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Abstract

Background—Health researchers have explored how different aspects of neighborhood
characteristics contribute to health and well-being, but current understanding of built environment
factors is limited.

Purpose—This study explores whether the association between stress and health varies by
residential neighborhood, and if yes, whether built and social neighborhood environment
characteristics act as moderators.

Methods—This study uses multilevel modeling and variables derived from geospatial data to
explore the role of neighborhood environment in moderating the association of stress with health.
Individual-level data (N=4,093) were drawn from residents of 45 neighborhoods within
Philadelphia County, PA, collected as part of the 2006 Philadelphia Health Management
Corporation's Household Health Survey.

Results—We find that the negative influence of high stress varied by neighborhood, that
residential stability and affluence (social characteristics) attenuated the association of high stress
with health, and that the presence of hazardous waste facilities (built environment characteristics)
moderated health by enhancing the association with stress.

Conclusions—Our findings suggest that neighborhood environment has both direct and
moderating associations with health, after adjusting for individual characteristics. The use of
geospatial data could broaden the scope of stress—health research and advance knowledge by
untangling the intertwined relationship between built and social environments, stress, and health.
In particular, future studies should integrate built environment characteristics in health-related
research; these characteristics are modifiable and can facilitate health promotion policies.
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Introduction

Recent literature on neighborhood effects typically adopts multilevel designs, incorporating
contextual data, to explain variations in health across residential areas. Researchers have
explored how different aspects of neighborhood characteristics are associated with health
and well-being [1, 2], though our current understanding of the mechanisms and processes by
which neighborhood “gets under the skin” is limited [3, 4]. The research focus has begun to
shift from asking whether to why neighborhood matters [5]. Although health researchers
have worked to identify direct associations between health outcomes and neighborhood, the
need for further exploration of potential mechanisms and indirect associations is needed. In
this paper, our outcome measure is a composite measure of health (described below).

Stress is one of the precursors of illness. Stress has been linked to a wide range of health and
social outcomes, such as cardiovascular diseases [6], cancers [7], deviant behaviors [8] as
well as biological reactions [9]. Little is known, however, about whether stress varies by
neighborhood and, if it does, what accounts for the variation. Kasl [10] defined “stress” as
having four dimensions: an environmental exposure or experience; an appraisal of an
environmental condition; a response to environmental exposure; and an interactive
association between environmental demands and personal capability to fulfill these
demands. Following Kasl, the formation of stress may be associated with both individual
and neighborhood environment factors. To date, most neighborhood research has focused on
the social dimension, finding socioeconomic conditions, deprivation, and social capital
related to health [11, 12]. In contrast, measures of the neighborhood-built environment, even
though potentially modifiable, have received relatively little attention in the literature.

In this paper, we explore several interrelated questions regarding stress and health: Does the
association between stress and health vary by residential neighborhood? If yes, does the
interaction between individual stress and neighborhood explain the phenomenon? Is the built
environment as important as social environment in understanding the variation of stress
across neighborhoods? To answer these questions, we explore the indirect relationship
between neighborhood and health. Explicitly, if the association of stress with health varies
by neighborhood, those factors moderating this spatially varying association should have an
indirect influence on health. Furthermore, we investigate whether variables associated with
the built environment were as crucial as the social environment factors that have been
emphasized in the literature.

Research Framework

This paper provides a unique integration of geospatial data on built and social environment

factors with individual-level survey data and explores associations that may provide insight
in to how neighborhood environment “gets under the skin” [3]. The emergence of multilevel
modeling and the multilevel framework has generated what has been described as an
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“explosion” of neighborhood effects studies, particularly in social research [13]. How “place
gets into people” and how people influence place is enormously complex and
multidimensional [4]. Unfortunately, this complexity and multidimensionality (e.g.,
endogenous effects, selection) is often simplified in multilevel modeling frameworks [14—
17]. Figure 1 outlines the research framework of this study. Individuals are assumed to be
embedded in their residential neighborhood. Within individuals, stress should be directly
associated with (solid arrow) health. Beyond the individual level, both the social and the
built environment are expected to be associated with variations in individual health across
neighborhoods. Furthermore, the neighborhood environment is anticipated to be indirectly
related to the association between stress and health (dashed arrow). We are particularly
interested in the interaction between environment and stress [18].

