level data for all measures were collected from U.S. Census of
Population and Housing for the year 2000 using a one-year estimate and the American
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Community Survey for later years using five-year estimates. Neighborhood SES was
calculated by first taking the natural log-transformation of median household income and
median value of housing units, z-transforming all six measures across the three
components, and then summing them to create a summary z-score, separately for
observational study (OS) and clinical trial (CT) participants for each year of followup.184,358,359 Z-scores were then categorized into low, intermediate, and high
neighborhood SES tertiles.
Exposure: neighborhood walkability
Neighborhood walkability was measured based on the 3 Ds (i.e., density,
diversity, and design) associated with walking,190 and includes population density, land
use mix, and distance to nearest roadways for this study.
Population density was measured using U.S Census of Population and Housing
attributes data from 2000 and 2010. The most recent decennial census was used to
estimate the annual resident population and included measures of population change:
population based + births – deaths + migration = population estimate.360 Land area is an
area measurement of census tracts under study, in square miles, using the Census
Bureau’s geographic database (i.e. "MAF/TIGER Database").361 Population density was
measured as the ratio of population count to land area (i.e., persons per kilometer2) using
a Euclidean buffer size of 5.0 miles. For every census tract with a centroid within the 5mile buffer, population density estimates were averaged to create resident-specific
estimates.
Land use mix or diversity was measured using Euclidean areal measures of
exposure to developed land and cross-walked over National Land Cover Databases
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(NLCD). The NLCD provides nationwide land cover data, descriptive data for
characteristics of the land surface such as thematic class (for example, urban, agriculture,
and forest), percent impervious surface, and percent tree canopy cover.362 Land use mix is
a measure of whether nearby land uses or activities have an influence over each other
across a certain spatial scale. Specifically, distance and quantity are used to measure
influence.193 Geographic areas were classified according to land cover type: water (e.g.,
open water, perennial ice/snow), developed (e.g., open space with mostly vegetation and
less than 20% impervious, low intensity with 20-49% impervious surfaces, medium
intensity with 50-79% impervious surfaces, and high intensity with highly developed land
that contain 80-100% impervious surfaces), barren (e.g., areas of bedrock, desert
pavement, or any other land cover with mostly rock, sand, and clay and less than 15%
covered with vegetation), forest (e.g., deciduous, evergreen, and mixed forests with over
20% vegetative cover), shrubland (e.g., areas dominated with shrubs with over 20%
vegetative cover), herbaceous (e.g., grassland, sedge, lichens and moss with over 80%
vegetative cover), planted or cultivated (e.g., pasture or hay areas for livestock or crops,
with over 20% vegetative cover), and wetlands (e.g., woody or emergent herbaceous
wetlands where shrubland or herbaceous vegetation makes up over 20%).363 These data
were imported to ArcGIS, and then a 500-meter Euclidean buffer was created around
address locations to obtain resident-specific green space estimates of land cover using
NLCD data from 1992, 2001, and 2006. The Herfindahl–Hirschman Index (HHI) will be
used to assess the level of land use mixture, where higher values of HHI correspond with
less land use mix.193 For the below equation, Pj represents the percentage of each land
use type j in an area, and k ⩾ 2 represents the number of land use types j:
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k

HHI = ∑ (100*Pj)2
j=1

Design was conceptualized in terms of distance and length to nearest roadways,
based on ESRI mapped and Census feature class coded A1-A3 roadways.364 A1 roadways
include interstate highways and toll highways and are distinguished by the presence of
interchanges. A2 roadways include nationally and regionally important highways that do
not have limited access, consisting mainly of US highways, and some state and county
highways. A3 roadways include state highways, and some county highways that connect
smaller towns, subdivisions, and neighborhoods. ArcGIS software was used to estimate
the distance and angle to the nearest A1, A2, and A3 road from participant addresses,
reported in meters and degrees for each roadway type (respectively). A Euclidean buffer
of 500 meters was used to identify all A1-A3 roads within the specified distances and
determine their length in meters. These lengths were summed by roadway type,
producing an estimate of total meters of A1, A2, and A3 roadways proximal to
participant addresses. These estimates were collected annually from 1993 until 2012.
Neighborhood walkability measures (i.e., population density, land use mix, length of A1A3 roadways) were standardized separately, then averaged to create a composite score.190
Finally, the composite score was categorized into low, intermediate, and high walkability
tertiles.
Exposure: neighborhood green space
Neighborhood green space was ascertained using Euclidean areal measures of
exposure to trees and other vegetation that were cross-walked over NLCD.365,366 The
NLCD provides 30-meter resolution estimates of percentage tree canopy and percentage
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impervious cover. Next, 500-meter Euclidean buffers were created around each
participant’s home address to obtain resident-specific green space estimates of land cover
using data from 1992, 2001, and 2006. The space occupied by each land cover type was
calculated around participant addresses (in meters2). Those estimates were used to
calculate the percentage of space that is urban/agricultural green space, forests, or other
natural areas (i.e., forest, shrubland, planted/cultivated, and herbaceous
grasslands/wetlands), using similar land types to past research studying green
space.243,367,368 Those annual estimates were then standardized and converted into low,
intermediate, and high green space tertiles.
Outcome measures
Fractures (total, hip, and combined lower arm/wrist, upper arm, and knee
fractures) were self‐reported annually through 2012.369,370 Participants were asked “Since
[last reporting date], has a doctor told you that you had a broken, fractured, or crushed
bone?”, then prompted to specify the location of the fracture. The days from enrollment
to first fracture was recorded for each participant. Hip fractures were centrally
adjudicated during the main study and extension 1 (2005-2010). Adjudication was
completed using radiographic or operative reports. Hip fractures were self‐reported for
extension 2 (2010–2014). All other types of fractures were self‐reported during the entire
follow‐up (1993-2012). Total fractures included all reported clinical fractures except for
those of the ribs, sternum, skull, face, fingers, toes, and cervical vertebrae. Fracture
outcomes included hip and total fractures.369,370
For fall assessments, women were asked on annual self‐reported health updates,
“How many times did you fall and land on the floor or ground? (do not include falls due
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to sports activities such as snow or water skiing or horseback riding).” The falls outcome
was defined as annually repeated assessment of number of fall events in the past
year. Self‐report of falls was discontinued during the extension phase, limiting the
average follow‐up for falls to 7.6 years (i.e., up to 2005).369
Modifiers
Clinical trial and observational study participation were used as a modifier in this
study, since fracture outcomes were only adjudicated in clinical trial participants in this
study.357 WHI clinical trial participants were enrolled in one or more of three randomized
controlled trials: dietary modification (DM), hormone therapy (HT), and calcium/vitamin
D (CaD) supplementation.357 The DM trial evaluated the impact of a low-fat eating
pattern on breast cancer, colorectal cancer, and coronary heart disease. The HT trial
studied the effects of estrogen or estrogen plus progestin versus placebo on coronary
heart disease, osteoporotic fractures, and breast cancer. These trials began after
enrollment and were stopped early in July 2002 and March 2004, respectively, but all HT
participants were followed without additional intervention until March 31, 2005. The
CaD trial, which began 1 to 2 years after women enrolled in one (or both) of the HT and
DM trials, evaluated the impact of supplementing calcium and vitamin D on osteoporotic
fractures and colorectal cancer. Women ineligible for, or not interested in, the WHI
clinical trial were given the opportunity to enroll in the observational study. The purpose
of the observational study was to collect risk factor information on major causes of
morbidity and mortality in this sample, and to serve as a control group for the WHI
clinical trials.357
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Race and ethnicity were obtained by self-report using standardized questionnaires
at enrollment. Categories included White, Black, Asian or Pacific Islander, American
Indian, Hispanic, and Unknown.353 Enrollment of minority racial or ethnic groups in a
manner that was proportionate to the total minority population of women ages 50-79
years at the time of enrollment (18.2% according to the 1990 U.S. Census) was a priority
for this study.353
To measure PA-level, a self-administered PA questionnaire was used to capture
different activity types at baseline without reference to a specific time frame.313,371 It
grouped exercise or recreational activities into three separate intensities (i.e., mild,
moderate, strenuous) based on metabolic equivalent values for each activity and included
frequency (from 0 to 5+ days/ week) and duration (from <20 minutes to ≥60 minutes).
Episodes of outdoor walking were also reported, including frequency (from 0 to 7 days
per week), duration (from <20 minutes to ≥60 minutes), and usual speed (2mph to 5mph).
Participant PA and amount of outdoor walking will be converted to a continuous variable
(MET-hr/wk) and then grouped into tertiles.
Limitations with physical functioning was measured using indicators of health
and general functioning at baseline using a self-reported measures.372 This physical
function measure is correlated with walking speed (r=-0.34) and grip strength (r=0.14),
which are important indicators of frailty.372 The Short Form survey 36 (or the Physical
Function Scale) included 10 items measuring whether health now limits physical function
in moderate/vigorous activity; strength to lift, carry, stoop, bend, climb; walking various
distances; and self‐care.373 Answer options include “yes, limited a lot”, “yes, limited a
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little”, and “no, not limited at all”. Scores out of 30 were converted to those out of 100
and scores below 75 met criteria for low physical functioning.372
History of falling at baseline was collected using a self-report medical history
questionnaire that included the following question: “During the past 12 months, how
many times did you fall and land on the floor or ground: none, 1 time, 2 times, 3 or more
times?” Participants were asked not to include falls due to sports activities such as snowor water-skiing or horseback riding.357,374 Baseline history of falling was recorded as
number of times in the past year, including 0, 1, and 2+.
Hormone therapy use was ascertained at baseline for all study participants and
used as eligibility criteria for the hormone therapy clinical trial (since those with hormone
use at baseline were ineligible). Participants were asked: “Did you ever use any female
hormones like estrogen (Premarin) or progesterone (Provera)? These might be pills, skin
patches, implants, creams, suppositories, shots, or birth control pills. (This does not
include birth control pills before menopause).” Hormone therapy use was also collected
annually for all study participants. For those who did not report hormone use at baseline
and were enrolled in the hormone therapy arm of the clinical trial. The following
questions were used to ascertain hormone use throughout the study: 1. “In the past year,
what types of "natural" hormones have you used? (Do not include hormone preparations
that need a doctor's prescription.)”; and 2. “In the past year, did you use any female
hormones (i.e. estrogen or progesterone) that were prescribed by a doctor?”.
To classify participant residences according to rurality, rural-urban commuting
areas (RUCA) codes were cross-walked over U.S. Department of Agriculture and
Economic Research Service databases. Census tracts were categorized as the following:
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urban; large, rural city/town; small, rural town; isolated, small, rural town. After census
tracts are categorized, geocoded participant addresses were used to classify which rurality
category each participant resides in. Rurality was collected annually, 1993 to 2012.
Covariates
Demographic and risk exposure data, as well as data regarding medical history,
were obtained by self-report using standardized questionnaires. Covariates collected
using these self-report questionnaires included age (Form 2, collected using birth date),
years since menopause (Form 31, reproductive history), marital status (Form 20, personal
information), smoking behavior (Form 34, personal habits), alcohol intake (Form 34,
personal habits), vision impairment (Form 37, trouble with vision symptom check),
general health status (Form 37, general health construct), depression status (Form 37,
Center for Epidemiologic Studies Depression scale),375 diabetes status (Form 2eligibility screening), hypertensive status (Form 30- medical history), medication use
(Form 44- current medications), diet and vitamin intake (Form 60, Healthy Eating
Index),376 social support (Form 37- social support construct), and history of falling (Form
30- medical history). Clinical trial or observational study participation was ascertained by
research staff after randomization at baseline. Certified staff took physical measurements,
including height and weight at the clinic visit in addition to self-report questionnaires.
These physical measurements were used to ascertain body mass index. Region of the U.S,
collected at baseline, were created by combining U.S. Census regions (Northeast, West,
Midwest, and South) with latitude classifications (upper, middle, and lower).
Specifically, this means that 12 categories will be created: Northeast; upper, middle, and
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lower West; upper and lower Midwest; and upper and lower South. These regions
correspond to climatically consistent regions within the United States.
3.7 ANALYTIC APPROACH
Aim 1a: Examine the association between neighborhood and outdoor environment
features and incident falls among postmenopausal women.
To examine important descriptive information and relationships for our first study
aim, average values and counts on the exposures and outcomes of interest, as well as their
crude relationships with each other, were presented. First, demographic and personal
study variables (including confounders and effect modifiers) according to number of fall
events (0, 1, 2+ times) during the study period were described. Continuous variables were
assessed for their association with falling using T-tests. Chi-square tests were used for
categorical variables. Next, outdoor and neighborhood environmental study variables (see
list above) were presented according to number of fall events (0, 1, 2+ times) during the
study period. Again, continuous variables were assessed for association with falling using
T-tests, and chi square tests for categorical variables.
The relationship between neighborhood environmental factors, including
neighborhood SES, walkability, and green space, and fall incidence were assessed using
Generalized Estimating Equations (GEE) with a specified binary outcome distribution
and a logit link function. GEE is a type of marginal model, which posits that: 1. the
marginal expectation of the response, E(Yij) = μij depends on explanatory variables, xij ,
through a known link function: ղij = g(μij) = Xijβ; 2. the marginal variance of the outcome
(Yij) depends on the marginal mean according to: Var(Yij) = v(μij)ϕ, where v(μij) is the
known variance function (which is specified as the outcome distribution) and ϕ is an
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estimated scale parameter; and 3. the covariance between Yij and Yik is a function of the
means and additional correlation parameters (α) must also be estimated. The assumptions
for this model were assessed and include: 1. responses values of the same participant are
correlated (i.e. not independent); 2. error terms for observations of the same participant
are correlated; 3. parameters are estimated using quasi-likelihood estimation; and 4. the
covariance structure is specified. This study used a fully exchangeable model, where the
log odds ratio is constant for all clusters, within-cluster pairs, and levels.
Y = β0x0 × β1(x1 = neighborhood exposure)+β2(x2 = time) +β3x3...+βpxp
The above response variable, Y, will be a binary, categorical outcome (i.e.
whether any fall event(s) occurred each year) for this study. We focused on
categorical Y = (Yij) response for each subject i, measured at different occasions (e.g.,
time points), j = 1, 2, ... , ni. In addition, x = (x1, x2, ... , xk) represents a set of
explanatory variables which can be discrete, continuous, or a combination and
xi is ni × k matrix of covariates.
Initially, all environmental variables were assessed independently in relation to
falling at least once over the past year. Models were then presented after adjustment for
additional confounding variables (based on whether they result in a 10% change in beta
estimates for the main effects). Time dependent variables for these models included study
involvement (and respective trial), neighborhood SES, neighborhood walkability, and
neighborhood green space. Due to differences in time points for data collection between
the neighborhood exposures and outcome, this data is considered unbalanced so we used
model-based GEE estimators.
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Aim 1b: Assess effect modification for the relationship between neighborhood
socioeconomic status, walkability, and green space and fall incidence
For study aim 1b, we assessed potential effect modification according to study
arm participation (dietary modification CT, hormone therapy CT, calcium + vitamin D
CT, OS), race/ethnicity (Non-Hispanic White, Non-Hispanic Black, Hispanic, NonHispanic Other), baseline PA levels (grouped into tertiles based on MET hr/wk), baseline
physical functioning (yes/no), baseline fall frequency (0, 1, 2+ times), hormone therapy
(yes/no), and rurality (urban; large, rural city/town; small, rural town; isolated, small,
rural town). For each effect modifier identified based on product terms (p< 0.10),
stratified models were presented.
Study aim 2a: Examine the association between neighborhood and outdoor environment
features and incident fracture among postmenopausal women.
As a first step in the analysis for study aim 2a, we provided descriptive
information on the exposures and outcomes of interest and present their crude
relationships. First, demographic and personal study variables (including confounders
and effect modifiers) were described according to total and hip fracture (any, none)
through 2012. Next, key demographic variables (including confounders and effect
modifiers) were described according tertiles of neighborhood SES, walkability, and green
space. Continuous variables were assessed for association with fracture using T-tests, and
chi square tests were applied for categorical variables.
The relationship between neighborhood environmental factors and fracture (total;
hip) was assessed using extended Cox proportional hazards modelling. This method is
useful for studying the effect of several factors (including some that are time varying) on
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the rate of an event, or in this case, time to first fracture event. The assumptions for this
model include: 1. the proportional hazards assumption (which requires special
consideration with time-varying exposures); 2. a lack of influential outliers (i.e. no data
points have a significant, individual impact on the estimates); and 3.the non-linearity in
the relationship between the log hazard and covariates (i.e. the continuous covariates
have a linear form). The extended Cox model for the hazard function (h(t)) is shown
below:
h(t) = h0(t) × exp(b1(x1=neighborhood exposure)+b2(x2= time)+...+bpxp)
For the above equation, t represents the survival time (i.e. time to first fracture
event) which means the hazard may vary over time. The hazard function, h(t), is
determined by a set of p covariates (x1,x2,...,xp) and the coefficients (b1,b2,...,bp) measure
the effect sizes of covariates. The intercept, h0 represents the baseline hazard, and is equal
to the hazard ratio if all the xi are equal to zero.
All environmental variables were assessed independently in relation to total and
hip fracture. Models were then presented after age and BMI adjustment, and then after
adjustment for confounding variables (based on whether they result in a 10% change in
beta estimates for the main effects, identifying the most parsimonious adjusted model for
each outdoor exposure variable).
Study aim 2b: Assess effect modification for the relationship between neighborhood
socioeconomic status, walkability, and green space and fracture incidence.
To answer study aim 2b, interaction terms were added to each model to assess
effect modification according study arm participation (dietary modification CT, hormone
therapy CT, calcium + vitamin D CT, OS), race/ethnicity (Non-Hispanic White, Non-

54

Hispanic Black, Hispanic, Non-Hispanic Other), baseline PA levels (grouped into tertiles
based on MET hr/wk), baseline physical functioning (yes/no), baseline fall frequency (0,
1, 2+ times), hormone therapy (yes/no), and rurality (urban; large, rural city/town; small,
rural town; isolated, small, rural town). For each effect modifier identified based on
product terms (p<0.10), stratified models were presented.
All analyses will be completed using SAS 9.4 software.
3.6 PROTECTION OF HUMAN SUBJECTS
Risks to subjects/participants
Anticipated risks involved with this study participation were minimal and
included collection of some personal and medical information, and applying dietary,
vitamin, and hormone supplements for intervention groups. All participants were
identified by a study ID number and not identified by names or identifiable information.
After locations were geocoded, addresses were removed from the working dataset.
Adequacy of protection against risks
To minimize risks of participation, confidentiality was always maintained.
Participants were referred to by a study ID and secure documents linked identifying
information with study ID. All electronic documents were stored on secured university
network servers and on password protected computers.
Potential benefits to subjects and others
This research was designed to benefit society by gaining new knowledge about
falling and fracture among older women and neighborhood-level determinants. Benefits
to individuals may be learning new information about outdoor risk factors and protective
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factors, which can inform potential solutions and interventions to help address these
important public health problems.
Data and safety monitoring
Identifiable information present in the dataset included the participant addresses,
which were necessary to determine the location of residence and therefore estimate
neighborhood exposures. The address was used to geocode the data, and then identifiable
information was removed from the working dataset used for all statistical analyses. Data
was stored on a secured network drive at the University of North Carolina that was only
accessible by approved study team members. In addition, the data was encrypted and
password protected with the following minimum requirements: strong password with a
minimum of 8 characters, no dictionary word, no use of personal identifiers, and mixture
of upper/lower case, numbers. Further, the password was not communicated in email.
3.8 TIMELINE & DISSEMINATION
This research demonstrates that neighborhood and outdoor environmental features
(neighborhood SES, walkability, and green space) have significant impacts on falls and
fracture incidence over time. Table 3.7 displays the timeline for this dissertation project.
After completion of these study aims, I have accomplished several outcomes: 1) I have
advanced knowledge on outdoor correlates for falls and fracture risk among older women
by using advanced longitudinal and multi-level analysis techniques, 2) I have established
a temporal relationship between the environmental predictors and subsequent falls and
fracture occurrence, and 3) I have identified important person-level modifiers for the
relationship between environment and falls and fracture, identifying intervenable factors
that augment risk for falls and fracture. To disseminate this important research, we plan
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to submit manuscripts describing the results from Aim 1 to the Journal of Women’s
Health, and the results from Aim 2 to the Health and Place journal. In addition, we will
present the results from Aim 1 at the American Public Health annual meeting and the
results from Aim 2 to the Active Living Conference to engage researchers in the field .
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Figure 3.1 Wang et al.’s framework for how environments can promote
aging-in-place at home through physical activity.
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Figure 3.2 Jones et al.’s physical literacy model for older adults
using an ecological approach
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Figure 3.3. Conceptual diagram for the relationships between neighborhood environments and fall and fracture outcomes.
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Figure 3.4. Directed acyclic graph for the relationships between neighborhood environments and fall and fracture outcomes.
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Figure 3.5. Locations of the 40 Women’s Health Initiative Clinical Centers
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Figure 3.6 Observational and Control Trial samples for the Women’s Health Initiative
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Table 3.7. Timeline for dissertation project
Study Phases and
Fall
Spring
Timeline
2019 2020
Submit proposals for input
from Women’s Health
Initiative Scientific Interest
Groups
Submit manuscript
proposals to Women’s
Health Initiative P&P
committee for approval
Pre-proposal meeting &
dissertation proposal
Data acquisition and
analyses
Draft dissertation document
Dissertation defense
Prepare dissertation and
manuscripts for publication
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CHAPTER 4
NEIGHBORHOOD SOCIOECONOMIC STATUS, GREEN SPACE, AND
WALKABILITY AND RISK FOR FALLS AMONG POSTMENOPAUSAL WOMEN:
THE WOMEN’S HEALTH INITIATIVE1

1

Wende ME, Lohman M, Friedman D, McLain AC, LaMonte MJ, Whitsel E, Sarto GE,
Shadyab AH, Bird CE, Chrisinger BW, Pan K, Garcia L, Kaczynski AT. To be submitted
to Journal of Women’s Health
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4.1 ABSTRACT
The purpose of this study was to assess whether neighborhood socioeconomic
status (SES), walkability, and green space significantly impact falling incidence among
postmenopausal women, and to assess modifiers for these relationships, such as study
arm participation, fall history, physical activity, physical functioning, race/ethnicity,
hormone therapy use, and rurality. This study used data from the Women’s Health
Initiative cohort study, 1993 to 2005 (N=161,802). Falling was reported by participants at
baseline and assessed annually. SES was calculated annually as census tract-level income
and wealth, education, and occupation. Walkability was calculated annually using
measures of population density, land use mix, and presence/quantity of nearby hightraffic roadways. Green space was calculated annually using measures of exposure to
trees/vegetation. SES, walkability, and green space were categorized intro tertiles: high,
intermediate, and low. SES had a significant relationship with falling after adjustment
(intermediate vs low SES OR=0.99, p=0.0309; high vs low SES OR=0.99, p=0.1192) and
study arm participation and fall frequency at baseline significantly modified this
relationship. Walkability had a significant relationship with falling incidence after
adjustment (intermediate vs low walkability OR=0.99, p=0.0813; high vs low walkability
OR=0.99, p=0.0067) and study arm participation and race/ethnicity significantly
modified this relationship. Green space had a significant relationship with falling after
adjustment (intermediate vs low green space OR=0.99, p=0.0813; high vs low green
space OR=0.99, p=0.0323) and study arm participation significantly modified this
relationship. Findings indicate that higher neighborhood SES, walkability, and green
space results in reduced falling risk in this sample. In addition, stratified analyses
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provided additional information about these relationships and identified subgroups for
which these neighborhood exposures are more or less protective against falling. In
summary, uncovering these relationships between outdoor and neighborhood
environments and falling outcomes in the U.S is important for encouraging active and
independent aging among women.
4.2 INTRODUCTION
Population aging is taking place in most developed countries due to longer life
expectancy, increasing the percentage of adults ages 65 or older.333 About 1 in 4 older
adults in the U.S. experienced at least one fall annually (36 million falls) in 2018, and this
number is projected to increase to 52 million falls per year by 2030 due to an increasing
older population.377 About 70.5% of all falls in older populations occurred among
women, and rates of related fracture were 2.2 times higher for women compared to men.5
Falls have serious consequences: 1 in 5 falls cause serious injury (i.e., broken bones, head
injury), an estimated 3 million older adults are treated in emergency departments as a
result of falls, and 27,000 falls result in death annually.2,378
Past research has identified causes of falls in older adults, with most due to
environment-related accidents (31%), including falls that stem from identifiable
environmental hazards, followed by weakness or balance disorders (17%).44 Causes also
differ by gender: women are more likely to fall while walking, while men are more likely
to fall when seated, rising, or from loss of support from external objects.46 Additionally,
higher rates of osteoporosis and low bone mass may impact fall risk among women.48
To maintain mobility and independence with age, women should maintain regular
physical activity (PA).379 PA and, in some instances, physical therapy are recommended
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to older adults to prevent falls and related injury,217,273,294 especially among those at
increased risk for injury,295,296 since it can increase muscle strength and balance.116,117 It
is also true that most older adults report walking as their predominant form of exercise
and walking frequency does not differ between genders.118 Environment plays a key role
in walking in older adults, by promoting or inhibiting PA based on built and physical
factors.285 This is important for PA promotion among older women, as they report more
barriers to outdoor PA such as poor health and unsupportive neighborhood conditions.118
For older adults, neighborhood features such as sidewalk connectivity or walkability,
neighborhood aesthetics, green space, access to water outlets, and neighborhood
disadvantage have a salient effect on outdoor activity and mobility.57,118,125,286–292
As adults age, outdoor environments are increasingly important since older adults
can be dependent on their local environment for health and well-being,16 due to increased
physical and cognitive impairment16,380,381 and low social support that is common with
older age.17,382 Environments with which people interact are crucial for facilitating or
inhibiting activity,18 and this has implications for healthy aging and prevention of
falls.13,14,19,20,383,384Although the majority of falls occur outdoors during walking
activity,19,383–385 few intervention efforts to prevent falls in older adults incorporate
outdoor environmental changes.386,387 This is surprising, since outdoor falls are more
likely to have environmental causes compared to indoor falls which are more often
related to poor health condition.14
While research has investigated the outdoor environmental features that increase
fall risk, several literature gaps remain. Cross sectional studies have examined fall
circumstances in outdoor environments,14,245,249 with some finding that attributes related
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to walkability impact falling outcomes.14,249 Few prospective studies have examined the
role of outdoor environments.21,22,246 Nicklett et al. found that physical environments,
measured as perceived neighborhood safety and the absence of waste or trash, were
associated with reduced odds of falling after controlling for PA levels.22 Talbot et al.
reported that falls mostly occurred while walking with environmental causes, but most
participants could not recall specific, environmental hazards.246 Past research that asked
participants to recall details about the fall event suffered from poor recall, pointing to a
need for studies using objective measures of environmental supports or hazards. To that
end, Lo et al. identified a relationship between neighborhood disadvantage and incident
falls (controlling for person level poverty) using objective measures of disadvantage to
avoid poor recall. Despite this, information is needed on which environmental features
related to disadvantage impact fall risk,21 such as walkability156,158 and green space.160,250
Past research has focused on hazardous outdoor features and has largely overlooked
environmental features that promote outdoor activity57,118,125,286–292 and healthy aging.251
The purpose of the proposed study is to identify specific outdoor and
neighborhood environmental features related to falls among postmenopausal women.
Specifically, there were two aims: 1. To assess the association between neighborhood and
outdoor environment features, including socioeconomic status, walkability, and green
space, and incident falls among postmenopausal women, and 2. To assess effect
modification by clinical trial or observational study participation, race/ethnicity, PA
level, physical functioning, falling history, use of hormone therapy medication, region of
the U.S., and rurality.
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4.3 METHODS
Study Setting & Sample
This study included a nationally representative sample of older women from the
Women’s Health Initiative (WHI) study. As is described in detail elsewhere,357 women
ages 50-79 years were recruited at 40 clinical centers across the U.S. from 1993 to 1998.
WHI study eligibility criteria included: 50–79 years old at screening, postmenopausal,
had no medical condition associated with a predicted survival of less than 3 years, and
planned to reside in the same geographic area for at least 3 years.353,354,356 Minority
racial/ethnic groups were enrolled in a manner that was proportionate to the racial/ethnic
composition of women ages 50-79 years at the time of enrollment.353 Enrolled women
were followed and measured over time up to present day, although observations will only
be used up to 2005 for this study (because fall data collection was discontinued).353,354
Data from the WHI observational study (~93,000 women) and clinical trial (~68,000
women) participants were used for this study. Women reporting a history of hip fracture
at enrollment were excluded from the analytic sample, due to increased risk for mortality
during study participation.355 Women were also excluded if they reported disability that
impaired walking at baseline using a SF-36 physical functioning scale, removing all
women who reported high limitations with walking a block or more.
Data Collection
Demographic and lifestyle/behavioral data, as well as data regarding medical
history, were obtained by self-report using standardized questionnaires.353,354,357 Certified
staff took physical measurements, including height and weight. Participants also reported
their place of residence at baseline, which was used for communication and
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ascertainment of contextual information. Participants were asked to report any changes to
their place of residence throughout their involvement of the study.
Measures
Based on a socioeconomic deprivation metric developed previously, census tract
level, SES included dimensions of income and wealth, education, and occupation.152
Income and wealth were measured using median household income, the percentage of
households with interest, dividends or rent income, and the median value of owneroccupied housing. Education was measured as the percentage of adults with high school
and college degrees. Occupation was measured as the percentage of civilian population
with a professional, managerial, or executive occupation. Census tract-level data for all
measures were collected from U.S. Census of Population and Housing for the year 2000
using a one-year estimate and the American Community Survey for later years using
five-year estimates. Neighborhood SES was calculated by first taking the natural logtransformation of median household income and median value of housing units, ztransforming all six measures across the three components, and then summing them to
create a summary z-score, separately for observational study (OS) and clinical trial (CT)
participants for each year of follow-up.184,358,359 Z-scores were then categorized into low,
intermediate, and high neighborhood SES tertiles.
Neighborhood walkability was measured based on the 3 Ds (i.e., density,
diversity, and design) associated with walking.190 Density, defined as population density,
was measured using U.S. Census of Population and Housing attributes data from 2000
and 2010,360 as the ratio of population count to land area (i.e., persons per kilometer2)
using a Euclidean buffer size of 5.0 miles around each participant’s home address.
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Diversity, defined as land use mix, was measured using Euclidean areal measures of
exposure to developed land and cross-walked over National Land Cover Databases
(NLCD).362 For this study, NLCD data were used from 1992, 2001, and 2006, and 500meter Euclidean buffers were created around address locations to obtain resident-specific
estimates of land use. The Herfindahl–Hirschman Index (HHI) was used to assess the
level of land use mixture, where higher values of HHI correspond with less land use
mix.193 Design was conceptualized in terms of length to nearest roadways, based on ESRI
mapped and Census feature class coded A1-A3 roadways.364 A Euclidean buffer of 500
meters around each participant’s home address was used to identify all A1-A3 roads
within the specified distances and determine their length in meters.388 These lengths were
summed by roadway type, producing an estimate of total meters of A1, A2, and A3
roadways proximal to participant addresses. These estimates were collected annually
from 1993 until 2012. Neighborhood walkability measures (i.e., population density, land
use mix, length of A1-A3 roadways) were standardized separately, then averaged to
create a composite score.190 Finally, the composite score was categorized into low,
intermediate, and high walkability tertiles.
Neighborhood green space was ascertained using Euclidean areal measures of
exposure to trees and other vegetation that were cross-walked over NLCD.365,366 The
NLCD provides 30-meter resolution estimates of percentage tree canopy and percentage
impervious cover. Next, 500-meter Euclidean buffers were created around each
participant’s home address to obtain resident-specific green space estimates of land cover
using data from 1992, 2001, and 2006. The space occupied by each land cover type was
calculated around participant addresses (in meters2). Those estimates were used to
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calculate the percentage of space that is urban/agricultural green space, forests, or other
natural areas (i.e., forest, shrubland, planted/cultivated, and herbaceous
grasslands/wetlands), using similar land types to past research studying green
space.243,367,368 Those annual estimates were then standardized and converted into low,
intermediate, and high green space tertiles.
For fall assessments, women were asked on annual self‐reported health updates,
“How many times did you fall and land on the floor or ground? (do not include falls due
to sports activities such as snow or water skiing or horseback riding).” The falls outcome
was defined as the number of fall events in the past year, and then categorized as none or
any falls. Self‐report of falls was discontinued during the extension phase, limiting the
average follow‐up for falls to 7.6 years (i.e., up to 2005).369
Study arm participation (observational study (OS) or one of three clinical trial
arms) was also used as a modifier in this study.357 WHI clinical trial participants were
enrolled in one or more of three randomized controlled trials: dietary modification (DM),
hormone therapy (HT), and calcium/vitamin D (CaD) supplementation.357 The DM trial
evaluated the impact of a low-fat eating pattern on breast cancer, colorectal cancer, and
coronary heart disease. The HT trial studied the effects of estrogen or estrogen plus
progestin versus placebo on coronary heart disease, osteoporotic fractures, and breast
cancer. The CaD trial evaluated the impact of supplementing calcium and vitamin D on
osteoporotic fractures and colorectal cancer.
Race and ethnicity were obtained by self-report using standardized questionnaires
at enrollment. Categories included White, Black, Asian or Pacific Islander, American
Indian, Hispanic, and Other.353 Enrollment of minority racial or ethnic groups in a
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manner that was proportionate to the total minority population of women ages 50-79
years at the time of enrollment was a priority for the study.353
To measure PA level, a self-administered PA questionnaire was used.313,371 Forms
were completed at clinics or mailed to participants for all PA types. Questionnaires
grouped exercise, walking, or recreational activities into three separate intensities (i.e.,
mild, moderate, strenuous) based on metabolic equivalent values for each activity and
included frequency (from 0 to 5+ days/ week) and duration (from <20 minutes to ≥60
minutes). Participant PA level (MET-hr/wk) was grouped into tertiles.
Limitations with physical functioning were measured using indicators of health
and general functioning at baseline using a self-reported measure.372 This physical
function measure is correlated with walking speed (r=-0.34) and grip strength (r=0.14),
which are important indicators of frailty.372 The Short Form survey 36 (or the Physical
Function Scale) included 10 items measuring whether health now limits physical function
in moderate/vigorous activity; strength to lift, carry, stoop, bend, climb; walking various
distances; and self‐care.373 Scores out of 30 were converted to those out of 100 and then
scores below 75 met criteria for low physical functioning.372
History of falling at baseline was collected using a self-report medical history
questionnaire. Participants were asked not to include falls due to sports activities such as
snow or water skiing or horseback riding.357,374 Baseline history of falling was recorded
as number of times in the past year, including 0, 1,or 2+ times.
Hormone therapy use was ascertained at baseline for all study participants and
used as eligibility criteria for the hormone therapy clinical trial (since those with hormone
use at baseline were ineligible). Participants reported whether they ever used any female
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hormones, like estrogen (Premarin) or progesterone (Provera) in the form of pills, skin
patches, implants, creams, suppositories, shots, or birth control pills.
To classify participant residences according to rurality, rural-urban commuting
area (RUCA) codes (downloaded from U.S. Department of Agriculture and Economic
Research Service website) were merged with geocoded participant address FIPS codes.389
Census tracts were then categorized as one of the following: urban; large, rural city/town;
small, rural town; isolated, small, rural town.389 After census tracts were categorized,
geocoded participant addresses were used to classify which rurality category each
participant resided in. Rurality was collected annually, 1993 to 2005.
Statistical Analyses
To examine important descriptive information and relationships for our first study
aim, we provided demographic and personal study variables (including confounders and
effect modifiers) according to number of fall events (0, 1, 2+ times) during the study
period. Pearson’s chi-square tests were used to understand the relationships between
demographic and personal study variables and fall events.
Relationships between neighborhood environmental factors, including
neighborhood SES, walkability, and green space and fall incidence (0 vs. any falls) were
assessed using Generalized Estimating Equations (GEE) with a specified binary outcome
distribution and a logit link function.390 To estimate the association between
neighborhood characteristics and falls, we first fit crude longitudinal models of fall
likelihood, including participant-level random intercepts with independent covariance
and fixed effects for time (years since baseline) and each, independent neighborhood
exposure. Due to differences in time points for data collection between the neighborhood
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exposures and outcome, this data is considered unbalanced, so model-based GEE
estimators were used. Models were then presented after adjustment for additional
confounding variables (based on contribution to the models). Confounding variables were
selected using a method based on 10% or greater change in beta estimates; variables
identified in the literature as important for our research question were added individually
to crude models using this process. Covariates that were assessed included study arm
participation (observational study, hormone therapy clinical trial, dietary modification
clinical trial, calcium/vitamin D supplementation clinical trial), age (<50-59, 60-69, 7079+years), race/ethnicity (Non-Hispanic White, Black/African American,
Hispanic/Latino, Asian or Pacific Islander, American Indian or Alaskan Native, Other),
climate region (Northeast, South-lower, South-upper, Midwest-lower, Midwest-upper,
West-lower, West-middle, West-upper), rurality (urban, large, rural city/town, small,
rural town, isolated, small rural town), body mass index (BMI; underweight, normal
weight, overweight, obese classes 1, 2, 3), age (<50-59, 60-69, 70-79+ years), fall history
at baseline (none, 1 time, 2+ times), hormone therapy use at baseline (never used, past
user, current user), trouble with vision at baseline (none, mild, moderate, severe),
depressive status at baseline (depressed, not depressed), physical activity level (none,
low, intermediate, high), low physical functioning (yes, no), and marital status (presently
married, divorced/separated, widowed, never married, marriage like relationship). Time
dependent variables for these models included rurality, neighborhood SES, neighborhood
walkability, and neighborhood green space.
To address the second study aim, interaction terms were added to each model to
assess effect modification according to study arm participation (observational study,
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hormone therapy clinical trial, dietary modification clinical trial, calcium/vitamin D
supplementation clinical trial), race/ethnicity (Non-Hispanic White, Non-Hispanic Black,
Hispanic, Non-Hispanic Other), baseline PA levels (total MET-hr/wk; walking METhr/wk – 0 MET-hr/wk and PA tertiles), baseline low physical functioning (yes/no),
baseline fall frequency (0, 1, 2+ times), baseline hormone therapy (yes/no), and rurality
(urban; large, rural city/town; small, rural town; isolated, small, rural town). If effect
modification was found based on product terms (α=0.10), we presented models stratified
on these variables. All analyses were completed using SAS 9.4 software.
4.4 RESULTS
Table 4.1 describes the baseline sample characteristics for study participants
(N=157,583), and their correlations with falling at baseline. Approximately 57.8% of
women enrolled in this study were part of the observational study and 42.2% were part of
the clinical trial, including 6.1 % in the dietary clinical arm, 1.8% in the estrogen and
progesterone hormone therapy clinical arm, 1.3% in the estrogen alone hormone therapy
clinical arm, 22.5% in the calcium/vitamin D clinical arm, and 10.5% in the clinical trial
control group. Most participants had no history of falling at baseline (64.9%), were 60-69
years of age (44.9%), were considered normal weight (34.2%) or overweight (34.6%),
identified as Non-Hispanic White (82.7%), were married (60.7%), had never used
hormone supplements (43.6%), had no trouble with vision (80.8%), were not depressed
(86.8%), had low (26.0%) or intermediate (28.1%) or high (26.7%) levels of PA, and did
not report low physical functioning (69.4%). In addition, the largest number of
participants lived in the Northeast climate region (22.8%) and in urban locations (82.0%).
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For neighborhood environment exposures, socioeconomic status (Χ2=74.6, p<.0001) and
green space (Χ2=25.6, p<.0001) had significant, cross-sectional relationships with falling.
Table 4.2 describes the longitudinal relationships between neighborhood SES,
walkability, and green space and falling incidence. Neighborhood SES was significantly
related to falling before adjustment (intermediate vs low SES OR=0.99, p=0.0039; high
vs low SES OR=0.99, p=0.0264), with high and intermediate compared to low SES
showing slightly decreased odds of falling (model 1a; Table 4.2). Neighborhood SES also
had a significant relationship with falling after adjustment for important covariates
(intermediate vs low SES OR=0.99, p=0.0309; high vs low SES OR=0.99, p=0.1192),
including age, rurality, race/ethnicity, marital status, and study arm (model 2a; Table 4.2).
The odds ratios demonstrated 1% decreased odds of falling for intermediate compared to
low SES. Of the interaction terms tested, only study arm participation (observational
study p-value =0.0910) and fall frequency at baseline (p=0.0918) were significant
(models 3a & 7a; Table 4.2). Therefore, stratified results are presented according to these
modifiers in Table 4.3.
Table 4.3 displays stratified analyses for the longitudinal relationships between
neighborhood SES, walkability, and green space and falling incidence. Stratified results
by study arm participation showed that only observational study (intermediate vs low
SES OR=0.98, p=0.0164; high vs low SES OR=0.99, p=0.3818) participants showed a
significant relationship between SES and falling. Specifically, observational study
participants showed 2% decreased odds for falling when comparing intermediate to low
SES. Stratified analyses by fall frequency at baseline showed that participants with no
previous falls at baseline showed a significant relationship between SES and falling
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(intermediate vs low SES OR=0.98, p=0.0062; high vs low SES OR=0.98, p=0.0034),
and those with one, two, or three or more previous falls at baseline did not (Table 4.3).
Specifically, participants with no history of falling at baseline showed 2% decreased odds
for falling comparing high and intermediate to low SES (Table 4.3).
As shown in Table 4.2, neighborhood walkability was significantly related to
falling before adjustment (intermediate vs low walkability OR=0.99, p=0.0266; high vs
low walkability OR=0.99, p<.0001), with higher compared to lower walkability showing
slightly decreased odds of falling (model 1b; Table 4.2). Neighborhood walkability also
had a significant relationship with falling incidence after adjustment for important
covariates (intermediate vs low walkability OR=0.99, p=0.0813; high vs low walkability
OR=0.99, p=0.0067), including age, climate region, rurality, race/ethnicity, marital
status, and study arm (model 2b; Table 4.2). The odds ratios demonstrated 1% decreased
odds of falling for high walkability compared to low walkability. Of the interaction terms
tested, only study arm participation (hormone therapy p-value = 0.0240) and
race/ethnicity (p=0.0480) were significant (models 3b & 4b; Table 4.2). Therefore,
stratified results are presented according to these modifiers in Table 4.3.
As shown in Table 4.3, stratified analyses by study arm participation showed that
only observational study (intermediate vs low walkability OR=0.99, p=0.0199; high vs
low walkability OR=0.99, p=0.0384) participants showed a significant relationship
between walkability and falling. Specifically, observational study participants showed
1% decreased odds of falling when comparing intermediate or high to low walkability.
Stratified analyses by race/ethnicity showed that only participants who identified as NonHispanic White (intermediate vs low walkability OR=0.99, p=0.0325; high vs low
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walkability OR=0.99, p=0.0053) and American Indian/Alaskan Native (intermediate vs
low walkability OR=1.05, p=0.2414; high vs low walkability OR=1.13, p=0.0136)
showed significant relationships between walkability and falling. Specifically, NonHispanic White participants showed 1% decreased odds of falling for intermediate and
high compared to low walkability. For participants identifying as American
Indian/Alaskan Native, there was 13% increased odds of falling for high compared to low
walkability (Table 4.3).
Neighborhood green space was not significantly related to falling before
adjustment (model 1c; Table 4.2). Neighborhood green space did have a significant
relationship with falling after adjustment for important covariates (intermediate vs low
green space OR=0.99, p=0.0813; high vs low green space OR=0.99, p=0.0323), including
age, rurality, marital status, and study arm (model 2c; Table 4.2). The odds ratios
demonstrated 1% decreased odds of falling for high green space compared to low green
space. Of the interaction terms tested, only study arm participation was significant
(observational study p-value = 0.0221; hormone therapy p-value = 0.0496; model 3c;
Table 4.2). Therefore, stratified results are presented according to this modifier in Table
4.3.
As shown in Table 4.3, stratified results by study arm participation showed that
observational study (intermediate vs low green space OR=0.98, p=0.0177; high vs low
green space OR=0.99, p=0.5279), estrogen + progesterone hormone therapy CT
(intermediate vs low green space OR=0.96, p=0.0688; high vs low green space OR=0.94,
p=0.0018), and calcium/vitamin D supplementation CT (intermediate vs low green space
OR=1.00, p=0.8118; high vs low green space OR=0.98, p=0.0423) participants showed a
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significant relationship between green space and falling. Specifically, observational study
participants showed 2% decreased odds of falling for intermediate compared to low green
space, estrogen + progesterone hormone therapy CT participants showed 6% decreased
odds of falling for high compared to low green space, and calcium/vitamin D
supplementation CT participants showed 2% decreased odds of falling for high compared
to low green space (Table 4.3).
4.5 DISCUSSION
Summary of findings
The purpose of this study was to identify specific outdoor and neighborhood
environmental features related to falls among postmenopausal women, and also examine
important modifiers for these relationships. Our results showed that outdoor
environments impact falling among community-dwelling older women in the U.S.
Neighborhood walkability, SES and green space had significant relationships with falling
incidence after adjustment for important covariates. Specifically, intermediate compared
to low SES showed decreased odds of falling and high compared to low walkability and
green space showed decreased odds of falling. There were also significant modifiers for
these relationships: study arm assignment and fall history modified the relationship SES
and falling, study arm assignment and race/ethnicity modified the relationship between
walkability and falling, and study arm assignment modified the relationship green space
and falling.
Comparison to past findings
Some past research with case control or cross-sectional study designs have
examined the fall circumstances in outdoor environments, and showed similarities and
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differences to the findings outlined in our study.14,249 One case control study reported that
most outdoor falls were precipitated by walkability-related environmental factors, and
also that more active individuals had a higher risk for outdoor falls while those with
poorer health had a greater risk for indoor falls.14 While neighborhood walkability may
influence fall risk directly (i.e., with more hazards for falling proximal to participant
residences), research has also showed that it may impact falling risk by inhibiting or
promoting outdoor activity and transport.94,391 Indeed, the neighborhood environment
may be a barrier for PA, and therefore increase sedentary behavior and risk for functional
limitations.11,19,374,383,392 Our study similarly showed that increased walkability decreased
population-level odds of falling, although we did not find in our sample of older women
that PA level or physical impairment (an indictor related to overall health)372 modified
this relationship. One reason for this difference may be because PA levels and physical
impairment status were ascertained using self-report at enrollment for WHI participants,
so our measure did not account for recall bias or capture how participant’s PA and
impairment status changed over time. This is likely why we were not able to identify PA
and physical impairment as significant modifiers for the relationship between
neighborhood walkability and falling risk using longitudinal research methods. Another
past study, with a cross-sectional study design, identified neighborhood factors that were
related to fear of falling (a factor that is highly related to falling risk): high traffic speed
on streets, drainage ditches, and broken sidewalks impacted falling risk among older
adults.136,249 Although we did not collect data on these particular features as part of our
study, such factors have been related to walkability in past research,395 and walkability
was a significant predictor of decreased falling odds in our study. It is apparent that
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walkability is an important factor for fall prevention in our longitudinal and nationally
representative study, and in past research.
Few prospective studies have examined the role of outdoor environment on
falling risk.21,22,246 One past study found that physical environments, measured as
perceived neighborhood safety and the absence of waste or trash, were associated with
reduced odds of falling after controlling for PA levels.22 Our study did not examine safety
or physical disorder constructs in relation to falling, although we did see a significant
relationship between SES, which is related to safety and physical disorder in past
research,396–398 and falling. Another study reported that falls mostly occurred while
walking with environmental causes, but most participants could not recall specific,
environmental hazards.246 Due to this limitation with poor recall of participants on details
about falling events, our study used objective measures of neighborhood walkability,
SES, and green space to establish their relationships with falling. Although perceived
environmental measures play a significant role in fall risk,136,246,399 our study shows that
objective environmental measures, which are less susceptible to bias and accessible as
publicly available data, can be used to assess outdoor fall risk.
Additional past research identified a relationship between objectively measured
neighborhood disadvantage, a measure of SES, and incident falls (controlling for person
level poverty and other factors related to falling).21 Our results established a longitudinal
connection overall between objectively measured neighborhood SES and odds of falling
after controlling for important covariates, and findings also indicate that fall history
modified the relationship between SES and falling risk. Specifically, among those with
no previous fall history at baseline, high and intermediate compared to low SES were
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related to decreased falling risk. Past research does support these findings, showing that
fall history and subsequent fear of falling may decrease willingness among older adults to
remain active and interact with their outdoor environments and therefore decrease the
impact of outdoor environments on falling risk in these groups.48,215,249,397
The relationship between green space and falling risk among older adults is
understudied, although past research has shown that green space impacts PA levels,
overall physical wellbeing, and mental health of older adults.218,219,238,400–402 Specifically,
the presence, aesthetic quality, maintenance, and safety of local green space are important
factors to consider for improving accessibility of outdoor environments for older
adults.401 Clearly, there are significant benefits of living near and having access to quality
green space for activity levels and overall health of older adults. For our study, we found
that green space impacts falling risk and green space had a more salient, protective effect
on falls among women taking estrogen + progesterone and calcium/vitamin D
supplements over the study period (supplements associated with reduced fall and fall
injury risk in past research).403–406 That being said, results did not show that baseline PA
level or physical functioning level (variables related to green space in past research236,407–
409