At the individual level, demographic characteristics and socioeconomic status variables are
fundamental predictors of health. The former comprises age, gender, marital status, and
race/ethnicity while the latter includes employment status, education, health insurance, and
poverty. Prior studies provided consistent findings that individual factors can be important
determinants of health [19]. Unemployment, low education, and age were found to be
negatively related to health [20], but marriage was protective for measures of well-being
[21]. Similarly, access to health care, health insurance, and transportation were important
and positively associated with health [22, 23].

At the neighborhood level, recent studies have demonstrated that social factors directly
affect human health [24, 25]. Better social capital, neighborhood trust, and socioeconomic
composition were related to improved health in the US [26]. In disadvantaged areas,
explanations for poor health outcomes included poor air and water quality [27],
environmental pollution sources [28], inferior housing conditions [29], low-quality food
supply [30], insufficient investment in infrastructure [31], and crime [32]. While these
studies provide evidence of the direct association of individual and neighborhood
characteristics with health, few studies consider indirect associations between neighborhood
characteristics and health. At least one recent study explored indirect associations more
closely [33] concluding that the stability of a neighborhood moderates the relationship
between stress and health. We incorporate both built and social environments into research
as potential moderators to better understand pathways to health.

The association between the built environment and stress and mental health has been well-
established in psychology [34, 35]. Poor neighborhood resources [22, 36], noise or busy
traffic [37-39], and hazardous exposure [40-43] all have been reported to have positive
associations with stress or other psychiatric symptoms. Clinically, respondents affected by
very low doses of chemicals who showed physical symptoms as well as subtle psychological
disturbances were identified as experiencing “hazardous waste syndrome” [44]. That is,
stress and mental health may, in part, be determined by built environment characteristics.
These characteristics, therefore, should be included in multilevel modeling studies as
moderators. The interaction between stress and the built environment can help answer
whether the effect of stress on health varies in magnitude as a function of the built
environment. We introduce three possible built environment moderators: hazardous waste,
traffic, and health care infrastructure.
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In addition to the built environment, we consider components of the social environment as
possible moderators. We focus on neighborhood safety, residential stability, and
socioeconomic composition. It has been well documented that high crime rates are
associated with a wide range of stress symptoms such as sleep disturbances, anxiety, and
stress disorder [45, 46]. Similarly, witnessing acts of violence, being victims of crimes, or
being aware of offenses are all associated with poor mental health [3, 47]. On the other
hand, residential stability has been found to moderate the association between stress and
health; operating through social support [48]. For example, a recent study concluded that the
associations between stress and health were weaker for residents of more stable
neighborhoods compared with those in high turnover areas [33]. A stable neighborhood
enhances face-to-face interactions and strengthens participation among residents, provides a
sense of consistency and belonging, and also promotes emotional support as well as access
to material resources when individuals were exposed to stressors [33, 49]. Socioeconomic
composition—usually measured by income, occupation, and education—has been argued to
be the fundamental proxy describing the environment where people live. Several studies
have found that life stress events, i.e., job loss, were more likely to be experienced by the
members of poor neighborhoods [50, 51]. In addition, lower socioeconomic status (SES)
status neighborhoods were associated with failing infrastructure and discriminatory behavior
[52]. A longitudinal study concluded that the characteristics of poor infrastructure
neighborhoods were sources of stress [53]. Thus, neighborhood socioeconomic composition
appears to be a main component of the social environment and can help to capture the
influence of omitted variables associated with stress. In summary, our analytic plan explores
the moderating effects of both built and social environment.

Research Hypotheses

Our research framework leads to five hypotheses. (1) Higher stress is associated with worse
health; even after controlling for other individual characteristics. (2) Built environment
characteristics are associated with individual health, including that: (2.a) the presence of
hazardous facilities is negatively related to health; (2.b) high traffic exposure is negatively
related with health; and (2.c) greater availability of health care is positively related with
health. As regards the moderating effects of the built environment between stress and health,
we expect the negative association between stress and health to be (3.a) weaker in the
neighborhood with less hazardous exposure; (3.b) less pronounced in the neighborhood with
less traffic; and (3.c) reduced by the availability of health care. And with respect to the
association between social environment factors and individual health, we expect: (4.a)
neighborhood safety to be positively associated with health; (4.b) stable neighborhoods to be
positively associated with health; and, (4.c) that socioeconomic composition is positively
associated with health. (5) Finally, with regard to the moderating effects of the social
environment between stress and health we expect: (5.a) neighborhood safety to weaken the
negative association between stress and health; (5.b) the association between stress and
health to be weakened in a stable neighborhood, and (5.c) the association between stress and
health to be weakened in high-SES neighborhoods.
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Study Population and Design