) among older women modified this relationship between green space and falling. One

explanation for this may be that the green space measure employed for this study captures
the presence of green space objectively but does not measure perceived barriers faced by
older adults for accessing those spaces. While our study shows that objectively measured
green space impacts falling risk among older women, future longitudinal research can
build on our findings by measuring PA levels and physical functioning level over time,
assessing whether PA level and physical functioning are intermediate variables (as
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opposed to effect modifiers), and accounting for outdoor barriers or hazards using
environmental audit tools.
In addition to advancements this study made to research on temporal relationships
between neighborhood environments and falling, it also includes important information
on racial and ethnic differences in the impact of neighborhood environments on falling.
Findings from this research showed that Non-Hispanic White participants had slightly
decreased odds of falling for higher compared to low walkability, while American
Indian/Alaskan Native participants showed increased odds of falling for higher compared
to low walkability. These results may be partially explained by the fact that high minority
neighborhoods may have lower access to health-promoting community resources and
have a higher level of neighborhood physical disorder (i.e., litter, unmaintained
sidewalks).410–415 Indeed, American Indian/Alaskan Native participantin our sample did
not see the same benefit from residing within a walkable environment as their NonHispanic White counterparts.
Implications for public health research
This study has several important implications for public health research. First, we
were able to establish longitudinal associations between objectively measured SES,
walkability, and green space and falling. Public health researchers can build on this by
examining whether indoor and outdoor environments have a synergistic impact on falling
risk over time. Indoor environments are well studied, and the current study provides
information on outdoor risk factors for falling, but no current research incorporates
measures of both indoor and outdoor environments to understand barriers women face
towards maintaining functional independence and PA and avoiding falls as they age.
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Future research can also further investigate the relationship we established between
walkability and falling to understand which specific walkability components are most
impactful for falling risk. Developing a checklist of walkability components that are
important to consider for falling risk based on a review of the current body of literature
would be an important advancement in this field and show promise for research
translation in community settings. As stated previously, similar research is needed on
barriers to using green space among older adults. If perceived barriers to using green
space are measured among older adults, researchers may be able to better understand the
relationship between green space and falling by controlling for these currently
unmeasured barriers faced. Lastly, future research can examine variables that may be
mediators for the relationships between neighborhood SES, walkability, green space, and
falling risk. The relationships between neighborhood environments and falling can be
indirect so examining the pathways through which environments impact falls, fall-related
injury, and functional independence is crucial.399,416,417 Specifically, the mediating roles
of PA level and physical impairment should be explored in future research.
Implications for public health practice
This study has several implications for public health practice. First, this study can
contribute to movement towards creating Age Friendly Environments. Age Friendly
Environments are contexts promoting physical and psychosocial well-being in older
people and include an empirically driven model integrating aspects of the natural, built,
and social environment.16,25 Despite this emphasis on multiple contextual factors, past
research examining outdoor risk for falls has mostly focused on the role of neighborhood
SES. In contrast, our research on outdoor risk for falling incorporated Age Friendly
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Environment variables: natural environment was conceptualized as green space, built
environment as walkability, and structural social conditions as neighborhood SES. This
study provides important input on the role of outdoor environmental features that can
inform future WHO initiatives to improve independent aging. Second, this study can
inform existing initiatives to better support older women who are at high risk of falling to
avoid such outcomes, such as the Centers for Disease Control STEADI (Stopping Elderly
Accidents, Deaths, and Injuries) or the WHO Four Dimensions of Fall Prevention (i.e.,
biological, behavioral, environmental and socioeconomic) programs.418–420 For instance,
the STEADI program has a three step approach for: screening patients for all risk,
assessing modifiable risk factors, and intervening to reduce risk through clinical and
community strategies.418,419 This program can begin to incorporate screening and
assessments for risky outdoor environments (in addition to indoor environments), such as
those with poor walkability, and intervene either through policy advocacy and
infrastructure changes, or by facilitating transportation to more suitable outdoor locations.
Lastly, our results show that the relationship between walkability and falling is
modified by race (with non-Hispanic White women experiencing neighborhood
walkability as protective against falls, and American Indian/Alaskan Native women
experiencing the opposite), so public health practitioners may want to tailor interventions
accordingly. Specifically, areas with higher minority populations may need to address
additional barriers to using walkable environments among older women that are not
captured with certain walkability measurements.
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Strengths and Limitations
This research had many strengths. First, we employed objective measures of
neighborhood SES, walkability, and green space to study their relationships with falling
over time in a nationally representative sample. Subjective measurements of
neighborhood environments have been studied in relation to falling in the past,19,22,246 but
objective measurements are more appropriate for this study since they are more reliable
for studying diverse locations. In addition, objective environmental assessments are more
useful for informing infrastructure investments as they can be collected using publicly
available data instead of by recruiting participants to complete audits or surveys. Another
strength of this study is that it employs WHI data to investigate outdoor and
environmental risk factors for falls, a sample already well-characterized on personal level
risk factors (e.g., age, family history of fracture, race, etc.), with large national reach (24
states, 40 regions), and a large sample size (162,000 participants).350 Current research on
environmental determinants of falling has not focused on large cohorts of older women
residing in community settings and does not adequately account for many known personlevel risk factors.23,24,252–254,421 Lastly, this study examined the relationship between
neighborhood SES, walkability, and green space and falling longitudinally. This is
important for establishing a temporal relationship between these understudied
environmental exposures and an outcome that is related to reduced functional
independence among older adults.334,422,423 This study contributes to a burgeoning body of
research establishing temporal relationships between changing outdoor environmental
supports and falling outcomes.
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This study also had limitations that should be noted. First, the conceptualization
of walkability and green space exposures were influenced by data availability for
objective measures. Walkability was conceptualized using “diversity, density, and
design”,190 a common method in past research. Other measures may also be important to
study the relationship between walkability and falling in this population, such as length of
cross walks, uneven walking surfaces, traffic speed, or number of bumps/cracks/potholes
on walkways,136,248 but may also be less reliable walkability measures and difficult to
collect across diverse U.S. locations. The current green space indicator, which measures
exposure to forest, shrubland, planted/cultivated, and herbaceous grasslands/wetlands
land use types, is also widely used in research on green space and health,243,367,368 but
additional green space measures that capture parks and open spaces that can be
specifically used for recreation and/or have supportive features for older populations
should be examined in the future. Since maintaining PA is important for reducing falling
risk,374 walkability and green space measures that specifically promote outdoor activity
may show the strongest impact.237,424 Another limitation was that falling outcomes were
self-reported. Therefore, our estimates may underestimate the impact of neighborhood
environments on falling since many fall events may have gone unreported. Importantly,
participants did not report information regarding circumstances of the fall. While this
limits our ability to know if the fall occurred outdoors or indoors, reporting falling
circumstances often suffers from recall bias and the outdoor environment may impact
falling risk (by decreasing PA levels) even if the fall occurs indoors.246 Lastly, individual
level measures, such as fall history, physical impairment, and PA level, were selfreported at baseline, which may not capture changes to these characteristics and
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behaviors over time. Despite this, fall history was a significant modifier for the
relationships between neighborhood SES and falling.
Conclusion
Neighborhood environments impact health in many ways, but their impact on
falling risk is important to consider for preventing injury and physical decline among
older adults.137,137,346 Based on the findings from this study, intervention strategies that
improve objective neighborhood SES, walkability, and green space could reduce the risk
of outdoor falls and encourage community engagement among postmenopausal women.
Moreover, environments with more optimal socioeconomic conditions, walkability, and
green space may improve the ability for older women to remain active with age, which is
an important health behavior for promoting longevity. Future longitudinal research
should further examine the role of SES, walkability, and green space factors in the
relationship between neighborhoods and falls by integrating measures of indoor
environmental hazards and studying PA levels and physical impairment over time.
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Table 4.1 Demographic and physiologic characteristics and fall outcomes at baseline (N=157,583).
Variable

Overall
# (percent)
157,583 (100)

Total
Socioeconomic status

# (percent)
102,294 (64.9)

Missing
fall data
# (percent)
6,485 (4.1)

Χ2
statistic
(p-value)1
-

Two or more
falls
# (percent)
18,552 (11.8)

One fall

No falls

# (percent)
30, 252 (19.2)

Missing
Low
Intermediate
High

96 (0.1)
52,448 (33.3)
52,543 (33.3)
52,496 (33.3)

12 (12.5)
6,653 (12.7)
6,034 (11.5)
5,853 (11.1)

19 (19.8)
9,808 (18.7)
10,091 (19.2)
10,3334 (19.7)

65 (67.7)
33,769 (64.4)
34.250 (65.2)
34,210 (65.2)

0 (0)
2,218 (4.2)
2,168 (4.1)
2,099 (4.0)

74.62
(<.0001)

Missing
Low
Intermediate
High

87 (0.1)
52,483 (33.3)
52,478 (33.3)
52,535 (33.3)

11 (12.6)
6,221 (11.8)
6,095 (11.6)
6,225 (11.9)

16 (18.4)
10,070 (19.2)
10,175 (19.4)
9,991 (19.0)

60 (69.0)
33,855 (64.5)
34,215 (65.2)
34,164 (65.0)

0 (0)
2,337 (4.5)
1,993 (3.8)
2,155 (4.1)

4.5
(0.3442)

Missing
Low
Intermediate
High

3308 (2.10)
51,547 (32.7)
50,906 (32.3)
51,822 (32.9)

265 (8.0)
6,157 (11.9)
5,770 (11.3)
6,360 (12.3)

525 (15.9)
9,996 (19.4)
9,813 (19.3)
9,918 (19.1)

2,515 (76.0)
33,898 (65.8)
32,927 (64.7)
32,954 (63.6)

3 (0.1)
1,496 (2.9)
2,396 (4.7)
2,590 (5.0)

25.59
(<.0001)

9,659 (6.1)

1,011 (10.5)

1,769 (18.3)

5,996 (62.1)

883 (9.1)

2,811 (1.8)

313 (11.1)

550 (19.6)

1,797 (63.9)

151 (5.4)

Walkability

Green space

91
Study Arm

Dietary clinical trial arm
Hormone therapy clinical trial arm
(Estrogen + Progesterone)
Hormone therapy clinical trial arm
(Estrogen alone)
Calcium/Vitamin D clinical trial arm
Clinical trial control group
Observational study arm

2,001 (1.3)

254 (12.7)

400 (20.0)

1,188 (59.4)

159 (8.0)

35,542 (22.5)
16,528 (10.5)
91,042 (57.8)

4,202 (11.8)
1,829 (11.1)
10,943 (12.0)

6,655 (18.7)
3,019 (18.3)
17,859 (19.6)

21,959 (61.8)
10,270 (62.1)
61,084 (67.1)

2,726 (7.7)
1,410 (8.5)
1,156 (1.3)

<50-59
60-69
70-79+

52,614 (33.4)
70,835 (44.9)
34,134 (21.7)

6,486 (12.3)
8,066 (11.4)
4,000 (11.7)

9,937 (18.9)
13,509 (19.1)
6,806 (19.9)

33,443 (63.6)
46,600 (65.8)
22,251 (65.2)

2,748 (5.2)
2,660 (3.8)
1,077 (3.2)

48.49
(<.0001

1,362 (0.9)
1,338 (0.9)

131 (9.6)
143 (10.7)

275 (20.2)
276 (20.6)

929 (68.2)
898 (67.1)

27 (2.0)
21 (1.6)

373.89
(<.0001)

29.44
(.0011)

Age

Body mass index category
Missing
Underweight (<18.5kg/m2)
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Normal (18.5 – 24.9 kg/m2)
Overweight (25.0 – 29.9 kg/m2)
Obesity class 1 (30.0 – 34.9 kg/m2)
Obesity class 2 (35.0 – 39.9 kg/m2)
Obesity class 3 (>40.0 kg/m2)
Race/ethnicity
Missing
Non-Hispanic White
Black or African American
Hispanic/Latino
Asian or Pacific Islander
American Indian or Alaskan Native
Other
Marital status
Missing
Presently Married
Divorced or separated
Widowed
Never married
Marriage-like relationship
Hormone therapy use
Missing
Never used
Past user
Current user
Trouble with vision
Missing
None
Mild
Moderate
Severe
Depressive status
Missing
Depressed
Not depressed
Climate Region
Northeast

53,942 (34.2)
54,593 (34.6)
28,898 (18.3)
11,633 (7.4)
5,817 (3.7)

5,692 (10.4)
6,384 (11.7)
3,715 (12.9)
1,631 (14.0)
919 (15.8)

10,000 (18.5)
10,584 (19.4)
5,565 (19.3)
2,332 (20.0)
1,220 (21.0)

36,360 (67.4)
35,205 (64.5)
18,284 (63.3)
7,093 (61.0)
3,525 (60.6)

1,953 (3.6)
2,420 (4.4)
1,334 (4.6)
577 (5.0)
153 (2.6)

400 (0.3)
130,377 (82.7)
13,958 (8.9)
6,258 (4.0)
4,121 (2.6)
673 (0.4)
1,796 (1.1)

45 (11.3)
15,604 (12.0)
1,511 (10.8)
755 (12.1)
298 (7.2)
101 (15.0)
238 (13.2)

70 (17.5)
25,593 (19.6)
2,392 (17.2)
1,111 (17.7)
659 (16.0)
142 (21.1)
285 (15.9)

267 (66.7)
83,700 (64.2)
9,562 (68.5)
4,022 (64.3)
3,115 (75.6)
409 (60.8)
1,219 (67.9)

18 (4.5)
5,480 (4.2)
493 (3.5)
370 (5.9)
49 (1.2)
21 (3.1)
54 (3.0)

741 (0.5)
95,631 (60.7)
25,003 (15.9)
26,770 (17.0)
6,879 (4.3)
2,559 (1.6)

85 (11.5)
10,540 (11.0)
3,345 (13.4)
3,312 (12.4)
948 (13.8)
322 (12.6)

139 (18.8)
17,947 (18.8)
4,912 (19.7)
5,351 (20.0)
1,403 (20.4)
500 (19.5)

481 (64.9)
62,946 (65.8)
15,835 (63.3)
17,091 (63.8)
4,290 (62.4)
1,651 (64.5)

36 (4.9)
4,198 (4.4)
911 (3.6)
1,016 (3.8)
238 (3.5)
86 (3.4)

190.54
(<.0001)

136 (0.1)
68,660 (43.6)
25,186 (16.0)
63,601 (40.3)

16 (11.8)
7,919 (11.5)
3,060 (12.2)
7,557 (11.9)

24 (17.6)
13,020 (19.0)
4,968 (19.7)
12,240 (19.2)

92 (67.7)
44,789 (65.2)
15,952 (63.3)
41,461 (65.2)

4 (2.9)
2,932 (4.3)
1,206 (4.8)
2,343 (3.7)

21.70
(.0002)

1,676 (1.1)
127,388 (80.8)
20,770 (13.2)
6,161 (3.9)
1,588 (1.0)

201 (12.0)
13,731 (10.8)
3,217 (15.5)
1,075 (17.5)
328 (20.6)

308 (18.4)
24,023 (18.9)
4,369 (21.0)
1,238 (20.1)
314 (19.8)

929 (55.4)
84,354 (66.2)
12,470 (60.0)
3,643 (59.1)
898 (56.6)

238 (14.2)
5,280 (4.1)
714 (3.4)
205 (3.3)
48 (3.0)

824.41
(<.0001)

4,310 (2.7)
16,554 (10.5)
136,719 (86.8)

525 (12.2)
2,906 (17.5)
15,121 (11.1)

755 (17.5)
3,306 (20.0)
26,191 (19.2)

2,477 (57.5)
9,790 (59.1)
90,027 (65.8)

553 (12.8)
552 (3.3)
5,380 (3.9)

633.06
(<.0001)

35,922 (22.8)

4,177 (11.6)

6,662 (18.6)

23,425 (65.2)

1,658 (4.6)

283.8
(<.0001)
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South – lower
26,251 (16.7)
2,872 (10.9)
South – upper
14,442 (9.2)
1,732 (12.0)
Midwest – lower
7,272 (4.6)
1,023 (14.1)
Midwest – upper
27,460 (17.4)
3,387 (12.3)
West – lower
23,535 (14.9)
2,470 (10.5)
West – middle
15,596 (9.9)
1,946 (12.5)
West – upper
7,105 (4.5)
945 (13.3)
Physical activity (MET- hours/wk)
Missing
7,348 (4.7)
625 (8.5)
None (0 MET-hr/week)
22,993 (14.6)
2,755 (12.0)
Low (0-6.8 MET-hr/week)
40,971 (26.0)
5,063 (12.4)
Intermediate (6.8-16.7 MET-hr/week)
44,259 (28.1)
5,191 (11.7)
High (16.7+ MET-hr/week)
42,012 (26.7)
4,918 (11.7)
Low Physical Functioning
Missing
3,003 (1.9)
361 (12.0)
Yes
45,281 (28.7)
7,098 (15.7)
No
109,299 (69.4)
11,093 (10.1)
Rurality
Missing
18,480 (11.7)
2,184 (11.8)
Urban
129,177 (82.0)
14,967 (11.6)
Large rural city/town
5,570 (3.5)
724 (13.0)
Small, rural town
2,388 (1.5)
344 (14.4)
Isolated, small rural town
1,968 (1.3)
333 (16.9)
1
Pearson’s chi-square tests used for nominal categorial predictors .

4,802 (18.3)
2,791 (19.3)
1,526 (21.0)
5,717 (20.8)
4,258 (18.1)
3,086 (19.8)
1,410 (19.9)

17,355 (66.1)
9,406 (65.1)
4,700 (64.6)
17,171 (62.5)
15,943 (67.7)
9,952 (63.8)
4,342 (61.1)

1,222 (4.7)
513 (3.6)
23 (0.3)
1,185 (4.3)
864 (3.7)
612 (3.9)
408 (5.7)

259.9
(<.0001)

881 (12.0)
4,375 (19.0)
8,167 (19.9)
8,865 (20.0)
7,964 (19.0)

262 (3.6)
15,689 (68.2)
27,484 (67.1)
29.967 (67.7)
28,892 (68.8)

5,580 (75.9)
174 (0.8)
257 (0.6)
236 (0.5)
238 (0.6)

37.93
(<.0001)

526 (17.5)
9,301 (20.5)
20,425 (18.7)

1,822 (60.7)
27,185 (60.0)
73,287 (67.1)

294 (9.8)
1,697 (3.8)
4,494 (4.1)

1,128.30
(<.0001)

3,567 (19.3)
24,670 (19.1)
1,166 (20.9)
461 (19.3)
388 (19.7)

12,396 (67.1)
83,817 (64.9)
3,441 (61.8)
1,491 (62.4)
1,149 (58.4)

333 (1.8)
5,723 (4.4)
239 (4.3)
92 (3.9)
98 (5.0)

101.02
(<.0001)

Table 4.2 Generalized estimating equations regression analysis of neighborhood
and demographic characteristics on fall incidence
β
Model – Neighborhood SES
Model 1a (Unadjusted)1
Intermediate SES
High SES
Model 2a (model 1a + confounders)1,2
Intermediate SES
High SES
Model 3a (model 2a + Study arm
interaction term)1,2
Intermediate SES
High SES
Observational study arm*SES
Hormone therapy clinical arm*SES
Dietary clinical arm *SES

-0.0146
-0.0114

0.99
0.99

(0.98, 0.99)
(0.98, 0.99)

0.0039
0.0264

-0.0113
-0.0082

0.99
0.99

(0.98, 0.99)
(0.98, 1.00)

0.0309
0.1192

-0.0877
0.0048
-

0.92
1.00
-

(0.84, 1.00)
(0.91, 1.11)
-

0.0604
0.9228
0.0910
0.1179
0.3823

-

-

-

0.1492

-0.0135
-0.0112
-

0.99
0.99
-

(0.98, 0.99)
(0.98, 0.99)
-

0.0132
0.0420
0.8972

-0.0088
-0.0099
-

0.99
0.99
-

(0.99, 1.01)
(0.97, 1.01)
-

0.2589
0.2205
0.8770

-0.0073
-0.0046
-

0.99
0.99
-

(0.98, 1.00)
(0.98, 1.01)
-

0.2017
0.4282
0.3258

-0.0096
-0.0126
-

0.99
0.99
-

(0.98, 1.00)
(0.98, 0.99)
-

0.1015
0.0341
0.0918

-0.0100
0.0014
-

0.99
1.00
-

(0.98, 1.00)
(0.99, 1.02)
-

0.2016
0.8575
0.2843

-0.0086
-0.0076
-

0.99
0.99
-

(0.98, 1.00)
(0.98, 1.00)
-

0.1071
0.1610
0.3598

Calcium/Vitamin D clinical arm*SES
Model 4a (model 2a + race/ethnicity
interaction term)1,2
Intermediate SES
High SES
Race/ethnicity*SES
Model 5a (model 2a + total PA
interaction term)1,2
Intermediate SES
High SES
Total PA*SES
Model 6a (model 2a + low physical
functioning interaction term)1,2
Intermediate SES
High SES
Low physical function *SES
Model 7a (model 2a + fall frequency
interaction term)1,2
Intermediate SES
High SES

Fall frequency*SES
Model 8a (model 2a + hormone therapy
interaction term)1,2
Intermediate SES
High SES
Hormone therapy*SES
Model 9a (model 2a + rurality
interaction term)1,2
Intermediate SES
High SES
Rurality*SES

Number of Falls (0, vs. 1+ times)
OR
95% CI
p-value
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Model - Neighborhood walkability
Model 1b (Unadjusted)3
Intermediate walkability
High walkability
Model 2b (model 1b + confounders)3,4
Intermediate walkability
High walkability
Model 3b (model 2b + Study arm
interaction term)3,4
Intermediate walkability
High walkability
Observational study arm*SES
Hormone therapy clinical arm*SES
Dietary clinical arm *SES
Calcium/Vitamin D clinical arm*SES
Model 4b (model 2b + race/ethnicity
interaction term)3,4
Intermediate walkability
High walkability
Race/ethnicity*Walkability
Model 5b (model 2b + total PA
interaction term)3,4
Intermediate walkability
High walkability
Total PA*Walkability
Model 6b (model 2b + low physical
functioning interaction term)3,4
Intermediate walkability
High walkability
Low physical function*Walkability
Model 7b (model 2b + fall frequency
interaction term)3,4
Intermediate walkability
High walkability

Fall frequency*Walkability
Model 8b (model 2b + hormone therapy
interaction term)3,4
Intermediate walkability
High walkability
Hormone therapy*Walkability
Model 9b (model 2b + rurality
interaction term)3,4
Intermediate walkability
High walkability
Rurality*Walkability
Model - Neighborhood green space
Model 1c (Unadjusted)5
Intermediate green space
High green space
Model 2c (model 1c+ confounders)5,6

-0.0067
-0.0135

0.99
0.99

(0.99, 0.99)
(0.98, 0.99)

0.0266
<.0001

-0.0054
-0.0086

0.99
0.99

(0.99, 1.00)
(0.99, 0.99)

0.0813
0.0067

0.0085
0.0452
-

1.01
1.05
-

(0.95, 1.07)
(0.98, 1.12)
-

0.7858
0.1698
0.3152
0.0240
0.6338
0.4221

-0.0061
-0.0088
-

0.99
0.99
-

(0.99, 1.00)
(0.99, 1.00)
-

0.0517
0.0058
0.0480

-0.0099
-0.0100
-

0.99
0.99
-

(0.98, 0.99)
(0.99, 0.99)
-

0.0312
0.0316
0.4113

-0.0045
-0.0070
-

1.00
0.99
-

(0.99, 1.00)
(0.98, 0.99)
-

0.1682
0.0344
0.9253

-0.0085
-0.0079
-

0.99
0.99
-

(0.98, 0.99)
(0.98, 0.99)
-

0.0119
0.0234
0.2780

-0.0063
-0.0099
-

0.99
0.99
-

(0.99, 1.00)
(0.99, 0.99)
-

0.1482
0.0235
0.9907

-0.0055
-0.0082
-

0.99
0.99
-

(0.99, 1.00)
(0.99, 0.99)
-

0.0776
0.0097
0.8773

-0.0039
-0.0072

1.00
0.99

(0.99, 1.00)
(0.99, 1.00)

0.4875
0.1882
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Intermediate green space
High green space
Model 3c (model 2c + Study arm
interaction term)5,6
Intermediate green space
High green space
Observational study arm*SES
Hormone therapy clinical arm*SES
Dietary clinical arm *SES
Calcium/Vitamin D clinical arm*SES
Model 4c (model 2c + race/ethnicity
interaction term)5,6
Intermediate green space
High green space
Race/ethnicity*Green space
Model 5c (model 2c + total PA
interaction term)5,6
Intermediate green space
High green space
Total PA*Green space
Model 6c (model 2c + low physical
functioning interaction term)5,6
Intermediate green space
High green space
Low physical function *Green space
Model 7c (model 2c + fall frequency
interaction term)5,6
Intermediate green space
High green space
Fall frequency*Green space
Model 8c (model 2c + hormone therapy
interaction term)5,6
Intermediate green space
High green space
Hormone therapy*Green space
Model 9c (model 2c + rurality
interaction term)5,6
Intermediate green space
High green space
Rurality*Green space

-0.0059
-0.0118

0.99
0.99

(0.98, 1.00)
(0.98, 0.99)

0.0813
0.0323

-0.1244
-0.0391
-

0.88
0.96
-

(0.79, 0.98)
(0.87, 1.06)
-

0.0220
0.4447
0.0221
0.0496
0.4546
0.2809

-0.0148
-0.0029
-

0.99
1.00
-

(0.94, 1.03)
(0.95, 1.05)
-

0.5199
0.9077
0.8076

-0.0108
-0.0077
-

0.99
0.99
-

(0.97, 1.01)
(0.97, 1.01)
-

0.2859
0.4336
0.8964

-0.0098
-0.0129
-

0.99
0.99
-

(0.98, 1.00)
(0.98, 0.99)
-

0.1196
0.0365
0.2172

-0.0081
-0.0084
-

0.99
0.99
-

(0.98, 1.00)
(0.98, 1.00)
-

0.2175
0.1912
0.8634

-0.0128
-0.0226
-

0.99
0.98
-

(0.97, 1.01)
(0.96, 0.99)
-

0.1623
0.0123
0.4835

-0.0052
-0.0114
-

0.99
0.99
-

(0.98, 1.01)
(0.98, 0.99)
-

0.3684
0.0490
0.8400

Odds Ratio (OR)
Bolded values represent significance with p<0.05, and p<0.10 for interaction terms.
P-values for interaction terms represent the joint tests of association. The joint tests for an effect is a
test that all of the parameters associated with the that effect are zero.
1
Referent category: Low SES
2
Confounders: age, rurality, race/ethnicity, marital status, and study arm.
3
Referent category: Low walkability
4
Confounders: age, climate region, rurality, race/ethnicity, marital status, and study arm.
5
Referent category: Low green space
6
Confounders: age, rurality, marital status, and study arm.
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Table 4.3. Stratified generalized estimating equations regression analysis of
neighborhood and demographic characteristics on falling incidence
β
Model – Neighborhood SES
Stratified by Study Arm
Observational study arm1,2
Intermediate SES
High SES
Hormone therapy clinical trial arm –
Estrogen alone intervention1,2
Intermediate SES
High SES
Hormone therapy clinical trial arm –
Estrogen alone control1,2
Intermediate SES
High SES
Hormone therapy clinical trial arm –
Estrogen+ Progesterone
intervention1,2
Intermediate SES
High SES
Hormone therapy clinical trial arm –
Estrogen+ Progesterone control1,2
Intermediate SES
High SES
Dietary clinical trial arm intervention1,2
Intermediate SES
High SES
Dietary clinical trial arm control1,2
Intermediate SES
High SES
Calcium/Vitamin D clinical arm –
intervention1,2
Intermediate SES
High SES
Calcium/Vitamin D clinical arm –
control1,2
Intermediate SES
High SES
Stratified by fall frequency
No previous falls1,2
Intermediate SES
High SES
One previous fall1,2
Intermediate SES
High SES
Two previous falls1,2

Number of Falls (0, vs. 1+ times)
OR
95% CI
p-value

-0.0187
-0.0069

0.98
0.99

(0.97, 0.99)
(0.98, 1.01)

0.0164
0.3818

0.0322
0.0326

1.03
1.03

(0.99, 1.08)
(0.98, 1.09)

0.1462
0.1927

0.0057
0.0190

1.01
1.02

(0.96, 1.05)
(0.97. 1.07)

0.7915
0.4451

0.0070
-0.0086

1.01
0.99

(0.97, 1.05)
(0.95, 1.03)

0.7316
0.6808

-0.0236
-0.0117

0.98
0.99

(0.94, 1.02)
(0.95, 1.03)

0.2477
0.5815

-0.0197
-0.0145

0.98
0.99

(0.96, 1.01)
(0.96, 1.01)

0.1352
0.2776

-0.0142
-0.0210

0.99
0.98

(0.97, 1.01)
(0.96, 0.99)

0.1854
0.0476

-0.0104
-0.0021

0.99
1.00

(0.97, 1.01)
(0.98, 1.02)

0.2627
0.8202

-0.0154
-0.0152

0.98
0.98

(0.97, 0.99)
(0.97, 0.99)

0.0137
0.0159

-0.0198
-0.0213

0.98
0.98

(0.97, 0.99)
(0.97, 0.99)

0.0062
0.0034

0.0146
0.0048

1.01
1.00

(0.99, 1.04)
(0.98, 1.03)

0.1911
0.6649
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Intermediate SES
High SES
Three or more previous falls1,2
Intermediate SES
High SES
Model - Neighborhood walkability
Stratified by Study Arm
Observational study arm3,4
Intermediate walkability
High walkability
Hormone therapy clinical trial arm –
Estrogen alone intervention3,4
Intermediate walkability
High walkability
Hormone therapy clinical trial arm –
Estrogen alone control3,4
Intermediate walkability
High walkability
Hormone therapy clinical trial arm –
Estrogen+ Progesterone
intervention3,4
Intermediate walkability
High walkability
Hormone therapy clinical trial arm –
Estrogen+ Progesterone control3,4
Intermediate walkability
High walkability
Dietary clinical trial arm intervention3,4
Intermediate walkability
High walkability
Dietary clinical trial arm control3,4
Intermediate walkability
High walkability
Calcium/Vitamin D clinical arm –
intervention3,4
Intermediate walkability
High walkability
Calcium/Vitamin D clinical arm –
control3,4
Intermediate walkability
High walkability
Stratified by race/ethnicity2
Non-Hispanic White3,4
Intermediate walkability
High walkability
Black or African American3,4
Intermediate walkability

0.0225
0.0221

1.02
1.02

(0.99, 1.05)
(0.99, 1.06)

0.1443
0.1725

0.0006

1.00

(0.96, 1.04)

0.9753

0.0304

1.03

(0.99, 1.08)

0.1736

-0.0101
-0.0091

0.99
0.99

(0.98, 0.99)
(0.98, 0.99)

0.0199
0.0384

-0.0086
-0.0014

0.99
0.99

(0.96, 1.02)
(0.97, 1.03)

0.5882
0.9334

-0.0174
-0.0146

0.98
0.99

(0.95, 1.01)
(0.95, 1.02)

0.2579
0.3762

0.0067
-0.0017

1.01
1.00

(0.98, 1.03)
(0.97, 1.03)

0.6137
0.9018

-0.0033
-0.0002

1.00
1.00

(0.97, 1.02)
(0.97, 1.03)

0.7989
0.9892

0.0039
0.0003

1.00
1.00

(0.99, 1.02)
(0.98, 1.02)

0.6292
0.9667

-0.0023
-0.0121

1.00
0.99

(0.98, 1.01)
(0.98, 1.00)

0.7251
0.0726

-0.0022
-0.0030

1.00
1.00

(0.99, 1.01)
(0.99, 1.01)

0.7140
0.6270

-0.0059
-0.0123

0.99
0.99

(0.99, 1.00)
(0.98, 0.99)

0.0968
0.0008

-0.0071
-0.0095

0.99
0.99

(0.99, 0.99)
(0.98, 0.99)

0.0325
0.0053

0.0003

1.00

(0.98, 1.02)

0.9808
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High walkability

0.0050

1.01

(0.98, 1.03)

0.6674

0.0217
0.0053

1.02
1.01

(0.99, 1.06)
(0.97, 1.04)

0.2443
0.7735

-0.0034
-0.0330

1.00
0.97

(0.95, 1.05)
(0.92, 1.02)

0.8943
0.1826

0.0517
0.1216

1.05
1.13

(0.97, 1.15)
(1.03, 1.24)

0.2414
0.0136

-0.0184
-0.0513

0.98
0.95

(0.92, 1.05)
(0.89, 1.02)

0.5672
0.1395

-0.0197
-0.0052

0.98
0.99

(0.96, 0.99)
(0.98, 1.01)

0.0177
0.5279

-0.0103
-0.0311

0.99
0.97

(0.94, 1.04)
(0.92, 1.02)

0.7079
0.2335

0.0332
-0.0170

1.03
0.98

(0.98, 1.09)
(0.94, 1.03)

0.2137
0.4944

-0.0414
-0.0667

0.96
0.94

(0.92, 1.00)
(0.90, 0.98)

0.0688
0.0018

-0.0037
0.0120

1.00
1.01

(0.95, 1.04)
(0.97, 1.06)

0.8700
0.5897

0.0034
-0.0072

1.00
0.99

(0.98, 1.03)
(0.97, 1.02)

0.8147
0.6033

0.0087
-0.0154

1.01
0.98

(0.99, 1.03)
(0.96, 1.01)

0.4608
0.1680

0.0025
-0.0202

1.00
0.98

(0.98, 1.02)
(0.96, 0.99)

0.8118
0.0423

3,4

Hispanic/Latino
Intermediate walkability
High walkability
Asian or Pacific Islander3,4
Intermediate walkability
High walkability
American Indian or Alaskan Native3,4
Intermediate walkability
High walkability
Other race/ethnicity3,4
Intermediate walkability
High walkability
Model - Neighborhood green space
Stratified by Study Arm
Observational study arm5,6
Intermediate green space
High green space
Hormone therapy clinical trial arm –
Estrogen alone intervention5,6
Intermediate green space
High green space
Hormone therapy clinical trial arm –
Estrogen alone control5,6
Intermediate green space
High green space
Hormone therapy clinical trial arm –
Estrogen+ Progesterone
intervention5,6
Intermediate green space
High green space
Hormone therapy clinical trial arm –
Estrogen+ Progesterone control5,6
Intermediate green space
High green space
Dietary clinical trial arm intervention5,6
Intermediate green space
High green space
Dietary clinical trial arm control5,6
Intermediate green space
High green space
Calcium/Vitamin D clinical arm –
intervention5,6
Intermediate green space
High green space
Calcium/Vitamin D clinical arm –
control5,6
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Intermediate green space
High green space

-0.0078
-0.0036

0.99
1.00

(0.98, 1.01)
(0.98, 1.01)

Bolded values represent significance with p<.05.
1
Referent category: Low SES
2
Confounders: age, rurality, race/ethnicity, marital status, and study arm.
3
Referent category: Low walkability
4
Confounders: age, climate region, rurality, race/ethnicity, marital status, and study arm.
5
Referent category: Low green space
6
Confounders: age, rurality, marital status, and study arm.
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0.2418
0.5876

CHAPTER 5
NEIGHBORHOOD SOCIOECONOMIC STATUS, GREEN SPACE, AND
WALKABILITY AND RISK FOR FRACTURE AMONG POSTMENOPAUSAL
WOMEN: THE WOMEN’S HEALTH INITIATIVE1