Measures

Individual-level data come from the Philadelphia Health Management Corporation's
(PHMC) 2006 Household Health Survey, including comprehensive data on personal health
behavior and health care experience in a five-county area in southeast Pennsylvania [54].
The 2006 PHMC was a telephone survey of over 10,000 households; the participants were
interviewed in English or Spanish. A random-digit dial methodology based on a stratified
sampling frame was used to ensure representation within 54 smaller geographic areas across
a five-county area of southeast Pennsylvania. The response rate for the PHMC 2006 was
24% based on the American Association for Public Opinion Research response rate criterion
#3 (which does not include partial interviews in the numerator and does not include all
phone numbers of unknown eligibility in the denominator, but rather a proportion based on
known residential plus non-residential phone numbers). This study is based on the data
collected in PHMC 2006 on the 4,093 respondents of Philadelphia County. The 2006 PHMC
also provides balancing weights, which are used in this study to reflect the varying
probabilities of a person with particular features being selected for an interview [54]. The
balancing weights are used in the multivariate analysis. While the response rate is low the
proportion of the respondents in PHMC 2006 closely matches the demographic (age, race),
social (marital status), and economic (educational attainment, employment status, poverty
status) structure of Philadelphia County as reported by the US Census Bureau in their 3-year
2006-2008 release of the American Community Survey (ACS) [55]. The expected and
notable exception is the lower participation of men in the PHMC (30% vs. 47% in the ACS).
Research finds no significant biases as a result of response rate differences based on surveys
with 50% and 25% response rates [56]. In a recent study, Holbrook, Krosnick and Pfent [57]
found that lower response rates do decrease demographic representativeness though not by
much and suggest that “This evidence challenges the assumptions that response rates are a
key indicator of survey quality” (p. 528). Philadelphia County was divided into 45
neighborhoods based on aggregations of census tracts and input on the neighborhood
boundaries from local planners, officials, and organizers [54]. Since the 1980s, the 45
neighborhood boundaries have remained unchanged across all previous PHMC surveys.
Neighborhood-level data come from several data sources introduced below (see Table 1 for
descriptive statistics).

Dependent Variable—Health was operationalized using a composite score derived from
both physical health condition measures and a self-rated health measure (see Boardman
[33]) for a similarly constructed dependent variable). First, respondents were asked if they
had any of the following six physical health problems: asthma, a heart problem, diabetes,
arthritis, high blood pressure, and high cholesterol. We summed and standardized the
number of “no” responses to construct a measure of positive health (i.e., six “no” responses
implies the absence of any health problem). Second, participants were also asked to evaluate
their overall health from “excellent” to “poor.” Self-rated health has been identified as a
valid predictor of various health outcomes, independent from other covariates [58]. This
indicator was consistent with physical health (Cronbach's alpha=0.653). We standardized the
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self-rated health scores and averaged the physical condition measure within individuals to
create the dependent variable used in the analysis (where higher scores indicate better
health).

Independent Variables—Individual Level—Respondents rated their level of stress
during the past year using a scale from 1 (no stress) to 10 (an extreme amount of stress).
While we acknowledge the complexity of operationalizing stress, this was the only measure
available in the data set. A subjective stress assessment has been argued to provide precisely
what a stress researcher needs [59], and it can summarize the equilibrium of environmental
demands and individual coping ability and thus reflect day-to-day stress. To capture the
potential nonlinear association between stress and health, we categorized the stress level into
five groups: stress-free (reference group; 1), below average (2-3), average (4-6), above
average (7-8), and high stress (9-10).

Four demographic covariates were used. Age was a continuous variable measured in years.
Gender was a dummy variable where males were coded 1 and females 0. Race was coded 1
if respondents self-identified as African Americans and 0 otherwise. Marital status was
trichotomized into married/cohabiting, widowed/separated, and single (reference group).
Three socioeconomic controls were included in the models. Employment status was
categorized into four groups—employed, retired, incapable of working, and others (reference
group). Education was a dummy variable coded 1 if respondents completed high school, 0
otherwise. Poverty was captured by a dummy variable, and coded 1 if the family income
was below the federal poverty level, 0 otherwise.