1

Wende ME, Lohman M, Friedman D, McLain AC, LaMonte MJ, Whitsel E, Crandall C,
Cauley JA, Allison M, Shadyab AH, Sealy-Jefferson S, Garcia L, Follis S, Cannell B,
Kaczynski AT. To be submitted to Health and Place.
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5.1 ABSTRACT
The purpose of this study was to assess whether neighborhood socioeconomic
status (SES), walkability, and green space significantly impact fracture incidence among
postmenopausal women, and to assess modifiers for these relationships, such as study
arm participation, fall history, physical activity, physical functioning, race/ethnicity,
hormone therapy use, and rurality. This study used data from the Women’s Health
Initiative cohort study, 1993 to 2012 (N=161,802). Fracture occurrence was annually
reported and adjudicated with medical records. Walkability was calculated annually using
measures of population density, land use mix, and presence/quantity of nearby hightraffic roadways. Neighborhood green space was calculated annually using measures of
exposure to trees/vegetation. Neighborhood SES, walkability, and green space were
categorized intro tertiles: high, intermediate, and low. SES did not have a significant
relationship with total fracture after adjustment, although fall frequency at baseline was a
significant modifier for this relationship. SES had a significant relationship with hip
fracture after adjustment for important covariates (intermediate vs low SES HR=0.98,
p=0.5105; high vs low SES HR=0.91, p=0.0052). Study arm participation significantly
modified the relationship between SES and hip fracture. Walkability had a significant
relationship with total fracture after adjustment (intermediate vs low walkability
HR=1.04, p<.0001; high vs low walkability HR=0.98, p=0.0187). Race/ethnicity and
rurality significantly modified the relationships between walkability and total fracture.
Walkability did not have a significant relationship with hip fracture after adjustment,
although study arm participation and physical functioning status modified this
relationship. Neighborhood green space had a significant relationship with total fracture
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after adjustment (intermediate vs low green space HR=1.08, p<.0001; high vs low green
space HR=1.10, p<.0001). Neighborhood green space did not have a significant
relationship with hip fracture after adjustment, although study arm participation modified
this relationship. Understanding the relationships between outdoor and neighborhood
environments and fracture outcomes in a diverse sample of postmenopausal women in the
U.S is important for promoting independent aging.
5.2 INTRODUCTION
Among adults 65 years and older, fracture events (defined as a complete or partial
break of a bone) are projected to increase from 2.1 million in 2005 to over 3 million in
2025 due to an increasing number of individuals in this age group.4 Women account for
71% of fractures and 75% of related costs,4 and annual fracture incidence is greater than
that for outcomes such as breast cancer and cardiovascular disease in women.74 Rates of
total and hip fracture are higher among women mostly due to gender differences in
acquisition of peak bone mass and osteoporosis prevalence.5,6,8,79,80 This has important
health implications for women, as fracture can lead to permanent disability, loss of
independence, and increased morbidity and mortality risk.60–62
Outdoor environments are increasingly the focus of research on older adults since
individuals are dependent on their local environment for health and well-being as they
age,16 and fractures15, as well as related outcomes like falls,13,14,19,20,383,384 largely take
place outdoors. Those who meet physical activity (PA) recommendations may have the
balance and muscle strength to protect them from fracture and falling during PA,
although other factors may put older adults at additional risk, such as a history of falling,
physical impairment, use of hormone therapy, or race/ethnicity.11,73,97,217,312 As the
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number of fracture events increases in the U.S., there is a need to understand if fractures
are associated with specific outdoor, environmental features and how PA levels, falling
history, physical impairment, use of hormone therapy, and race/ethnicity play a role.
To date, area-level socioeconomic status (SES) status is the only neighborhood
attribute that has been studied in relation to hip fracture,23,24,252–254 and more research is
needed on the impact of neighborhood features on total fracture among older adults.
Findings on the impact of neighborhood SES on hip fracture are mixed: some research
reported a 6-30% reduction in hip fracture risk when comparing high to low income
areas,24,252,253 while other studies reported that low income areas showed reduced hip
fracture risk compared to high income areas (with a 30% risk reduction in one
study).23,254 Research reporting that area-level SES has a negative relationship with
fracture occurrence posits that it is likely due to the influence of SES on access to nearby
resources and PA levels,255 as well as its overall impact on health outcomes.149 In other
environmental research on fracture, one study noted that, regardless of SES, older adults
living in rural areas had a significantly lower risk for hip fracture compared to urban
counterparts.253 Additionally, residential density and higher vacancy rate have been
related to greater fall-related injury, but that study did not specifically consider fracture
outcomes.256 It is also important to note that no research looking at neighborhood impact
on fracture risk has focused specifically on female populations, who show different risk
factors for falling and fracture compared to men.5,6,118,188 Outdoor and neighborhood
environmental features and their relation specifically to fracture is understudied,
especially in older women.
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While studies show an association between socioeconomic deprivation and
fracture risk,23,24,252–254 more research is needed on other environmental features, such as
walkability and green space, that are associated with SES156,158,160,250 and PA
engagement209,243 among older adults. Walkability measures how pedestrian friendly and
supportive for walking a space is and is particularly important for older adults.189 Green
space, defined as areas partially or fully covered by trees, grass, or other vegetation, also
has a salient, positive impact on physical and mental health of older adults.218,219 Neither
of these measures have been related directly to fracture in past research, and
understanding their temporal relationships with fracture incidence would contribute
greatly to the growing body of literature on outdoor fracture risk.
Despite the breadth of research described above, at least three key gaps have been
highlighted that warrant further exploration in advancing the literature on outdoor
environments and fracture outcomes among older adults: 1) no research, to our
knowledge, has examined the role of neighborhood walkability and green space on total
or hip fracture, 2) there is a need to understand female-specific outdoor environmental
risk factors for fracture, and 3) limited research has examined the modifying role of
race/ethnicity, PA level, physical impairment, history of falling, use of hormone therapy,
and rurality on the relationships between outdoor environmental factors and fracture.
Instead, current research on environmental fracture determinants is limited to studies of
negative environmental influences, takes place outside the United States,24 and has not
focused on large cohorts of older women residing in community settings. The purpose
this study is to identify outdoor and neighborhood environmental features related to
fracture occurrence among postmenopausal women. Specifically, the objectives were: 1)
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To assess the association between neighborhood and outdoor environment features and
incident fracture among postmenopausal women, and 2) To assess effect modification by
study arm participation, race/ethnicity, PA level, low physical functioning status, falling
history, use of hormone therapy medication, and rurality.
5.3 METHODS
Study Setting & Sample
This study included a nationally representative sample of older women from the
Women’s Health Initiative (WHI) study. As is described in detail elsewhere,357 women
ages 50-79 years were recruited at 40 clinical centers across the U.S., from 1993 to 1998.
WHI study eligibility criteria included: 50–79 years old at screening, postmenopausal,
had no medical condition associated with a predicted survival of less than 3 years, and
planned to reside in the same geographic area for at least 3 years.353,354,356 The WHI
enrolled minority racial/ethnic groups in a manner that was proportionate to the total
minority population of women ages 50-79 years at the time of enrollment.353 Women
enrolled in the WHI study were followed and measured over time up to present day,
although observations will only be used up to 2012 (because fracture data collection was
discontinued).353,354 Data from WHI observational study (~93,000 women) and clinical
trial (~68,000 women) participants were used for this study. Women reporting a history
of hip fracture at enrollment were excluded from the analytic sample, due to increased
risk for mortality during study participation.355 Women were also excluded if they
reported disability that impaired walking a block or more in distance at baseline using a
SF-36 physical functioning scale.
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Data Collection
Demographic and lifestyle/behavioral data, as well as data regarding medical
history, were obtained by self-report using standardized questionnaires.353,354,357 Certified
staff took physical measurements, including height and weight. Participants also reported
their place of residence at baseline, which was used for communication and
ascertainment of contextual information. Participants were asked to report any changes to
their place of residence throughout their involvement of the study.
Measures
Based on a socioeconomic deprivation metric developed previously,
neighborhood SES included dimensions of income and wealth, education, and
occupation.152 Income and wealth was measured using median household income, the
percentage of households with interest, dividends or rent income, and the median value of
owner-occupied housing. Education was measured as the percentage of adults with high
school and college degrees. Occupation was measured as the percentage of civilian
population with a professional, managerial, or executive occupation. Census tract-level
data were collected from U.S. Census of Population and Housing for the year 2000 using
a one-year estimate and the American Community Survey for later years using five-year
estimates. Neighborhood SES was calculated using the natural log-transformation of
median household income and median value of housing units, z-transforming all six
measures, and summing them to create a summary z-score, separately for observational
study (OS) and clinical trial (CT) participants for each year of follow-up.184,358,359 Zscores were then categorized into low, intermediate, and high tertiles.
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Neighborhood walkability was measured based on the 3 Ds (i.e., density,
diversity, and design) associated with walking,190 and included population density, land
use mix, and length of nearby, high-traffic roadways for this study. Population density
was measured using U.S Census of Population and Housing attributes data from 2000 and
2010,360 as the ratio of population count to land area (i.e., persons per kilometer2) using a
Euclidean buffer size of 5.0 miles around each participant’s home address. Land use mix
or diversity was measured using Euclidean areal measures of exposure to developed land
and cross-walked over National Land Cover Databases (NLCD).362 For this study, NLCD
data were used from 1992, 2001, and 2006, and 500-meter Euclidean buffers were
created around address locations to obtain resident-specific estimates of land use. The
Herfindahl–Hirschman Index (HHI) was used to assess the level of land use mixture,
where higher values of HHI correspond with less land use mix.193 Design was
conceptualized in terms of length to nearest roadways, based on ESRI mapped and
Census feature class coded A1-A3 roadways.364 A Euclidean buffer of 500 meters around
each participant’s home address was used to identify all A1-A3 roads within the specified
distances and determine their length in meters.388 These lengths were summed by
roadway type, producing an estimate of total meters of A1, A2, and A3 roadways
proximal to participant addresses. These estimates were collected annually from 1993
until 2012. Neighborhood walkability measures (i.e., population density, land use mix,
length of A1-A3 roadways) were standardized separately, then averaged to create a
composite score.190 Finally, the composite score was categorized into low, intermediate,
and high tertiles.
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Neighborhood green space was ascertained using Euclidean areal measures of
exposure to trees and other vegetation that were cross-walked over NLCD.365,366 The
NLCD provides 30-meter resolution estimates of percentage tree canopy and percentage
impervious cover. Next, 500-meter Euclidean buffers were created around each
participant’s home address to obtain resident-specific green space estimates of land cover
using data from 1992, 2001, and 2006. The space occupied by each land cover type was
calculated around participant addresses (in meters2). Those estimates were used to
calculate the percentage of space that is urban/agricultural green space, forests, or other
natural areas (i.e., forest, shrubland, planted/cultivated, and herbaceous
grasslands/wetlands), using similar land types to past research studying green
space.243,367,368 Those annual estimates were then standardized and converted into low,
intermediate, and high tertiles.
Fracture events (total, hip) were collected annually through 2012.369,370
Participants were asked “Since [last reporting date], has a doctor told you that you had a
broken, fractured, or crushed bone?”, and then specified the fracture location. Hip
fractures were centrally adjudicated using radiographic or operative reports during the
main study and extension 1 for the clinical trial (1993-2010). Hip fractures were self‐
reported for extension 2 (2010–2014). All other types of fractures were self‐reported
(1993-2012). Total fractures included all reported clinical fractures except for those of
the ribs, sternum, skull, face, fingers, toes, and cervical vertebrae.369,370
Study arm participation (observational study (OS) or one of three clinical trial
arms) was used as a modifier in this study, since fracture outcomes were only adjudicated
in clinical trial participants.357 WHI clinical trial participants were enrolled in one or
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more of three randomized controlled trials: dietary modification (DM), hormone therapy
(HT), and calcium/vitamin D (CaD) supplementation.357 The DM trial evaluated the
impact of a low-fat eating pattern on breast cancer, colorectal cancer, and coronary heart
disease. The HT trial studied the effects of estrogen or estrogen plus progestin versus
placebo on coronary heart disease, osteoporotic fractures, and breast cancer. The CaD
trial evaluated the impact of supplementing calcium and vitamin D on osteoporotic
fractures and colorectal cancer.
Race and ethnicity were obtained by self-report using standardized questionnaires
at enrollment. Categories included White, Black, Asian or Pacific Islander, American
Indian, Hispanic, and Other.353 Enrollment of minority racial or ethnic groups in a
manner that was proportionate to the total minority population of women ages 50-79
years at the time of enrollment was a priority for the study.353
To measure PA level, a self-administered PA questionnaire was used.313,371 Forms
were completed at clinics or mailed to participants for all PA types. Questionnaires
grouped exercise, walking, or recreational activities into three separate intensities (i.e.,
mild, moderate, strenuous) based on metabolic equivalent values for each activity and
included frequency (from 0 to 5+ days/ week) and duration (from <20 minutes to ≥60
minutes). Participant PA (MET-hr/wk) was grouped into tertiles.
Limitations with physical functioning were measured using indicators of health
and general functioning at baseline using a self-reported measure.372 This physical
function measure is correlated with walking speed (r=-0.34) and grip strength (r=0.14),
which are important indicators of frailty.372 The Short Form survey 36 (or the Physical
Function Scale) included 10 items measuring whether health now limits physical function
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in moderate/vigorous activity; strength to lift, carry, stoop, bend, climb; walking various
distances; and self‐care.373 Scores out of 30 were converted to those out of 100 and scores
below 75 met criteria for low physical functioning.372
History of falling at baseline was collected using a self-report medical history
questionnaire. Participants were asked not to include falls due to sports activities such as
snow- or water-skiing or horseback riding.357,374 Baseline history of falling was recorded
as number of times in the past year, including 0, 1, 2, or 3+ times.
Hormone therapy use was ascertained at baseline for all study participants and
used as eligibility criteria for the hormone therapy clinical trial (since those with hormone
use at baseline were ineligible). Participants reported whether they ever used any female
hormones, like estrogen (Premarin) or progesterone (Provera) in the form of pills, skin
patches, implants, creams, suppositories, shots, or birth control pills.
To classify participant residences according to rurality, rural-urban commuting
area (RUCA) codes (downloaded from U.S. Department of Agriculture and Economic
Research Service website) were merged with geocoded participant address FIPS codes.389
Census tracts were then categorized as one of the following: urban; large, rural city/town;
small, rural town; isolated, small, rural town.389 After census tracts were categorized,
geocoded participant addresses were used to classify which rurality category each
participant resided in. Rurality was collected annually, 1993 to 2012.
Statistical Analyses
Descriptive information and crude relationships for exposures and outcomes of
interest were presented, using Pearson’s chi-square tests for nominal categorical variables
and Spearman Rank tests of correlation for ordinal categorical variables. Next, we
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examined the relationship between neighborhood environmental factors and fracture
(total; hip) longitudinally assessed using extended Cox proportional hazards modelling.
Since environmental exposures were time varying, the counting method was used.
Windows of time since enrollment (where environmental variables were collected) were
age standardized, so that age was used as the time scale.425 To estimate the association
between neighborhood characteristics and fracture, we first fit crude models for each,
independent neighborhood exposure. Models were then presented after adjustment for
additional confounding variables (based on contribution to the models). Confounding
variables were selected using a method based on 10% or greater change in beta estimates;
variables identified in the literature as important for our research question were added
individually to crude models using this process. Covariates that were assessed included
study arm participation (observational study, hormone therapy clinical trial, dietary
modification clinical trial, calcium/vitamin D supplementation clinical trial), age (<50-59,
60-69, 70-79+years), race/ethnicity (Non-Hispanic White, Black/African American,
Hispanic/Latino, Asian or Pacific Islander, American Indian or Alaskan Native, Other),
climate region (Northeast, South-lower, South-upper, Midwest-lower, Midwest-upper,
West-lower, West-middle, West-upper), rurality (urban, large, rural city/town, small,
rural town, isolated, small rural town), body mass index (BMI; underweight, normal
weight, overweight, obese classes 1, 2, 3), age (<50-59, 60-69, 70-79+ years), personal
fall history at baseline (none, 1 time, 2 times, 3+ times), hormone therapy use at baseline
(never used, past user, current user), trouble with vision at baseline (none, mild,
moderate, severe), depressive status at baseline (depressed, not depressed), physical
activity level (none, low, intermediate, high), low physical functioning (yes, no), and
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marital status (presently married, divorced/separated, widowed, never married, marriage
like relationship). Confounders were included in the model if they resulted in a 10%
change in the regression estimates.
Interaction terms were added to each model to assess effect modification
according to study arm participation (observational study, hormone therapy clinical trial,
dietary modification clinical trial, calcium/vitamin D supplementation clinical trial),
race/ethnicity (Non-Hispanic White, Non-Hispanic Black, Hispanic, Non-Hispanic
Other), baseline PA levels (total MET-hr/wk; walking MET-hr/wk – 0 MET-hr/wk and
PA tertiles), baseline low physical functioning (yes/no), baseline fall frequency (0, 1, 2+
times), baseline hormone therapy (yes/no), and rurality (urban; large, rural city/town;
small, rural town; isolated, small, rural town). If effect modification was found based on
product terms (α=.10), we presented models stratified on these variables. All analyses
were completed using SAS 9.4 software.
5.4 RESULTS
Table 5.1 describes the sample characteristics for study participants (N=157,583),
and their cross-sectional relationships with total and hip fracture. Most participants had
no history of falling at baseline (64.9%), were 60-69 years of age (44.9%), were
considered normal weight (34.2%) or overweight (34.6%), identified as Non-Hispanic
White (82.7%), were married (60.7%), had never used hormone supplements (43.6%),
had no trouble with vision (80.8%), were not depressed (86.8%), had low (26.0%) or
intermediate (28.1%) or high (26.7%) levels of PA, and did not report low physical
functioning (69.4%). In addition, most participants lived in the Northeast climate region
(22.8%) and in urban locations (82.0%). For neighborhood environment exposures,
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socioeconomic status (Χ2=648.4, p<.0001), walkability (Χ2=19.5, p<.0001), and green
space (Χ2=154.6, p<.0001) had significant relationships with total fracture. Additionally,
SES (Χ2=57.7, p<.0001), walkability (Χ2=7.9, p=0.0189), and green space (Χ2=26.0,
p<.0001) had significant relationships with hip fracture.
Table 5.2 describes the longitudinal relationships between neighborhood SES,
walkability, and green space and fracture (total and hip). Neighborhood SES was
significantly related to total fracture before adjustment (intermediate vs low SES
HR=1.06, p<.0001; high vs low SES HR=1.07, p<.0001), with higher compared to low
SES showing increased hazard of total fracture (model 1a; Table 5.2). Neighborhood SES
did not have a significant relationship with total fracture after adjustment for important
covariates, including age, rurality, ethnicity, marital status, and study arm (model 2a;
Table 5.2). Of the interaction terms tested, only fall frequency at baseline (p=0.0291) was
significant (model 7a; Table 5.2). Therefore, stratified results are presented according to
these modifiers in Table 5.3.
Table 5.3 displays stratified analyses for the longitudinal relationships between
neighborhood SES, walkability, and green space and fracture (total and hip). Stratified
analyses by fall frequency at baseline showed that only those with no history of falling at
baseline (intermediate vs low SES HR=1.02, p=0.1079; high vs low SES HR=1.03,
p=0.0135) and those with a history of three or more falls at baseline (intermediate vs low
SES HR=1.14, p=0.0054; high vs low SES HR=1.07, p=0.1530) showed significant,
positive relationships between SES and total fracture (Table 5.3). Both those with no
history of falling and history of falling three or more times showed increased fracture risk
(ranging from 2% to 14%) for high and intermediate compared to low SES.
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Neighborhood SES was significantly related to hip fracture before adjustment
(intermediate vs low SES HR=1.07, p=0.0289; high vs low SES HR=1.01, p=0.7063),
with higher compared to lower SES showing increased hazard of hip fracture (model 1a;
Table 5.2). Neighborhood SES also had a significant relationship with hip fracture after
adjustment for important covariates, including age, climate region, rurality, vision
impairment, race/ethnicity, marital status, hormone therapy, and study arm (model 2a;
Table 5.2). There was a significant hazard reduction for hip fracture comparing high to
low SES (HR=0.91, p=0.0052) and no significant difference in hazard for hip fracture
comparing intermediate to low SES (HR=0.98, p=0.5105). Of the interaction terms
tested, only study arm participation (observational study p-value = 0.0800) was
significant (Table 5.2).
Stratified results by study arm participation showed that only those in the dietary
modification (intermediate vs low SES HR=0.83, p=0.0589; high vs low SES HR=0.78,
p=0.0114) and the calcium/vitamin D (intermediate vs low SES HR=0.99, p=0.8151;
high vs low SES HR=0.83, p=0.0071) clinical trial arms showed significant relationships
between SES and hip fracture. Both those who were in the dietary modification and the
calcium/vitamin D clinical trial arms showed decreased hip fracture risk (ranging from
1% to 22%) for high and intermediate compared to low SES.
Neighborhood walkability was significantly related to total fracture before
adjustment (intermediate vs low walkability HR=1.02, p=0.0249; high vs low walkability
HR=1.01, p=0.1976), with higher compared to lower walkability showing increased
hazard of total fracture (model 1b; Table 5.2). Neighborhood walkability also had a
significant relationship with total fracture after adjustment for important covariates,
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including age, race/ethnicity, marital status, and study arm (model 2b; Table 5.2). The
hazard ratios demonstrated an increased risk of total fracture for intermediate walkability
(HR=1.04, p<.0001) and decreased risk of total fracture for high walkability (HR=0.98,
p=0.0187), both compared to low walkability. Of the interaction terms tested, only
race/ethnicity (p=0.0005) and rurality (p=0.0892) were significant (models 4b & 9b;
Table 5.2). Therefore, stratified results are presented according to these modifiers in
Table 5.3.
As shown in Table 5.3, stratified analyses by race/ethnicity showed that only
those who identified as Non-Hispanic White (intermediate vs low walkability HR=1.04,
p<.0001; high vs low walkability HR=0.97, p<.0001), Black/African American
(intermediate vs low walkability HR=1.11, p=0.0055; high vs low walkability HR=1.09,
p=0.0294), and Asian/Pacific Islander (intermediate vs low walkability HR=1.04,
p=0.5539; high vs low walkability HR=1.16, p=0.0211) showed significant relationships
between walkability and total fracture. Both those who identified as Black/African
American and Asian/Pacific Islander showed increased fracture risk (ranging from 9% to
16%) for intermediate and high compared to low walkability. For those identifying as
Non-Hispanic White, intermediate walkability showed a 4% increase and high
walkability showed a 3% decrease in total fracture risk, both compared to low
walkability. Stratified analyses by rurality showed that only those who lived in urban
environments (intermediate vs low walkability HR=1.05, p<.0001; high vs low
walkability HR=0.99, p=0.1238) and large, rural city/towns (intermediate vs low
walkability HR=0.95, p=0.2384; high vs low walkability HR=0.85, p=0.0003) showed
significant relationships between walkability and total fracture. For those who lived in
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urban environments, there was a 5% increase in total fracture risk for intermediate
compared to low walkability. In large, rural city/towns, there was a 15% decrease in total
fracture risk comparing high to low walkability.
Neighborhood walkability was not significantly related to hip fracture before
adjustment (model 1b; Table 5.2). Neighborhood walkability also did not have a
significant relationship with hip fracture after adjustment for important covariates,
including age, climate region, rurality, vision impairment, race/ethnicity, marital status,
hormone therapy, and study arm (model 2b; Table 5.2). There was a significant
interaction between walkability and study arm participation (hormone therapy clinical
trial interaction p-value=0.0032; dietary clinical trial p-value=0.0913; calcium/vitamin D
clinical trial interaction p-value=0.0183; model 3b; Table 5.2). In addition, there was a
significant interaction between walkability and low physical functioning status (p=
0.0045; model 6b; Table 5.2). Therefore, stratified results are presented according to
these modifiers in Table 5.3.
Stratified results by study arm participation showed that only participants in the
calcium/vitamin D clinical trials (intermediate vs low walkability HR=0.93, p=0.2185;
high vs low walkability HR=0.79, p=0.0248) showed significant relationships between
walkability and hip fracture, while other clinical trial interventions and observational
study groups did not (Table 5.3). Those who were in the calcium/vitamin D clinical trial
showed decreased hip fracture risk (ranging from 7% to 21%) for intermediate and high
compared to low walkability. Stratified results by low physical functioning status showed
that neither population (low physical functioning and not) showed significant
relationships between walkability and hip fracture (Table 5.3).
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Neighborhood green space was significantly related to total fracture before
adjustment (intermediate vs low green space HR=1.05, p<.0001; high vs low green space
HR=1.10, p<.0001), with higher compared to lower green space showing increased
hazard of total fracture (model 1c; Table 5.2). Neighborhood green space also had a
significant relationship with total fracture after adjustment for important covariates,
including age, race/ethnicity, marital status and study arm (model 2c; Table 5.2). The
hazard ratios demonstrated an increased risk of total fracture for intermediate green space
(HR=1.08, p<.0001) and high green space (HR=1.10, p<.0001), both compared to low
green space. Of the interaction terms tested, none were significant (Table 5.2).
Neighborhood green space was not significantly related to hip fracture before
adjustment (model 1c; Table 5.2). Neighborhood green space also did not have a
significant relationship with hip fracture after adjustment for important covariates,
including age, climate region, race/ethnicity, marital status, hormone therapy, and study
arm (model 2c; Table 5.2). There was a significant interaction between green space and
study arm participation in relation to hip fracture (observational study interaction term
p=0.0471; model 3c; Table 5.2). Therefore, stratified results are presented in Table 5.3.
Stratified results by study arm participation showed that no clinical trial
intervention or observational study groups demonstrated a significant relationship
between green space and hip fracture (Table 5.3).
5.5 DISCUSSION
Summary of findings
The purpose of this study was to identify neighborhood environment features
associated with fracture, both overall and after controlling for personal and contextual
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factors associated with fracture. In addition, this study determined whether study arm
participation, race/ethnicity, PA level, low physical functioning status, fall history, use of
hormone therapy medication, and rurality acted as potential effect modifiers for the
relationships between neighborhood SES, walkability, green space, and fracture. Results
from this longitudinal study showed that neighborhood SES had no significant
relationship with total fracture, and walkability and green space had significant
relationships with total fracture incidence after adjustment for important covariates. For
hip fracture, neighborhood SES had a significant relationship with hip fracture incidence
and walkability and green space had no significant relationship with hip fracture after
adjustment. Effect modifiers were also identified and showed differences in the
relationship between SES and total fracture by fall history, between walkability and total
fracture by race/ethnicity and rurality, between SES and hip fracture by study arm,
between walkability and hip fracture by study arm and physical functioning status, and
between green space and hip fracture by study arm.
Comparison to past findings
In our sample of postmenopausal women residing in diverse locations of the U.S.,
high compared to low neighborhood SES showed decreased risk for hip fracture, an
outcome with more detrimental health implications compared to total fracture,65–69 after
adjustment. In addition, the relationship between neighborhood SES and total fracture
was significant only among women who had experienced no previous falls or three or
more previous falls at enrollment, with higher compared to lower neighborhood SES
showing increased risk for total fracture in these groups. Past research on outdoor
environmental and neighborhood risk factors for fracture has only examined the
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relationship between area-level SES and hip fracture, and results were mixed: some
research reported a 6-30% reduction in hip fracture risk when comparing high to low
income areas,24,252,253 while other studies reported that low income areas showed reduced
hip fracture risk compared to high income (with a 30% risk reduction in one study).23,254
Importantly, the past literature that showed a major protective effect of lower SES on hip
fracture showed the excess risk of hip fracture among higher income groups was mostly
attenuated after adjusting for age and sex differences since the more affluent women in
their sample had much lower BMI than their counterparts.254 Another study that showed
lower SES participants had decreased risk for hip fracture had mixed findings when
stratified by gender: average compared to low SES had significantly increased odds and
high compared to low SES had no significant difference in odds of hip fracture among
women.23 Indeed, past research showed major similarities with our findings after
accounting for gender differences in their results. Any existing differences between our
results and findings from past research may be explained by the fact that most past
research took place outside the U.S.23,254 The U.S. has higher income inequality
compared to other industrialized countries,426,427 and U.S. residents with lower individual
and area level SES show higher risk for chronic health conditions and report having
fewer neighborhood resources that support positive health behaviors.428–431 Moreover,
those living in higher SES neighborhoods in the U.S. may have less dependence on
neighborhood resources that support active transport or community engagement.432,433
This may partially explain why higher SES only negatively impacts total fracture among
groups with higher risk of injury (i.e., those with no or multiple history of falls) and why
higher SES has a salient protective effect on more serious hip fracture outcomes.
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Our study showed that high walkability was related to decreased risk, and
intermediate walkability was related to increased risk for total fracture when compared to
the low walkability, and walkability was not significantly related to hip fracture after
adjustment. Past research has not examined the relationship between walkability and
fracture risk, although one previous study did show that perceptions of walkability were
shaped by health status of older adults.215 Despite this, our study did not find that low
physical functioning or history of falling interacted with objective assessments of
neighborhood walkability to impact total fracture incidence. Stratified results by
race/ethnicity and rurality provided additional explanation for our mixed findings overall.
For race/ethnicity, Black/African American and Asian/Pacific Islander showed increased
total fracture risk for intermediate and high compared to low walkability while NonHispanic White women showed decreased total fracture risk for high walkability
compared to low walkability. For rurality, women living in larger rural cities/towns had
reduced total fracture risk when comparing high to low walkability, while women in
urban environments had increased fracture risk when comparing intermediate to low
walkability. One explanation for the racial/ethnic differences in the association between
walkability and total fracture may be that, due to forces such as racial residential
segregation and redlining practices, high minority neighborhoods may have lower access
to health-promoting community resources and have a higher level of neighborhood
physical disorder (i.e., litter, unmaintained sidewalks).410–415 Therefore, Black/African
American and Asian/Pacific Islander participants in our sample did not see the same
benefit from residing within a walkable environment as their Non-Hispanic White
counterparts. It is also important to note that urban-rural differences in the association
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between walkability and total fracture may be explained by the fact that walkability is a
measure that was developed for studying the impacts of urban environmental features and
may not fully capture features that promote walking in rural environments.129,130,434,435
Past research has also not examined the relationship between green space and
fracture, although literature does show that green space has a positive impact on physical
and mental health of older adults.218,219 Interestingly, our study showed that higher
compared to lower levels of green space were related to a significant increase in total
fracture risk among postmenopausal women. One reason why higher compared to lower
presence of green space showed increased risk for total fracture in our study may be that
those with higher levels of green space near their home residence interact with their
outdoor environments more often and maintain higher levels of PA, which may decrease
risk for more serious injury (i.e., hip fracture) but also increase risk for fracture overall
(i.e., total fracture).236,400 Indeed, research shows that PA impacts fracture risk, with more
active individuals sustaining less serious fractures and less active individuals
experiencing more serious fracture.310,311 Despite this, our results showed that PA level
did not modify the relationships between neighborhood green space and total and hip
fracture risk. Another possible explanation for our findings may be that areas with higher
levels of green space also have fewer community resources and access to destinations
important for older adults.224,436,437 While our measure for green space accurately captures
land use and the presence of vegetation, data on the presence of age-appropriate PA
equipment and amenities (e.g., benches, shaded areas), and the absence of environmental
hazards (e.g., litter, uneven sidewalks) was not collected as part of this study but should
be studied in relation to green space in the future.
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Implications for public health research
This study has several important implications for public health research. First, we
were able to establish longitudinal associations between objectively measured
neighborhood SES, walkability, and green space and fracture. Future research can build
on this by examining additional physical, natural, and social environmental factors on
smaller scales that may play a role in fracture risk over time, such as air temperature,
specific weather conditions (e.g., precipitation level, snow and ice), rates of violent
crime, or other safety factors such as traffic and social cohesion.120,135,166,436–438 Moreover,
ecological analyses examining these important environmental factors may be useful for
uncovering which area-level exposures have the most salient impact on population-level
fracture outcomes. The WHI is not a population level dataset, but additional research on
environmental exposures can utilize existing population-based datasets, such as the
American Academy of Orthopaedic Surgeons Fracture and Trauma registry.439 Next,
future research can employ quasi-experimental designs to understand if changes to
neighborhood walkability and green spaces decrease fracture risk among older women,
perhaps by improving these environments in ways that promote engagement among older
adults (e.g., decreasing traffic speeds, increasing the number of community destinations,
supplementing green space with shaded areas, etc.).440–442 Quasi-experimental designs
can also be used to understand whether infrastructure improvements show efficacy for
decreasing fracture risk within subgroups that were most impacted by their neighborhood
environment in our study, such as among women living in more rural environments with
a history of falling or who identify as Black/African American or Asian/Pacific Islander.
Lastly, future research may explore if certain variables that did not interact with our
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environmental exposure to impact fracture, such as PA level and physical impairment
status, may mediate the relationships between neighborhood SES, walkability, and green
space and fracture. Past research shows that neighborhood environments impact PA
levels and physical impairment among older adults,217,313,443,444 and PA levels and
physical impairment also impact fracture outcomes.94,179,438,445,446 Therefore, it is likely
that a mediation analysis between neighborhood environment factors (i.e., SES,
walkability, green space) and fracture would be a significant contribution to this growing
body of research.
Implications for public health practice
This study also has several implications for public health practice. First, this study
can contribute to movement towards aging in place. The World Health Organization
(WHO) released a policy framework for Active Aging in 2002,37,38 which acknowledges
the importance of gender, earlier life experiences, culture, and environment on how
individuals can age independently in their home residences. As part of this effort, the
WHO and worldwide partners are working to identify major physical and social barriers
to aging in community settings.38 This study provides important input on the role of
outdoor environmental features, such as green spaces, walkability, and socioeconomic
conditions, that can inform future WHO initiatives to improve independent aging.
Second, this study can help to identify subgroups of postmenopausal women that may be
at highest risk for fracture based on individual and environmental characteristics. This
information can be used to improve existing gender disparities for PA and fracture
outcomes through policy, systems, and environmental change interventions, and therefore
increase the chances that women can age independently in their homes. In addition, we
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collected information on neighborhood environments objectively, and practitioners can
use similar methods to more easily identify locations that need intervention using
publicly available data. Specifically, local practitioners can feasibly map rates of fracture
among older women using administrative data and identify whether areas with higher
rates of fracture also have poor environmental supports (i.e., low SES, walkability, and
green space) for older adults that can be intervened upon. Lastly, this study shows that
the burden of hip fracture is not evenly distributed according to socioeconomic position,
with those in high SES neighborhoods having lower hip fracture risk compared to low
SES. Since the cost of hip fracture is high on the individual and population,447
understanding the social distribution of the hip fractures is important for health care
providers and clinicians to adequately provide preventive care resources to higher risk
(and lower SES) populations.448
Limitations and Strengths
This study has limitations that should be noted. First, the conceptualization of
walkability and green space exposures were influenced by the availability of objectively
measured data. Walkability was conceptualized using “diversity, density, and design”,190
a common method in past research. Other measures may also be important to study the
relationship between walkability and fracture in this population, such as length of
crosswalks, uneven walking surfaces, traffic speed, or number of bumps/cracks/potholes
on walkways;136,248 however, these may also be less reliable walkability measures and
difficult to collect across diverse U.S. locations. The current green space indicator, which
measures exposure to forest, shrubland, planted/cultivated, and herbaceous
grasslands/wetlands land use types, is also widely used in research on green space and
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health,243,367,368 but more specific green space measures that capture parks and open
spaces that can be specifically used for recreation should be examined in future. Another
limitation was that most fractures were self-reported. The validity of self-report of
fractures varies by anatomical site in the Women’s Health Initiative, being higher for hip
(78%) and forearm or wrist (81%) fractures compared to clinical spine fractures (51%).370
Importantly, participants did not report information regarding circumstances of the
fracture (such as specific activities that immediately preceded fractures). While this limits
our ability to know if the fracture occurred outdoors or indoors, reporting fracture
circumstances often suffers from recall bias and the outdoor environment may impact
fracture risk (by decreasing activity levels) even if the fracture occurs indoors.246 Lastly,
individual-level measures, such as fall history, low physical functioning, and PA level,
were self-reported at baseline, which may not capture changes to these characteristics and
behaviors over time. Despite this, individual-level variables, such as fall history and
physical functioning status, were significant modifiers for the relationships between
neighborhood walkability and SES and fracture.
This study also had many strengths. It employed WHI data to investigate outdoor
and environmental risk factors for fracture in postmenopausal women, a sample already
well-characterized on personal-level risk factors (e.g., age, family history of fracture,
race, etc.), with large national reach (24 states, 40 regions) and a large sample size
(162,000 participants) available to produce risk estimates.350 Current research on
environmental determinants of fracture is largely limited to studies outside the U.S.,24 has
not focused on large cohorts of older women residing in community settings, and does
not adequately account for many known person-level risk factors.23,24,252–254,421 This study
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also used objective measures of neighborhood SES, walkability, and green space to study
their relationships with fracture in diverse locations. Although subjective measurements
are often more closely related to health outcomes such as fracture,22,246 objective
measurements are more reliable for studying varying geographic and socioeconomic
landscapes, are less susceptible to recall bias, and are more useful for informing
infrastructure investments (since they can employ more accessible data).449–452 Lastly,
this study examined the relationship between neighborhood SES, walkability, and green
space longitudinally. This is important for establishing a temporal relationship between
these understudied environmental exposures and this important clinical outcome. Very
few past studies have used a prospective study design to examine the relationships
between neighborhood supports,253 which inevitably change over time, and fracture
outcomes that may inhibit the ability for older women to age in place.
Conclusion
Outdoor and neighborhood environmental features and their relationships with
fracture are understudied, especially in older women who are at the highest risk of
fracture. This study used a diverse sample of postmenopausal women to examine genderspecific, neighborhood risk factors for fracture, and employed advanced, longitudinal
statistical techniques that adjust for important individual- and area-level factors. Findings
indicated that increased neighborhood green space was related to increased risk for total
fracture and increased walkability showed a mixed relationship with total fracture risk,
while SES did not have a significant impact on total fracture risk after adjustment. Only
neighborhood SES was related to hip fracture after adjustment. Examining stratified
analyses by study arm, fall history, rurality, low physical functioning status, and
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race/ethnicity provided important information about subgroup differences. This is a
substantial contribution to the literature on aging in place, specifically for female
populations. Older adults and postmenopausal women are often dependent on their
immediate environments and many will choose to age in place instead of moving from
their residence to receive additional assistance.137 Uncovering these relationships between
outdoor and neighborhood environments and fracture outcomes in the U.S is important
for encouraging active and independent aging among women.
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Table 5.1 Demographic and physiologic characteristics at baseline and fracture outcomes from 1993 to 2012 (N=157,583).
Variable

Χ2
statistic
p-value2
-

Any hip
fracture1
# (percent)
7,093 (4.5)

No hip
fracture
# (percent)
150,490 (95.5)

Χ2
statistic
(p-value)2
-

86 (89.6)
33,478 (63.8)
30,835 (58.7)
29,545 (56.3)

648.4
(<.0001)

2 (2.3)
2,102 (4.0)
2,374 (4.5)
2,614 (5.0)

84 (97.7)
50,346 (96.0)
50,169 (95.5)
49,882 (95.0)

57.7
(<.0001)

26 (29.9)
21,513 (41.0)
21,273 (40.5)
20,843 (39.7)

61 (70.1)
30,970 (59.0)
31,205 (59.5)
31,692 (60.3)

19.5
(<.0001)

3 (3.4)
2,471 (4.7)
2,323 (4.4)
2,297 (4.4)

85 (96.6)
50,012 (95.3)
50,155 (95.6)
50,238 (95.6)

7.9
(0.0189)

3308 (2.10)
51,547 (32.7)
50,906 (32.3)
51,822 (32.9)

939 (28.4)
19,821 (38.5)
21,144 (41.5)
21,726 (41.9)

2369 (71.6)
31,726 (61.5)
29,762 (58.5)
30,096 (58.1)

154.6
(<.0001)

67 (2.0)
2,169 (4.2)
2,479 (4.8)
2,376 (4.6)

3,241 (98.0)
49,378 (95.8)
48,427 (95.1)
49,446 (95.4)

26.0
(<.0001)

9,659 (6.1)

3,745 (38.8)

5,914 (61.2)

426 (4.4)

9,233 (95.6)

2,811 (1.8)

1,167 (41.5)

1,644 (58.5)

148 (5.3)

2,663 (94.7)

2,001 (1.3)

783 (39.1)

1,218 (60.9)

90 (4.5)

1,911 (95.5)

35,542 (22.5)

15,164 (42.7)

20,378 (57.3)

1,646 (4.6)

33,896 (95.4)

16,528 (10.5)
91,042 (57.8)

6,566 (39.7)
36,216 (39.8)

9,962 (60.3)
54,826 (60.2)

706 (4.3)
4,077 (4.5)

15,822 (95.7)
86,965 (95.5)

6,485 (4.1)
102,294 (64.9)
30,252 (19.2)
12,449 (7.9)
6,103 (3.9)

2,684 (41.4)
38,704 (37.8)
13,145 (43.4)
5,947 (47.8)
3,161 (51.8)

3,801 (58.6)
63,590 (62.2)
17,107 (56.6)
6,502 (52.2)
2,942 (48.2)

311 (4.8)
4,332 (4.2)
1,457 (4.8)
657 (5.3)
336 (5.5)

6,174 (95.2)
97,962 (95.8)
28,795 (95.2)
11,792 (94.7)
5,767 (94.5)

Overall
# (percent)
157,583 (100)

Any
fracture1
# (percent)
63,641 (40.4)

# (percent)
93,942 (59.6)

Missing
Low
Intermediate
High

96 (0.1)
52,448 (33.3)
52,543 (33.3)
52,496 (33.3)

10 (10.4)
18,970 (36.2)
21,708 (41.3)
22,951 (43.7)

Missing
Low
Intermediate
High

87 (0.1)
52,483 (33.3)
52,478 (33.3)
52,535 (33.3)

Missing
Low
Intermediate
High

Total
Socioeconomic status3

No fracture

Walkability3

Green space3
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Study Arm

Dietary clinical trial arm
Hormone therapy clinical trial arm
(Estrogen + Progesterone)
Hormone therapy clinical trial arm
(Estrogen alone)
Calcium/Vitamin D clinical trial
arm
Clinical trial control group
Observational study arm
Personal falls history
Missing
None
1 time
2 times
3 or more times
Age

106.8
(<.0001)

1006.5
(<.0001)

7.5
(0.1836)

55.7
(<.0001)

<50-59
60-69
70-79+

52,614 (33.4)
70,835 (44.9)
34,134 (21.7)

19,590 (37.2)
29,269 (41.3)
14,782 (43.3)

33,024 (62.8)
41,566 (58.7)
19,352 (56.7)

363.7
(<.0001)

948 (1.8)
3,253 (4.6)
2,892 (8.5)

51,666 (98.2)
67,582 (95.4)
31,242 (91.5)

2,145.6
(<.0001)

Missing
Underweight (<18.5kg/m2)
Normal (18.5 – 24.9 kg/m2)
Overweight (25.0 – 29.9 kg/m2)
Obesity class 1 (30.0 – 34.9 kg/m2)
Obesity class 2 (35.0 – 39.9 kg/m2)
Obesity class 3 (>40.0 kg/m2)
Race/ethnicity
Missing
Non-Hispanic White
Black or African American
Hispanic/Latino
Asian or Pacific Islander
American Indian or Alaskan Native
Other
Marital status
Missing
Presently Married
Divorced or separated
Widowed
Never married
Marriage-like relationship
Hormone therapy use
Missing
Never used
Past user
Current user
Trouble with vision
Missing
None
Mild
Moderate
Severe

1,362 (0.9)
1,338 (0.9)
53,942 (34.2)
54,593 (34.6)
28,898 (18.3)
11,633 (7.4)
5,817 (3.7)

561 (41.2)
571 (42.7)
22,866 (42.4)
22,419 (41.1)
11,021 (38.1)
4,220 (36.3)
1,983 (34.1)

801 (58.8)
767 (57.3)
31,076 (57.6)
32,174 (58.9)
17,877 (61.9)
7,413 (63.7)
3,834 (65.9)

341. 5
(<.0001)

52 (3.8)
111 (8.3)
2,959 (5.5)
2,502 (4.6)
997 (3.5)
340 (2.9)
132 (2.3)

1,310 (96.2)
1,227 (91.7)
50,983 (94.5)
52,091 (95.4)
27,901 (96.5)
11,293 (97.1)
5,685 (97.7)

375.9
(<.0001)

400 (0.3)
130,377 (82.7)
13,958 (8.9)
6,258 (4.0)
4,121 (2.6)
673 (0.4)
1,796 (1.1)

158 (39.5)
56,725 (43.5)
3,101 (22.2)
1,674 (26.7)
1,124 (27.3)
236 (35.1)
623 (34.7)

242 (60.5)
73,652 (56.5)
10,857 (77.8)
4,584 (73.3)
2,997 (72.7)
437 (64.9)
1,173 (65.3)

3,251.5
(<.0001)

15 (3.7)
6,735 (5.2)
133 (1.0)
64 (1.0)
77 (1.9)
19 (2.8)
50 (2.8)

385 (96.3)
123,642 (94.8)
13,825 (99.0)
6,194 (99.0)
4,044 (98.1)
654 (97.2)
1,746 (97.2)

801.8
(<.0001)

741 (0.5)
95,631 (60.7)
25,003 (15.9)
26,770 (17.0)
6,879 (4.3)
2,559 (1.6)

230 (31.0)
39,430 (41.2)
9,400 (37.6)
10,818 (40.4)
2,694 (39.2)
1,069 (41.8)

511 (69.0)
56,201 (58.8)
15,603 (62.4)
15,952 (59.6)
4,185 (60.8)
1,490 (58.2)

115.4
(<.0001)

28 (3.8)
4,192 (4.4)
831 (3.3)
1,653 (6.2)
290 (4.2)
99 (3.9)

713 (96.2)
91,439 (95.6)
24,172 (96.7)
25,117 (93.8)
6,589 (95.8)
2,460 (96.1)

261.7
(<.0001)

136 (0.1)
68,660 (43.6)
25,186 (16.0)
63,601 (40.3)

52 (38.2)
27,128 (39.5)
10,579 (42.0)
25,882 (40.7)

84 (61.8)
41,532 (60.5)
14,607 (58.0)
37,719 (59.3)

51.7
(<.0001)

8 (5.9)
3,291 (4.8)
1,268 (5.0)
2,526 (4.0)

128 (94.1)
65,369 (95.2)
23,918 (95.0)
61,075 (96.0)