We included several controls related to individual social networks in order to account for the
effect of duration of residence on health. The PHMC 2006 did not include a question on the
duration of residence in the present house/neighborhood so we do not have a direct measure.
Several measures within PHMC 2006, however, do provide information on the strength of
ties and the degree of embeddedness of respondents within their neighborhood. Religiosity
was measured with the frequency of attending religious services. Respondents were
categorized into four groups: weekly; monthly; yearly; and never (reference group).
Neighborhood participation was measured with the number of local groups respondents
belong to, coded as none (reference group), only one group, and two or more groups. In
addition, we conducted factor analysis to generate a measure of neighborhood trust based on
the extent to which respondents agreed with the following questions: “neighbors are willing
to help each other” (factor loading=0.76); “neighbors ever worked together” (0.58); “belong
to the neighborhood” (0.77); and “people in the neighborhood can be trusted” (0.74). The
internal consistency among these questions was 0.66, and the total variance explained by the
sole factor was 51.8%.

We used four variables associated with individual access to medical resources. Insurance
status was coded 1 if respondents have health insurance, 0 if not. Dental insurance status
was coded 1, otherwise 0. Respondents with a regular source of care were coded 1, 0
otherwise. Finally, we created a transportation difficulty measure, coded 1 if respondents
ever canceled doctor appointments due to the lack of transportation.
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Independent Variables—Neighborhood Level—At the neighborhood level, we
identified four variables associated with built environment characteristics: traffic exposure,
hazardous waste exposure based on (a) Toxic Release Inventory (TRI) and (b) Residual
Waste Operations (RWO), and a measure of medical infrastructure.

The traffic exposure measure was derived from geospatial data. We used geographic
information system (GIS) software, specifically ArcGIS [60], to create a novel, objective
indicator of neighborhood-level traffic exposure within each neighborhood: daily vehicle
milestraveled (DVMT). Similar to the “annual average daily traffic” by Houston et al. [38],
DVMT was expected to capture both direct and moderating effects [18] of traffic exposure
on health. Specifically, we used Pennsylvania Department of Transportation [61] geo-
referenced data on traffic volume (based on the amount of vehicle traffic that traveled
sections of road) to construct DVMT, which was the product of the length of road (in miles)
and average daily traffic estimate. The neighborhood boundaries and the traffic network
were overlaid in ArcGIS, and then, we averaged the DVMT of every road within each
neighborhood. This yielded a measure of traffic exposure for each neighborhood. To avoid
small estimated coefficients, the standardized score of DVMT was used in our analysis.

Two variables were correlated with hazardous exposure— the presence of TRI site and
RWO site. The TRI site was a facility that manages chemicals released from industries
including manufacturing, metal and coal mining, electric utilities, commercial hazardous
waste treatment, and other industrial sectors [62]. The RWO was a primary facility related to
the materials and products that were not able to be reused, recycled, or composted and
require disposal technologies such as landfill and incineration [63]. The Pennsylvania
Department of Environment Protection [64] geocoded the addresses of these facilities, and
we overlaid these with neighborhood boundaries. The neighborhoods with TRI sites were
coded 1, O if without. A similar coding scheme was applied to the RWO.

We generated a measure of medical infrastructure and capacity (medical resources) as this
was a potential mechanism through which neighborhood can moderate the association of
stress with health. Using the 2005-2006 data from the Pennsylvania Department of Health
[65], we extracted all the licensed or approved hospitals located in Philadelphia County.
Also, we calculated the following variables related to medical resources and condensed in to
a factor score: (1) number of licensed and staffed beds per 1,000 population (0.98), number
of licensed medical doctors per 1,000 population (0.93), number of hospitals (0.86), and
number of patients receiving flu vaccine, age 65 years and older (0.79). Almost 80% of the
total variance was explained by one factor.

As with the built environment, we generated four measures of the social environment: social
disadvantage, concentrated affluence, residential stability, and neighborhood safety. The
first three of these are motivated by Sampson and colleagues and prior research in urban
sociology [66, 67]. Social disadvantage and concentrated affluence were derived from 2000
US Census data. Following a factor analysis using the varimax rotation method, seven social
condition variables were calculated, and from these, the two factors were identified. Five
variables loaded on “social disadvantage”: percent of households with resident/room ratio
greater than 1 (0.78), percent of female-headed households (0.86), unemployment rate
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(0.94), poverty (0.96), and percent of people receiving public assistance (0.90). Two
variables loaded on “concentrated affluence”: the percent of residents having at least a
bachelor's degree (0.96) and the percent of people reporting managerial or professional
occupations (0.95). These two factors together explained over 90% of the total variance.
Residential stability was derived from two census variables: the percent of house ownership
and the percent of residents living at the same address for 5 years. These two variables were
highly correlated (0.71, p<0.001). We averaged the standardized scores to generate a single
indicator of residential stability.