71.8
(<.0001)

1,676 (1.1)
127,388 (80.8)
20,770 (13.2)
6,161 (3.9)
1,588 (1.0)

574 (34.3)
51,370 (40.3)
8,534 (41.1)
2,568 (41.7)
595 (37.5)

1,102 (65.7)
76,018 (59.7)
12,236 (58.9)
3,593 (58.3)
993 (62.5)

14.1
(.0028)

64 (3.8)
5,703 (4.5)
986 (4.7)
263 (4.3)
77 (4.8)

1,612 (96.2)
121,685 (95.5)
19,784 (95.3)
5,898 (95.7)
1,511 (95.2)

4.3
(.2313)

Body mass index category
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Depressive status
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Missing
4,310 (2.7)
1,600 (37.1)
2,710 (62.9)
201 (4.7)
4,109 (95.3)
1.4
39.0
Depressed
16,554 (10.5)
6,771 (40.9)
9,783 (59.1)
587 (3.5)
15,967 (96.5)
(.2381)
(<.0001)
Not depressed
136,719 (86.8)
55,270 (40.4)
81,449 (59.6)
6,305 (4.6)
130,414 (95.4)
Physical activity (MET- hours/wk)
Missing
7,348 (4.7)
3,188 (43.4)
4,160 (56.6)
350 (4.8)
6,998 (95.2)
None (0 MET-hr/week)
22,993 (14.6)
8,702 (37.8)
14,291 (62.2)
938 (4.1)
22,055 (95.9)
Low (0-6.8 MET-hr/week)
40,971 (26.0)
16,063 (39.2)
24,908 (60.8)
119.9
1,816 (4.4)
39,155 (95.6)
15.2
Intermediate (6.8-16.7 MET(<.0001)
44,259 (28.1)
18,226 (41.2)
26,033 (58.8)
2,092 (4.7)
42,167 (95.3)
(.0017)
hr/week)
High (16.7+ MET-hr/week)
42,012 (26.7)
17,462 (41.6)
24,550 (58.4)
1,897 (4.5)
40,115 (95.5)
Low Physical Functioning
Missing
3,003 (1.9)
1,033 (34.4)
1,970 (65.6)
123 (4.1)
2,880 (95.9)
5.1
33.6
Yes
45,281 (28.7)
18,538 (40.9)
26,743 (59.1)
2,257 (5.0)
43,024 (95.0)
(.0240)
(<.0001)
No
109,299 (69.4)
44,070 (40.3)
65,229 (59.7)
4,713 (4.3)
104,586 (95.7)
Climate Region
Northeast
35,922 (22.8)
15,611 (43.5)
20,311 (56.5)
1,833 (5.1)
34,089 (94.9)
South – lower
26,251 (16.7)
9,548 (36.4)
16,703 (63.6)
1,041 (4.0)
25,210 (96.0)
South – upper
14,442 (9.2)
5,858 (40.6)
8,584 (59.4)
584 (4.0)
13,858 (96.0)
Midwest – lower
7,272 (4.6)
3,234 (44.5)
4,038 (55.5)
455.8
367 (5.1)
6,905 (94.9)
100.1
Midwest – upper
27,460 (17.4)
10,987 (40.0)
16,473 (60.0)
(<.0001)
1,163 (4.2)
26,297 (95.8)
(<.0001)
West- lower
23,535 (14.9)
8,898 (37.8)
14,637 (62.2)
939 (4.0)
22,596 (96.0)
West – middle
15,596 (9.9)
6,570 (42.1)
9,026 (57.9)
806 (5.2)
14,790 (94.8)
West – upper
7,105 (4.5)
2,935 (41.3)
4,170 (58.7)
360 (5.1)
6,745 (94.9)
Rurality
Missing
18,480 (11.7)
7,193 (38.9)
11,287 (61.1)
782 (4.2)
17,698 (95.8)
Urban
129,177 (82.0)
52,359 (40.5)
76,818 (59.5)
5,831 (4.5)
123,346 (95.5)
Large rural city/town
5,570 (3.5)
2,303 (41.4)
3,267 (58.6)
2.0
261 (4.7)
5,309 (95.3)
3.2
Small, rural town
2,388 (1.5)
986 (41.3)
1,402 (58.7)
(.5766)
116 (4.9)
2,272 (95.1)
(.3595)
Isolated, small rural
1,968 (1.3)
800 (40.6)
1,168 (59.4)
103 (5.2)
1,865 (94.8)
town
1
Variables relate to whether the participant experiences a fracture (total or hip) over the entire study period (1993-2012).
2
Pearson’s chi-square tests used for nominal categorial predictors and Spearman Rank tests were used for ordinal categorical predictors.
3
Neighborhood socioeconomic status, walkability, and green space tertile were calculated according to each participant’s measurement at enrollment.

Table 5.2 Cox regression analysis of neighborhood and demographic characteristics on fracture incidence, 1993 to 2012
(N=157,583).
Total fracture
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Model – Neighborhood
SES
Model 1a (Unadjusted)1
Intermediate SES
High SES
Model 2a (model 1a +
confounders)1
Intermediate SES
High SES
Model 3a (model 2a +
Study arm interaction
term)1
Intermediate SES
High SES
Observational study
arm*SES
Hormone therapy clinical
arm*SES
Dietary clinical arm *SES
Calcium/Vitamin D
clinical arm*SES
Model 4a (model 2a +
race/ethnicity interaction
term)1
Intermediate SES
High SES
Race/ethnicity*SES

Hip Fracture

β

HR

95% CI

p-value

β

HR

95% CI

p-value

0.05763
0.06964

1.06
1.07

(1.04, 1.08)
(1.07, 1.09)

<.0001
<.0001

0.07110
0.01228

1.07
1.01

(1.01, 1.13)
(0.95, 1.07)

0.0289
0.7063

-0.004682
-0.002732

1.002
1.002

(0.98, 1.02)2
(0.98, 1.02)2

0.65782
0.79632

-0.021903
-0.094263

0.983
0.913

(0.92, 1.04)3
(0.85, 0.97)3

0.51053
0.00523

-0.109552
0.029252
-

0.902
0.972
-

(0.79, 1.01)2
(0.86,1.08)2
-

0.32132
0.79512
0.30932

-0.327983
0.364813
-

0.723
1.443
-

(0.47, 0.97)3
(1.19 1.69)3
-

0.19603
0.13783
0.08003

-

-

-

0.25712

-

-

-

0.10083

-

-

-

0.41602
0.35002

-

-

-

0.23983
0.16633

-0.007132
-0.004522
-

0.992
1.002
-

(0.98, 1.00)2
(0.99, 1.01)2
-

0.52602
0.68562
0.21312

-0.028953
-0.096243
-

0.973
0.913
-

(0.94, 1.00)3
(0.88, 0.94)3
-

0.40063
0.00553
0.56713
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Model 5a (model 2a + total
PA interaction term)1
Intermediate SES
High SES
Total PA*SES
Model 6a (model 2a + low
physical functioning
interaction term)1
Intermediate SES
High SES
Low physical function
*SES
Model 7a (model 2a + fall
frequency interaction
term)1
Intermediate SES
High SES
Fall frequency*SES
Model 8a (model 2a +
hormone therapy
interaction term)1
Intermediate SES
High SES
Hormone therapy*SES
Model 9a (model 2a +
rurality interaction term)1
Intermediate SES
High SES
Rurality*SES
Model - Neighborhood
walkability
Model 1b (Unadjusted)4
Intermediate walkability
High walkability

0.022562
0.008462
-

1.022
1.012
-

(0.99, 1.05)2
(0.98, 1.04)2
-

0.39772
0.76242
0.74812

0.031713
-0.195383
-

1.033
0.823
-

(0.95, 1.11)3
(0.73. 0.91)3
-

0.70103
0.03043
0.14543

-0.003512
0.002362
-

1.002
1.002
-

(0.99, 1.01)2
(0.99, 1.01)2
-

0.78472
0.85212
0.90362

-0.024153
-0.075143
-

0.983
0.933
-

(0.94, 1.02)3
(0.89, 0.97)3
-

0.55973
0.06743
0.82153

0.024392
0.035872
-

1.022
1.042
-

(1.01, 1.03)2
(1.03, 1.05)2
-

0.07302
0.00792
0.02912

0.011423
-0.079213
-

1.013
0.923
-

(0.97, 1.05)3
(0.88, 0.96)3
-

0.78703
0.06443
0.62203

-0.020472
-0.005232
-

0.982
0.992
-

(0.95, 1.01)2
(0.96, 1.01)2
-

0.41942
0.83732
0.30692

0.041963
-0.008113
-

1.043
0.993
-

(0.96, 1.12)3
(0.91, 1.07)3
-

0.58473
0.91623
0.48533

0.000482
0.003492
-

1.002
1.002
-

(0.99, 1.01)2
(0.99, 1.01)2
-

0.96602
0.74842
0.13722

-0.012273
-0.065353
-

0.993
0.943
-

(0.95, 1.03)3
(0.90, 0.98)3
-

0.73503
0.06793
0.30993

0.01792
0.01060

1.02
1.01

(1.00, 1.03)
(0.99, 1.03)

0.0249
0.1976

-0.00119
0.01441

1.00
1.01

(0.95, 1.05)
(0.96, 1.06)

0.9645
0.5919
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Model 2b (model 1b +
confounders)4
Intermediate walkability
High walkability
Model 3b (model 2b +
Study arm interaction
term)4
Intermediate walkability
High walkability
Observational study
arm*SES
Hormone therapy clinical
arm*SES
Dietary clinical arm *SES
Calcium/Vitamin D
clinical arm*SES
Model 4b (model 2b +
race/ethnicity interaction
term)4
Intermediate walkability
High walkability
Race/ethnicity*Walkability
Model 5b (model 2b + total
PA interaction term)4
Intermediate walkability
High walkability
Total PA*Walkability
Model 6b (model 2b + low
physical functioning
interaction term)4
Intermediate walkability
High walkability
Low physical
function*Walkability

0.039135
-0.019475

1.045
0.985

(1.02, 1.06)5
(0.97, 0.99)5

<.00015
0.01875

0.003426
-0.015656

1.006
0.986

(0.95, 1.06)6
(0.98, 1.04)6

0.89946
0.56716

-0.086215
-0.087035
-

0.925
0.925
-

(0.82, 1.01)5
(0.82, 1.02)5
-

0.36685
0.37845
0.43105

-0.008526
-0.065516
-

0.996
0.946
-

(0.79, 1.19)6
(0.73, 1.15)6
-

0.96676
0.75446
0.83176

-

-

-

0.80165

-

-

-

0.00326

-

-

-

0.77725
0.33645

-

-

-

0.09136
0.01836

0.033845
-0.035115
-

1.035
0.975
-

(1.01, 1.05)5
(0.95, 0.99)5
-

0.00015
0.00015
0.00055

-0.001746
-0.021916
-

1.006
0.986
-

(0.97, 1.03)6
(0.95, 1.01)6
-

0.94996
0.43486
0.33186

0.036405
-0.012335
-

1.045
0.995
-

(0.96, 1.06)5
(0.99, 1.09)5
-

0.79195
0.09225
0.82865

0.052256
-0.111336
-

1.056
0.896
-

(0.98, 1.12)6
(0.81, 0.97)6
-

0.46996
0.14216
0.12656

0.039155
-0.022505
-

1.045
0.985
-

(1.02, 1.06)5
(0.96, 1.00)5
-

<.00015
0.02735
0.84715

-0.034866
0.006926
-

0.976
1.016
-

(0.94, 1.00)6
(0.98, 1.04)6
-

0.30036
0.83506
0.00456
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Model 7b (model 2b + fall
frequency interaction
term)4
Intermediate walkability
High walkability
Fall frequency*Walkability
Model 8b (model 2b +
hormone therapy
interaction term)4
Intermediate walkability
High walkability
Hormone
therapy*Walkability
Model 9b (model 2b +
rurality interaction term)4
Intermediate walkability
High walkability
Rurality*Walkability
Model - Neighborhood
green space
Model 1c (Unadjusted)7
Intermediate green space
High green space
Model 2c (model 1c +
confounders)7
Intermediate green space
High green space
Model 3c (model 2c +
Study arm interaction
term)7
Intermediate green space
High green space
Observational study
arm*SES

0.043565
-0.014815
-

1.045
0.995
-

(1.00, 1.08)5
(0.95, 1.03)5
-

0.09885
0.58845
0.84905

0.015426
-0.027346
-

1.026
0.976
-

(0.99, 1.05)6
(0.94, 1.00)6
-

0.65426
0.43406
0.15056

0.022125
-0.026615

1.025
0.975

(0.98, 1.06)5
(0.93, 1.01)5

0.054936
0.040026

1.066
1.046

(1.00, 1.12)6
(0.98, 1.10)6

-

-

-

0.28065
0.20985
0.36565

-

-

-

0.39036
0.53616
0.85486

0.045615
-0.013675
-

1.055
0.99
-

(1.03, 1.07)5
(0.97, 1.01)5
-

<.0001 5
0.12465
0.08925

0.015926
-0.004416
-

1.026
1.006
-

(0.99, 1.05)6
(0.97, 1.03)6
-

0.57986
0.87966
0.82216

0.05304
0.09350

1.05
1.10

(1.03, 1.08)
(1.08, 1.12)

<.0001
<.0001

0.02777
0.06477

1.03
1.07

(0.95, 1.11)
(0.99, 1.15)

0.4962
0.1125

0.071888
0.096298

1.088
1.108

(1.05, 1.10)8
(1.08, 1.13)8

<.00018
<.00018

-0.017719
-0.009979

0.989
0.999

(0.91, 1.06)9
(0.91, 1.07)9

0.65909
0.81329

0.115788
0.223988
-

1.128
1.258
-

(0.86, 1.38)8
(1.00, 1.50)8
-

0.38078
0.08278
0.79068

-0.577779
-0.320119
-

0.569
0.739
-

(0.23, 0.89)9
(0.41, 1.05)9
-

0.08399
0.31829
0.04719
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Hormone therapy clinical
arm*SES
Dietary clinical arm *SES
Calcium/Vitamin D
clinical arm*SES
Model 4c (model 2c +
race/ethnicity interaction
term)7
Intermediate green space
High green space
Race/ethnicity*Green
space
Model 5c (model 2c + total
PA interaction term)7
Intermediate green space
High green space
Total PA*Green space
Model 6c (model 2c + low
physical functioning
interaction term)7
Intermediate green space
High green space
Low physical function
*Green space
Model 7c (model 2c + fall
frequency interaction
term)7
Intermediate green space
High green space
Fall frequency*Green
space
Model 8c (model 2c +
hormone therapy
interaction term)7
Intermediate green space

-

-

-

0.80168

-

-

-

0.15659

-

-

-

0.38458
0.24148

-

-

-

0.50669
0.10169

0.065648
0.095498
-

1.078
1.108
-

(1.05, 1.09)8
(1.08, 1.12)8
-

<.00018
<.00018
0.35558

-0.039309
-0.025089
-

0.969
0.989
-

(0.92, 1.00)9
(0.94, 1.02)9
-

0.33969
0.55929
0.14649

0.092558
0.112928
-

1.108
1.128
-

(1.06, 1.18)8
(1.08, 1.20)8
-

0.00028
<.00018
0.76608

0.072669
-0.035889
-

1.089
0.969
-

(0.97, 1.19)9
(0.85, 1.07)9
-

0.49379
0.74679
0.55299

0.066638
0.089748
-

1.078
1.098
-

(1.04, 1.10)8
(1.06, 1.12)8
-

<.00018
<.00018
0.53788

-0.003329
-0.034939
-

1.009
0.979
-

(0.95, 1.05)9
(0.92, 1.02)9
-

0.94789
0.51279
0.49969

0.079688
0.099998
-

1.088
1.118
-

(1.02, 1.14)8
(1.05, 1.17)8
-

0.00218
0.00028
0.78798

0.040379
0.022769
-

1.049
1.029
-

(0.99, 1.09)9
(0.97, 1.07)9
-

0.43159
0.67459
0.56249

0.044588

1.058

(1.00, 1.10)8

0.10848

-0.115349

0.899

(0.79, 0.98)9

0.22129
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0.093258
1.108
(1.05, 1.15)8
0.00088
-0.001279
1.009
(0.90, 1.10)9
0.98939
High green space
8
Hormone therapy*Green
0.6063
0.27139
space
Model 9c (model 2c +
rurality interaction term)7
0.072258
1.078
(1.05, 1.09)8
<.00018
0.008019
1.019
(0.97, 1.05)9
0.84959
Intermediate green space
0.090688
1.098
(1.07, 1.11)8
<.00018
0.013199
1.019
(0.96, 1.05)9
0.77189
High green space
8
0.2451
0.58619
Rurality*Green space
Bolded values represent significance with p<.05, and p<.10 for interaction terms (to account for Bonferonni correction).
P-values for interaction terms represent the joint tests of association. The joint tests for an effect is a test that all of the parameters associated with the
that effect are zero.
1
Referent category: Low SES
2
Confounders: age, rurality, ethnicity, marital status, and study arm.
3
Confounders: age, climate region, rurality, vision impairment, race/ethnicity, marital status, hormone therapy, and study arm.
4
Referent category: Low walkability
5
Confounders: age, race/ethnicity, marital status, and study arm.
6
Confounders: age, climate region, rurality, vision impairment, race/ethnicity, marital status, hormone therapy, and study arm.
7
Referent category: Low green space
8
Confounders: age, race/ethnicity, marital status and study arm.
9
Confounders: age, climate region, race/ethnicity, marital status, hormone therapy, and study arm.

Table 5.3 Stratified cox regression analysis of neighborhood and demographic characteristics on fracture incidence
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Model – Neighborhood
SES
Stratified by Study Arm
Observational study arm1
Intermediate SES
High SES
Hormone therapy clinical
trial arm –
Estrogen alone
intervention1
Intermediate SES
High SES
Hormone therapy clinical
trial arm –
Estrogen alone control1
Intermediate SES
High SES
Hormone therapy clinical
trial arm –
Estrogen+ Progesterone
intervention1
Intermediate SES
High SES
Hormone therapy clinical
trial arm –
Estrogen+ Progesterone
control1
Intermediate SES
High SES
Dietary clinical trial arm intervention1

β

HR

0.017272
0.020512

1.022
1.022

0.046562
-0.040112

Total fracture
95% CI

Hip Fracture
95% CI

p-value

β

HR

(0.99, 1.05)2
(0.99, 1.05)2

0.21982
0.14452

-0.005893
-0.051773

0.993
0.953

(0.91, 1.09)3
(0.87, 1.04)3

0.89483
0.24613

1.052
0.962

(0.94, 1.17)2
(0.85, 1.08)2

0.39742
0.51342

0.194323
0.128373

1.213
1.143

(0.85, 1.73)3
(0.77, 1.68)3

0.28123
0.51683

-0.037672
-0.003052

0.962
1.002

(0.87, 1.07)2
(0.89, 1.12)2

0.47322
0.95742

-0.046743
-0.160383

0.953
0.853

(0.69, 1.32)3
(0.59, 1.22)3

0.77973
0.38613

-0.049882
-0.048452

0.952
0.952

(0.87, 1.04)2
(0.87, 1.04)2

0.26792
0.29952

-0.218453
-0.213523

0.803
0.813

(0.62, 1.04)3
(0.62, 1.05)3

0.09853
0.11473

-0.015552
0.065522

0.992
1.072

(0.90, 1.08)2
(0.97, 1.17)2

0.73422
0.16022

-0.098273
-0.073863

0.913
0.933

(0.71, 1.17)3
(0.72, 1.20)3

0.44313
0.57193

p-value
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Intermediate SES
High SES
Dietary clinical trial arm control1
Intermediate SES
High SES
Calcium/Vitamin D
clinical arm –
intervention1
Intermediate SES
High SES
Calcium/Vitamin D
clinical arm – control1
Intermediate SES
High SES
Stratified by fall
frequency
No previous falls1
Intermediate SES
High SES
One previous fall1
Intermediate SES
High SES
Two previous falls1
Intermediate SES
High SES
Three or more previous
falls1

-0.043922
-0.046632

0.962
0.952

(0.90, 1.02)2
(0.90, 1.01)2

0.14802
0.12242

-0.181953
-0.243423

0.833
0.783

(0.69, 1.01)3
(0.65, 0.95)3

0.05893
0.01143

-0.045552
-0.034052

0.962
0.972

(0.91, 1.00)2
(0.92, 1.01)2

0.06482
0.15992

0.036903
-0.108153

1.043
0.903

(0.89, 1.22)3
(0.76, 1.05)3

0.64873
0.18693

-0.017392
-0.039352

0.982
0.962

(0.94, 1.02)2
(0.92, 1.00)2

0.41052
0.06802

-0.015613
-0.188253

0.993
0.833

(0.86, 1.12)3
(0.72, 0.95)3

0.81513
0.00713

0.000362
0.008582

1.002
1.012

(0.98, 1.03)2
(0.99, 1.03)2

0.97622
0.48022

-0.025373
-0.067153

0.983
0.943

(0.90, 1.05)3
(0.87, 1.01)3

0.50893
0.08083

0.021952
0.033622

1.022
1.032

(1.00, 1.05)2
(1.01, 1.06)2

0.10792
0.01352

-0.036432
-0.036692

0.962
0.962

(0.92, 1.01)2
(0.92, 1.01)2

0.11882
0.11562

-0.001142
-0.014122

1.002
0.992

(0.93, 1.07)2
(0.92, 1.06)2

0.97342
0.68792

Intermediate SES

0.128742

1.142

(1.04, 1.25)2

0.00542

High SES
Model - Neighborhood
walkability
Stratified by Study Arm
Observational study arm4

0.068802

1.072

(0.98, 1.18)2

0.15302
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Intermediate walkability
High walkability
Hormone therapy clinical
trial arm –
Estrogen alone
intervention4
Intermediate walkability
High walkability
Hormone therapy clinical
trial arm –
Estrogen alone control4
Intermediate walkability
High walkability
Hormone therapy clinical
trial arm –
Estrogen+ Progesterone
intervention4
Intermediate walkability
High walkability
Hormone therapy clinical
trial arm –
Estrogen+ Progesterone
control4
Intermediate walkability
High walkability
Dietary clinical trial arm intervention4
Intermediate walkability
High walkability
Dietary clinical trial arm control4
Intermediate walkability
High walkability