Our measure of neighborhood safety was derived from crime data. The tract-level crime data
for 2004 from the Philadelphia Police Department were aggregated into neighborhood level
and used to define neighborhood safety. The following crimes were summed for each
neighborhood and converted to rates per 1,000 people: part | violent crimes, part 1 property
crimes, and missing persons. A principal component analysis confirmed the three crime
types belonged to the same concept; factor loadings for crime types were 0.91, 0.74, and
0.72, respectively, with 62% of the total variance explained. The factor scores calculated by
the regression method represented neighborhood safety.

Analytic Strategy

To test the main hypotheses, we conducted a series of multilevel models using the statistical
package HLM 6 [68]. We first implemented a null model where no explanatory variables
were included, to justify the use of hierarchical modeling. This basic model was equivalent
to a one-way ANOVA with two random effects (see Eq. 1). yqg refers to the grand mean of
the health measure. Ug; adjusts the grand mean for the jth neighborhood. For instance, if the
average health score of a neighborhood was greater than the grand mean, ug; should be
positive. Likewise, if the average score was equal to the grand mean, ug; should be zero.
Hence, rij is the offset to the grand mean for the ith respondent in the jth neighborhood. If
the Chi-square test for ug; was statistically significant, we then have evidence that the mean
health scores were not normally distributed across neighborhoods, suggesting that multilevel
analysis may be used.

Yij = Boj * I Individual Level

Boj = Yoo + Ug;  Neighborhood Level

Yij=v00+uoj+ri; (1)

where

Yij is the health score of the ith individual in the jth neighborhood
Tij is the random effect for the ith individual in the jth neighborhood
Yoo IS the mean health score in the data

Ugj is the random effect for the jth neighborhood
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Following the null model, the relationship between stress and health was examined. The
individual characteristics were included in the models, and thus, the first hypothesis can be
tested. To examine the direct effects of the neighborhood environment on individual health,
the neighborhood-level variables were included in the intercept, and hence, the Eq. 1 could
be expanded into Eq. 2, as below:

Yij=yo0t Y_ Yorwi+ Y BrjTijettoj+ri;  (2)

where

Yoo is the adjusted mean health score

yo is the direct effect of neighborhood feature |
wj; s the feature | of jth neighborhood

By s the fixed effect of individual covariate k

Xk s the covariate k of individual i at neighborhood j

Finally, to test the moderating effects, the neighborhood-level measures were included in the
process of estimating the relationship between stress and health. That is, the interactions
between individual stress and neighborhood environment were considered, as shown in Eq.
3:

/BSTRESS,]‘ :PYSTRESS‘O_'_ § VSTR,ESS,lwlj—f—uSTR.ESS,j

Ystresso IS the adjusted effect of individual stress on health

Ystress) 1S the moderating effect of the neighborhood feature |

A statistically significant ystress | indicates that the association of stress with health varies
as a function of the neighborhood environment measure. We tested the random effect of
stress across neighborhoods before adding covariates. If the random effect of stress varied
by neighborhood, this suggests that neighborhood environment characteristics may account
for the relationship between stress and health.

Table 1 presents the descriptive statistics for all the variables in the study. More than one
third of PHMC respondents have a stress level above average or high stress. Seventy percent
of the respondents were females; 40% were African Americans; the average age was
approximately 50 years, and a third of the participants were single. One third of the
respondents were either retired or incapable of working, and the poverty rate was 17%. On
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all of these measures, except percent female, the PHMC closely resembles the population
structure of Philadelphia County in 2006-2008 [55]. Over 40% of people attend weekly
religious services and a slightly higher percent participate in at least one local group. Almost
90% of respondents report some form of health insurance coverage, though dental coverage
was lower (63%). Approximately one in eight had canceled a doctor appointment due to
transportation difficulty.