0.036635
-0.021375

1.045
0.985

(1.02, 1.06)5
(0.96, 1.00)5

0.00075
0.05555

0.025946
0.022856

1.036
1.026

(0.96, 1.10)6
(0.95, 1.10)6

0.47036
0.52876

0.064185
0.007885

1.075
1.015

(0.97, 1.18)5
(0.91, 1.12)5

0.19995
0.87965

0.108546
-0.074366

1.126
0.936

(0.82, 1.52)6
(0.67, 1.29)6

0.49306
0.65756

0.039145
-0.082575

1.045
0.925

(0.95, 1.14)5
(0.84, 1.01)5

0.39315
0.09045

0.012936
0.184306

1.016
1.206

(0.75, 1.36)6
(0.90, 1.61)6

0.93176
0.21976

-0.001965
-0.076155

1.005
0.935

(0.93, 1.08)5
(0.86, 1.00)5

0.95905
0.05265

0.038696
-0.212316

1.046
0.816

(0.84, 1.29)6
(0.65, 1.01)6

0.72096
0.06436

0.024985
-0.016745

1.035
0.985

(0.95, 1.10)5
(0.91, 1.06)5

0.48605
0.66015

0.281216
0.146736

1.336
1.166

(1.07, 1.64)6
(0.93, 1.44)6

0.00946
0.18676

0.058005
0.011475

1.065
1.015

(1.01, 1.11)5
(0.96, 1.06)5

0.01985
0.65165

-0.116826
-0.020646

0.896
0.986

(0.76, 1.04)6
(0.84, 1.14)6

0.13636
0.78726

0.042975
-0.025045

1.045
0.985

(1.00, 1.09)5
(0.94, 1.02)5

0.03245
0.22335

-0.125556
-0.163216

0.886
0.856

(0.78, 1.00)6
(0.75, 0.97)6

0.05346
0.01246
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Calcium/Vitamin D
clinical arm –
intervention4
Intermediate walkability
High walkability
Calcium/Vitamin D
clinical arm – control4
Intermediate walkability
High walkability
Stratified by
race/ethnicity
Non-Hispanic White4
Intermediate walkability
High walkability
Black or African
American4
Intermediate walkability
High walkability
Hispanic/Latino4
Intermediate walkability
High walkability
Asian or Pacific Islander4
Intermediate walkability
High walkability
American Indian or
Alaskan Native4
Intermediate walkability
High walkability
Other race/ethnicity4
Intermediate walkability
High walkability
Stratified by rurality4
Urban
Intermediate walkability

0.030015
-0.035065

1.035
0.975

(1.00, 1.07)5
(0.93, 1.00)5

0.09065
0.05285

-0.068996
-0.126576

0.936
0.796

(0.84, 1.04)6
(0.79, 0.98)6

0.21856
0.02486

0.043675
-0.016025

1.055
0.985

(1.03, 1.06)5
(0.97, 1.00)5

<.00015
0.10185

0.023866
0.018026

1.026
1.026

(0.96, 1.09)6
(0.96, 1.08)6

0.44026
0.56426

0.034395
-0.035865

1.045
0.975

(1.02, 1.05)5
(0.95, 0.98)5

<.00015
<.00015

0.106305
0.083545

1.115
1.095

(1.03, 1.20)5
(1.01, 1.17)5

0.00555
0.02945

0.037295
0.039425

1.045
1.045

(0.93, 1.16)5
(0.94, 1.16)5

0.49945
0.46505

0.039335
0.146115

1.045
1.165

(0.91, 1.19)5
(1.02, 1.32)5

0.55395
0.02115

0.152845
0.069905

1.175
1.075

(0.88, 1.54)5
(0.80, 1.43)5

0.28245
0.63425

0.166505
0.156705

1.185
1.175

(1.00, 1.40)5
(0.99, 1.39)5

0.05335
0.07175

0.045755

1.055

(1.03, 1.07)5

<.00015
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-0.013705
High walkability
Large rural city/town
Intermediate walkability
-0.051225
High walkability
-0.164125
Small, rural town
Intermediate walkability
-0.001865
High walkability
-0.044995
Isolated, small rural town
Intermediate walkability
0.011875
High walkability
-0.079925
Stratified by low physical functioning4
Low physical functioning
Intermediate walkability
High walkability
Did not report low
physical functioning
Intermediate walkability
High walkability
Model - Neighborhood
green space
Stratified by Study Arm
Observational study arm7
0.070648
Intermediate green space
0.085398
High green space
Hormone therapy clinical
trial arm –
Estrogen alone
intervention7
0.075208
Intermediate green space
0.051378
High green space
Hormone therapy clinical
trial arm –
Estrogen alone control7
0.034618
Intermediate green space

0.995

(0.97, 1.00)5

0.12385

0.955
0.855

(0.87, 1.04)5
(0.78, 0.93)5

0.23845
0.00035

1.005
0.965

(0.87, 1.15)5
(0.83, 1.10)5

0.97925
0.53695

1.015
0.925

(0.85, 1.20)5
(0.78, 1.09)5

0.89365
0.34185

-0.025656
0.009076

0.986
1.016

(0.91, 1.04)6
(0.95, 1.08)6

0.44686
0.78576

0.057496
-0.076646

1.066
0.936

(0.97, 1.16)6
(0.84, 1.02)6

0.21506
0.11806

1.078
1.098

(1.04, 1.11)8
(1.06, 1.12)8

<.00018
<.00018

-0.010169
-0.023499

0.999
0.989

(0.89, 1.10)9
(0.88, 1.09)9

0.84739
0.67609

1.088
1.058

(0.94, 1.23)8
(0.92, 1.20)8

0.27128
0.45138

-0.113799
-0.063539

0.899
0.949

(0.55, 1.45)9
(0.58, 1.53)9

0.64599
0.79769

1.048

(0.91, 1.17)8

0.58478

-0.046179

0.969

(0.63, 1.46)9

0.82989
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0.110698
1.128
(0.99, 1.26)8
0.07548
-0.035069
0.979
(0.63, 1.49)9
High green space
Hormone therapy clinical
trial arm –
Estrogen+ Progesterone
intervention7
0.108928
1.128
(1.00, 1.24)8
0.04288
-0.153779
0.869
(0.62, 1.19)9
Intermediate green space
0.159018
1.178
(1.06, 1.30)8
0.00258
-0.021799
0.989
(0.71, 1.36)9
High green space
Hormone therapy clinical
trial arm –
Estrogen+ Progesterone
control7
0.200158
1.228
(1.10, 1.35)8
0.00018
-0.055429
0.959
(0.70, 1.29)9
Intermediate green space
8
8
8
8
9
9
0.22476
1.25
(1.13, 1.39)
<.0001
-0.14956
0.86
(0.63, 1.18)9
High green space
Dietary clinical trial arm intervention7
0.028428
1.038
(0.96, 1.10)8
0.39758
-0.174399
0.849
(0.67, 1.05)9
Intermediate green space
8
8
8
8
9
9
0.05899
1.06
(0.99, 1.13)
0.0837
-0.14151
0.87
(0.68, 1.10)9
High green space
Dietary clinical trial arm control7
0.073298
1.088
(1.02, 1.14)8
0.00838
-0.015729
0.989
(0.81, 1.20)9
Intermediate green space
0.138888
1.158
(1.09, 1.21)8
<.00018
0.077429
1.089
(0.88, 1.32)9
High green space
Calcium/Vitamin D
clinical arm –
intervention7
0.107548
1.118
(1.06, 1.17)8
<.00018
-0.036909
0.969
(0.82, 1.14)9
Intermediate green space
0.145838
1.168
(1.10, 1.21)8
<.00018
-0.038029
0.969
(0.81, 1.14)9
High green space
Calcium/Vitamin D
clinical arm – control7
0.062438
1.068
(1.04, 1.09)8
<.00018
-0.009819
0.999
(0.91, 1.08)9
Intermediate green space
8
8
8
8
9
9
0.08428
1.09
(1.06, 1.12)
<.0001
0.00070
1.00
(0.91, 1.10)9
High green space
Bolded values represent significance with p<.05.
1
Referent category: Low SES
2
Confounders: age, rurality, ethnicity, marital status, and study arm .
3
Confounders: age, climate region, rurality, vision impairment, race/ethnicity, marital status hormone therapy, and study arm
4
Referent category: Low walkability

0.87359

0.36149
0.89559

0.72309
0.35589

0.12819
0.24409

0.87569
0.45159

0.66629
0.66589

0.82929
0.98839

5

Confounders: age, race/ethnicity, marital status, and study arm .
Confounders: age, climate region, rurality, vision impairment, race/ethnicity, marital status, hormone therapy, and study arm.
7
Referent category: Low green space
8
Confounders: age, race/ethnicity, marital status and study arm .
9
Confounders: age, climate region, race/ethnicity, marital status, hormone therapy, and study arm.
6
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CHAPTER 6
CONCLUSIONS AND IMPLICATIONS
6.1 IMPORTANCE OF RESEARCH
Falling and fracture among older adults is a growing public health concern, due to
population aging and longer life expectancy in most developed countries.333 Both falling
and fracture have been related to loss of functional independence,334 social isolation,335,336
and mortality.41,62 Hip fracture (which accounts for 14% of fractures4) has especially
devastating consequences, including reduced physical functioning, quality of life, social
integration, and independence, as well as decreased overall health status and increased
risk for mortality.65–69 Not only do falling and fracture have physical, but also economic
consequences; the average hospitalization cost for a fall injury is $34,294 and for fracture
is $39,813.337,338 Each year, $50 billion is spent on non-fatal falls and $754 million on
fatal falls.39 For fracture, $20 billion is spent per year.339,340 Approximately 71% of all
falls5 and fractures4 in older persons occur among women, and women account for 75%
of fracture expenditures.4 Indeed, falling and fracture have important physical, social, and
economic consequences, and especially among older women.6,19,44,75
With increasing trends of falls and related injuries in recent years among
women,341–345 it is important to identify key risk factors that can be effectively intervened
upon. Approaching research on falling and fracture risk factors in older adulthood from
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the community-level of the social ecological model, by researching the role of
infrastructure and environmental changes on these outcomes, is necessary to deal with
rising incidence, prevalence, and related costs.16,25,284,346 Importantly, built and physical
environment features that make up neighborhoods and communities are recognized as
contributing factors for population-level health behaviors, like PA.18,157,347,348 For older
adults, ample research has demonstrated that community features, like increased sidewalk
connectivity or walkability, neighborhood aesthetics, green space, presence of visible
water outlets, neighborhood SES, safety, exposure to air pollution, and access to nearby
outlets have a salient effect on PA and mobility.57,118,125,286–292 Though these
environments have been linked to PA, fewer studies have linked neighborhood and
outdoor features such as these with outcomes related to PA, such as falling and
fracture.14,21–24 Some studies have linked falling with neighborhood SES, physical
disorder, and social cohesion and fewer studies have linked hip fracture with
neighborhood SES, but major research limitations and gaps exist.14,21–24 Moreover, none
of these studies have examined the important roles of green space and walkability on
falling and fracture.
Addressing built environment characteristics at a more distal, community level
can promote population-level reductions in falls and fracture by modifying the context in
which older adults regularly interact. While much research exists on the role of home
environment in causing or preventing falling and subsequent injury or fracture,11,12,52
research on outdoor environments and neighborhood characteristics is lacking. This is
unfortunate since most older adults participate in walking for exercise,118 and not
surprisingly, over half of falls and fractures take place outdoors.14,15 Moreover, older
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adults facing reduced mobility and life space are more dependent on their neighborhoods,
not only for PA and transport, but also for social interaction and accessing important
health resources.16,21,288,326,349 By integrating data on the built, physical, and social
environments, the current study substantially contributed to research promoting Active
Aging and Aging in Place.16,25,38 Finally, examining the association of outdoor
environment features on falling and fracture can help explain the important role of
contextual influences on disparities according to race or ethnicity, activity level, physical
impairment, history of falling, hormone therapy use, and rurality. Previous research has
presented conceptual models demonstrating that differential access to health-promoting
environmental features may impact health behaviors (i.e., PA) and outcomes (i.e.,
functional status) among older adults,112,284,346 to justify the movement towards Aging in
Place and Aging Friendly Environments. However, many of these studies have not
connected the differences in community features to important health outcomes, like
falling and fracture. Furthermore, considering the role of individual-level,
sociodemographic characteristics as correlates of falling and fracture may contribute to
better understanding determinants of these patterns.2,19
6.2 SUMMARY OF MAJOR FINDINGS
The purpose of this study was to identify specific outdoor and neighborhood
environmental features related to falls and fracture among postmenopausal women, and
also examine important modifiers for these relationships. Our results showed that outdoor
environments impact falling among community-dwelling older women in the U.S.
Neighborhood SES, walkability, and green space had significant relationships with
falling risk after adjustment for important covariates. Specifically, higher SES,
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walkability, and green space showed decreased odds of falling compared to low SES,
walkability, and green space. Study arm assignment and fall history significantly
modified the relationship between SES and falling, study arm assignment and
race/ethnicity significantly modified the relationship between walkability and falling, and
only study arm participation significantly modified the relationship between green space
and falling. Stratified analyses by fall history showed that those with no previous falls at
baseline experienced a protective effect of SES on falling, while those with 1, 2, or 3 or
more falls at baseline showed no relationship between SES and falling. Important racial
and ethnic disparities existed in this research for the relationship between neighborhood
walkability and falling incidence. Findings from this research showed that Non-Hispanic
White participants had slightly decreased odds of falling for higher compared to low
walkability, while American Indian/Alaskan Native participants showed increased odds
of falling for higher compared to low walkability.
Our study also showed that neighborhood SES had no significant relationship
with total fracture, and walkability and green space had significant relationships with
total fracture incidence after adjustment for important covariates. Specifically, results
indicated that high walkability was related to decreased risk, and intermediate walkability
was related to increased risk for total fracture when compared to the low walkability.
Also, higher compared to lower levels of green space were related to a significant
increase in total fracture risk in our sample. Effect modifiers were also identified and
showed differences in the relationship between SES and total fracture by fall history and
between walkability and total fracture by race/ethnicity and rurality. Interestingly, the
relationship between neighborhood SES and total fracture was significant only among
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women who had experienced no previous falls or three or more previous falls at
enrollment, with higher compared to lower neighborhood SES showing increased risk for
total fracture in these groups. For race/ethnicity, Black/African American and
Asian/Pacific Islander showed increased total fracture risk for intermediate and high
compared to low walkability while Non-Hispanic White women showed decreased total
fracture risk for high walkability compared to low walkability. For rurality, women living
in larger rural cities/towns had reduced total fracture risk when comparing high to low
walkability, while women in urban environments had increased fracture risk when
comparing intermediate to low walkability.
Lastly, high compared to low neighborhood SES showed significantly decreased
risk for hip fracture, an outcome with more detrimental health implications compared to
total fracture,65–69 after adjustment. Effect modifiers were also identified and showed
differences in the relationship between walkability and hip fracture by study arm and
physical functioning status and between green space and hip fracture by study arm. After
stratification by study arm, results showed that high compared to low walkability
significantly reduced hip fracture risk among women in the calcium and vitamin D
supplementation clinical trial arm. While estimates differed according to whether women
reported low physical functioning at baseline, there as no significant impact of
walkability among those reporting low physical functioning and those who did not.
6.3 IMPLICATIONS
Findings from this research fill an important gap in the literature on the
importance of these features for determining understudied outcomes and this is the first
study to establish a longitudinal relationship between natural, built, and structural social
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conditions on falling and fracture. These results and the burgeoning field of research they
contribute to will help promote a larger, worldwide movement towards Active Aging. For
this project, we focused on themes identified within the outdoor environment, such as the
importance of green spaces, walkability, and structural social conditions that promote
feelings of security.25,38 This has important implications for public health practice, and
informs existing initiatives towards Active Aging.38 The Active Aging approach is based
on principles of independence, participation, dignity, care, and self-fulfillment, and is
recognized and supported by the United Nations.37 Moreover, it acknowledges the
importance of gender, earlier life experiences, and culture on how individuals age, and
accounts for biological, psychological, behavioral, economic, social, and (most
importantly) environmental factors that determine overall health and well-being.37
Outdoor risk factors that are specific to women were identified as part of this
research to assist with gender disparities in falling, fracture, and relatedly, ability to age
independently. Moreover, advocating for improved outdoor environments that facilitate
Active Aging has additional, positive implications for other age groups.38 By improving
outdoor conditions in ways that are conducive for older adults, who may be experiencing
increased physical and cognitive decline, public health practitioners also create better
environments for activity and social interaction for all age groups, physical abilities, and
mental capacities.16,137,286,346 Next, this study can inform existing initiatives, such as the
Center for Disease Control’s Stopping Elderly Accidents, Injuries, and Deaths (STEADI)
program.416,417,453 For instance, the STEADI program has a three step approach for
screening for risk, assessing modifiable risk factors, and intervening to reduce risk
through clinical and community strategies.416,417,453 This program can begin to
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incorporate screening and assessments for risky outdoor environments, such as those with
poor walkability, and intervene either through policy advocacy and infrastructure
changes, or by facilitating transportation to more suitable outdoor locations. In addition,
this study outlines important methods for using publicly available, objective
environmental data to assess outdoor determinants for falling and fracture. Public health
practitioners can use similar methods to more easily identify locations that need
intervention using publicly available data. Specifically, local practitioners can feasibly
map whether environmental resources are present or lacking in areas with noticeably
higher rates of falling and fracture among older women (using spatial mapping programs,
such as ArcGIS). Lastly, this study identified groups that may be more impacted by their
outdoor environments, such as those identifying as Black or African American, Asian or
Pacific Islander, and Alaskan Native and American Indian, as well as those living in
larger rural areas, and those with no previous falls.
Additional implications of this study for public health research should be noted.
First, this study highlights the importance of outdoor environments for aging in place, but
data were not available on indoor environments using WHI data. For this reason, public
health researchers can build on this research by examining whether indoor and outdoor
environments have a synergistic impact on falling and fracture risk over time. Indoor
environments are well studied,49–52,56 and the current study provides information on
outdoor risk factors for falling, but research is needed that incorporates measures of both
to understand barriers women face towards avoiding falls as they age. In addition, future
research can also further investigate the relationship we established between walkability
and falling and fracture to understand which specific walkability components are most
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impactful. Developing a checklist of walkability components that are important to
consider for falling risk would be an important advancement in this field and show
promise for research translation in community settings.157,215,391,454 Moreover, researchers
should examine barriers older women face towards utilizing walkable environments, as
well as local green spaces.157,246,397,399,438,445,455 For example, crime and traffic safety,
access to public transportation, and adequate shade and benches were not included in our
study due to data availability, but should be studied in the future. Next, researchers
should employ ecological analyses to understand if neighborhood environments have a
more salient impact on population-level, instead of individual-level, falling and fracture
outcomes.291,456 For instance, additional research on environmental exposures can utilize
existing population-based datasets, such as the American Academy of Orthopaedic
Surgeons Fracture and Trauma registry.439 Lastly, researchers should examine the
mediating roles of PA and physical impairment (or frailty) for the relationships between
neighborhood SES, walkability, and green space and falling and fracture. In this study,
PA and physical impairment were not identified as effect modifiers, so more research
should uncover how these variables impact the indirect relationship between
neighborhood environment and falling and fracture.
6.4 CONCLUSION
Neighborhood environments impact health in many ways, but their impact on
falling and fracture risk is important to consider for preventing physical decline among
older adults.137,137,346 Based on the findings from this study, intervention strategies that
improve objective neighborhood SES, walkability, and green space could reduce the risk
of outdoor falls and encourage community engagement among postmenopausal women.
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Moreover, more suitable outdoor environments (with more favorable socioeconomic
conditions, walkability, and green space) may improve the ability for older women to
remain active with age, which is an important health behavior for promoting longevity.
Findings from this study also indicated that increased neighborhood green space was
related to increased risk for total fracture and increased walkability showed a mixed
relationship with total fracture risk, while SES did not have a significant impact on
fracture risk after adjustment. Examining stratified analyses by study arm, fall history,
rurality, low physical functioning status, and race/ethnicity provided important
information about subgroup differences. Future longitudinal research should further
examine the role of SES, walkability, and green space factors in the relationship between
neighborhoods and falling and fracture, by integrating some subjective measures of
barriers in outdoor environments, examining mediators for these relationships, and
studying PA and physical impairment levels over time. Older adults and postmenopausal
women are dependent on their immediate environments and many will choose to age in
place instead of moving from their residence to receive additional assistance.137 Studying
the relationships between outdoor and neighborhood environments and falling and
fracture outcomes in the U.S is important for encouraging active and independent aging
among women.
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Marilyn Wende
Arnold School of Public Health
Epidemiology & Biostatistic
Columbia, SC 29208
Re: Pro00109956
Dear Ms. Marilyn Wende:
This is to certify that Research Proposal entitled Neighborhood socioeconomic status, green space, and walkability
and risk for falls and fracture among postmenopausal women: The Women’s Health Initiative was reviewed on
4/14/2021 by the Office of Research Compliance, an administrative office that supports the University of South
Carolina Institutional Review Board (USC IRB). The Office of Research Compliance, on behalf of the Institutional
Review Board, has determined that the referenced study meets the Not Human Subject criteria set forth by the Code of
Federal Regulations (45 CFR 46) of:
a.

the specimens and/or private information/data were not collected specifically for the currently proposed
research project through an interaction/intervention with living individuals AND

b.

the investigator(s) including collaborators on the proposed research cannot readily ascertain the identity of
the individual(s) to whom the coded private information or specimens pertain

No further oversight by the USC IRB is required; however, the investigator should inform the Office of Research
Compliance prior to making any substantive changes in the research methods, as this may alter the status of the project.
If you have questions, contact Lisa M. Johnson at lisaj@mailbox.sc.edu or (803) 777-6670.
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