We use variance inflation factor (VVIF) to examine whether multicollinearity is of concern.
The rule of thumb is a VIF value greater than 10 indicates that results may be biased by
collinearity [69]. While HLM does not provide any diagnostic statistics for multicollinearity,
we can obtain these by implementing an ordinary least square regression with the same
dependent and independent variables. In Table 1, none of the VIFs violated the rule of
thumb. The highest VIFs at individual and neighborhood level were 3.3 and 6.1,
respectively.

Following our analytic strategy, the random effect at the neighborhood level (up=0.1497, p
value<0.001) in the null model was significant, suggesting random effects vary from
neighborhood to neighborhood. In other words, the individual health scores vary by
neighborhood of residence and residential neighborhood characteristics may account for the
variations. In addition to the null model, Table 2 contains four other models in which stress
and individual factors were added sequentially. First, we investigated the unadjusted
relationships between stress and health (model I). Without controlling for other individual
variables, the association between stress and health was significant for the high stress group
(i.e., in contrast to those without any stress, the people in the high stress group are, on
average, 0.29 points lower on our standardized health measure).

When demographic and socioeconomic covariates were included in model I1, the negative
association between stress and health was evident. Respondents with average, above
average, and high stress were less healthy than those with no stress (the reference group).
The strength of the association increased with the level of stress. Specifically, the
association between high stress and health was roughly 1.6 and 2.2 times higher than those
for above average stress and average stress, respectively. The negative association between
high stress and health was larger after controlling for individual demographic and
socioeconomic variables. In other words, these individual factors suppressed (or reduced)
the noise (the uncorrelated component) between stress and health. Among the covariates,
age, race, employment status, education, and poverty status were significant predictors of
health. Consistent with expectations, those incapable of working were the least healthy
among the employment status groups. Even after adjusting for age, retirees had worse health
scores than the employed and others. African Americans had a lower health status. Residents
with a high school diploma or not in poverty were healthier than their counterparts. While
some studies suggested associations between marital status, gender, and health [70], the
current study did not confirm this. The neighborhood-level random effect in model Il
remained significant while the magnitude shrank.

In model 111, individual-level covariates related to religion, neighborhood participation, and
access to medical resources were added. The association between stress and health was
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slightly reduced. Compared with the estimates in model 11, all the coefficients of stress
decreased but remained significant, and the stress gradient was robust; part of the variation
in stress was captured by the inclusion of social participation and the lack of access to
medical resources. Although most of the literature supported the argument that religious
involvement promotes health [71, 72], we did not find a significant association between
religious service attendance and health; though this might be due to the limitations of the
measures available. However, residents participating in two or more local groups tended to
be healthier than others. While the association between neighborhood trust and health was
positive, it was not statistically significant. Respondents with no transportation difficulties
accessing medical services were much healthier than those experiencing difficulties.

The neighborhood-level random effect remained significant in model 111, indicating that the
individual characteristics cannot fully explain the variation of health scores across
neighborhoods. In this model, whether the association between stress and health differs by
neighborhood was unclear. We included neighborhood characteristics and further examined
the moderating effects between stress and health. Following Raudenbush and Bryk [73], we
implemented a series of Chi-square tests to determine whether the random effect should be
added. The results (not shown) indicate that only the high stress group needed a random
effect (Ustress,j)- Therefore, we extended model 111 by including this random effect (see
Table 2, model 1V). The estimated coefficients did not change greatly, and the
aforementioned findings hold.

The Role of Neighborhood Environment in Moderating Stress and Health

Following the analytic strategy, the direct effects of both built and social environment were
explored by adding the neighborhood covariates to the intercept. Comparing models VI and
V (see Table 3), the inclusion of social neighborhood environment factors produced a minor
change in the association between stress and health. Only social disadvantage was associated
with health. Our social environment findings echo those of several recent studies [24, 74].
Neighborhoods containing a high proportion of disadvantaged residents tend to be
characterized by underdeveloped infrastructure, lack of investment, and generally, poor
living conditions. Thus, the residents in these areas tended to have worse health than their
counterparts in neighborhoods with few disadvantaged residents. The variance component of
the intercept decreased by almost 65% but remained significant.

In model VI, we introduced built environment factors. The association between stress and
health was reduced roughly 2% by the built environment variables. As found in earlier
studies [37, 75], traffic exposure had an adverse impact on health. While in England,
medical resources were found to promote health [24], we did not find evidence of this. The
variance component of the intercept was not significant in model VI, which indicated that
the inclusion of both built and social environment factors could explain the variation in
individual health across neighborhoods.

The final two models were designated to explore whether the neighborhood environment
could moderate the association between high stress and health. Model V11 showed that the
relationship between high stress and health varied both by neighborhood residential stability
and concentrated affluence. Specifically, the positive coefficient of residential stability
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(0.1552) suggested that the association between high stress and health (-0.4404) was
reduced among the residents in stable neighborhoods. In other words, high stress had a
stronger relationship for the residents in neighborhoods with high turnover rates or low
house ownership than for those residents in relatively stable neighborhoods. Similarly,
concentrated affluence (0.1408) moderated the negative association between high stress and
health. That is, other things equal, the relationship between high stress and health tended to
be weaker in more affluent neighborhoods.

With respect to the built environment, the presence of RWOs strengthened the association
between high stress and health (see model VII1); high stress increased more than 50%
(0.2292/0.4192) in a neighborhood with an RWO. Adjusting for other covariates, the
relationship with high stress varied by hazardous exposure. Although we did not find a
direct relationship between hazardous exposure and health, the moderating effect on health
via stress was present. As noted previously, the presence of a potential threat on health does
not necessarily lead to bad health, but could become an indirect factor affecting health.
Model V11 confirmed this phenomenon; hazardous waste syndrome seemed to exist in
Philadelphia County. The variance components of both the intercept and high stress were
not significant, implying that variations in health and high stress at the neighborhood level
might be associated with the built and social environment variables. We tested for
multicollinearity in model VIII. No independent variables had a VIF greater than 10 (results
not shown, but available upon request).

Revisiting Our Hypothesis

Hypothesis 1: We hypothesized that higher personal stress was associated with worse health.
This association held even after controlling for other individual characteristics (see Table 2,
model 1V). Though there was no difference between no stress and below average stress, the
gradient of stress from average to high stress verified the negative association between stress
and health even after controlling for individual factors. Hypothesis 2: While we anticipated
that both hazardous exposure and traffic burden were negatively associated with health, the
analytic results confirmed that heavier traffic was associated with poorer health. The
hypothesized protective effect of medical resources on health was not found. Hypothesis 3:
Although hazardous exposure was not directly associated with health, it appeared to be
indirectly related, via high stress. In short, two out of six built environmental hypotheses
were confirmed: a heavier traffic burden was related to worse health (2.a), and the negative
association between stress and health was weaker in the neighborhoods with less hazardous
exposure (3.a). Hypotheses 4 and 5: Neighborhood safety had neither a direct nor a
moderating association with health, and thus hypotheses (4.a) and (5.a) were not supported.
Regarding residential stability, after controlling for individual social connection and
network, a direct association with health was not found, but an indirect link was. Our 5.b
hypothesis was verified—an unfavorable association between stress and health was
weakened in a stable neighborhood. In our study, socioeconomic composition was measured
by social disadvantage and concentrated affluence. We found both direct and indirect
associations for socioeconomic composition. Specifically, social disadvantage was
negatively related with individual health; a relationship that held in the final model. On the
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other hand, concentrated affluence moderated the relationship between stress and health,
supporting hypothesis 5.c.

Discussion

Theoretically, this study advances the field by revealing potential indirect associations of
both built and social environment factors on health for the relationship between stress and
health. The negative relationship between stress and health appears to depend on the
characteristics of residential neighborhoods, which, as we have shown, should not be
considered or modeled as a fixed effect. Much previous research on the stress—health
relationship focused on individual characteristics, but by using a GIS-based approach and
drawing on geospatial data on the built environment, researchers should be able to
incorporate different measures of neighborhood environment into their analysis. This study
demonstrated how to fuse novel techniques and data to broaden the questions that can be
posed and thus the scope of stress—health research. Such an approach may help to better
understand complex relationships between neighborhood factors and health outcomes,
improving our knowledge of why and how both built and social environment are important
in health research [76]. In particular, some built environment factors are potentially
modifiable, and better understanding of such factors may help guide policies that may
reduce health inequality.

We have shown that stress has spatially varying relationships with health, and this
association was moderated by both social and built environment characteristics. To improve
health, policies providing affordable housing and lowering the cost of owning a house could
help to establish more stable neighborhoods, reducing the burden of stress. Similarly, we
confirmed the presence of potential threats in a neighborhood (i.e., hazardous RWO
exposure) may not directly harm residents' health, but the relationship between high stress
and health was intensified by the presence of such hazards within the residential
neighborhood. That is, echoing the hazardous waste syndrome, “hazardous” facilities do not
necessarily cause physical health problems, but their existence may be a source that is
indirectly related to individual health via high stress. Enhancing communications between
residents, industry and local officials may significantly reduce such indirect effects. Indeed,
the relationship between health and neighborhood environments requires further
investigation that may provide new insight into issues of environmental justice [76, 77].

There were several limitations in this paper. While the PHMC recruits multiple respondents
in a neighborhood, due to confidentiality, precise locations were not available. This limits
our ability to obtain individual specific proximity measures to hazardous sites, other
neighborhood risks, as well as neighborhood resources. We realize that different risk
exposure measures might yield different results [78]. Second, this study was a cross-
sectional analysis. The relationships between health and other covariates should be viewed
as tentative (note that different variables were derived from multiple sources spanning
several years: US Census 2000, built environment data from 2007-2008, and individual
survey data from 2006). A longitudinal research design that collects information on
individual health and other covariates regularly and, moreover, one that documents changes
in the built and social neighborhood environments is required for detecting causality and
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gaining a better understanding of the reciprocal dynamics between individuals and their
residential neighborhood environments [79]. Third, in the literature, there has been little
consensus on the appropriate definition of a neighborhood [80]. Census geographic units,
such as blockgroups, tracts, and counties, have been used as neighborhoods in multilevel
studies. We follow the PHMC definition based on input from local groups, social workers,
and policy makers. Other area definitions would change the calibration of built and social
neighborhood variables and thus might alter the findings aforementioned. Explicitly, the
modifiable areal unit problem (MAUP) [81] and the influence of the level of geographic
aggregation on health outcomes are worth noting [82]. Similarly, a major assumption
underlying this study was that respondents were only affected by their residential
neighborhood. That is, we can only embed people within their residential environment
which by default ignores place-specific associations with health outcomes based on other
spaces, such as the neighborhood where people work, play, shop, and socialize [83]. A more
flexible hierarchical structure, i.e., a cross-classified or multiple membership model where
individuals can be embedded in two or more nonhierarchical levels, may be required [84].
Another limitation was related to our measure of individual stress, a single self-rated
measure. Any future work should employ a more thorough approach, such as a list of
negative life events, chronic strains, or child traumas. Finally, contrary to expectations, our
results find no association between gender or marital status and health. We looked more
closely at these variables and at interactions with neighborhood participation and trust, but
the substantive findings did not change (these results are available on request).

We identified significant variations in health and stress across neighborhoods. While
controlling for individual features reduced the neighborhood variation in health, the
neighborhood environment variables were still crucial in understanding why people were
healthier in certain communities. Residents living in the areas characterized by high traffic
volume and percent of disadvantaged population were generally not as healthy as those in
the places with reduced traffic and high-SES families. The importance of socioeconomic
composition in health research has been discussed in the past decade [1, 84], and our
measure of traffic exposure with GIS further validated the relationship between traffic and
health [38].

In sum, this study sheds more light on exploring the roles of built and social environment
factors in health research. The neighborhood effects on human health have been widely
examined; however, many neighborhood effect studies are only concerned whether
neighborhood features are important instead of why and how they are important [5]. That is,
earlier research underestimated, if not ignored, the interactions (moderating effects) between
individual behavior/perception and the residential neighborhood environment where people
live [18]. While hierarchical modeling has become popular, one of the strengths of this
approach was not always utilized—explaining the interaction between individual and
neighborhood characteristics. This study has tried to do this, and in addition, we
incorporated several built environment characteristics that typically receive little attention.
By doing so, we believe the questions regarding why and how neighborhood environment is
crucial to human health can be more fully addressed. The integration of multilevel modeling
and geospatial data on the built and social environment has advanced our knowledge of the
indirect association between hazardous exposure and health via high stress.
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Table 3

Estimates of direct and moderating associations for both individual and neighborhood environment factors on
health (N=4,093)

Variables Model V Model VI Mode VIl Model VI
Intercept 09479 09248  09266""  0.9208"*"
Individual level
Stress level
Below average -0.0729 -0.0700 -0.0712 -0.0706
Average -0.2173"""  -0.2148"""  -0.2157"""  -0.2152"*"
Above average -0.2792"""  -0.2742"""  -0.2752"""  -0.2752"*"
High stress -0.4360"""  -0.4345"*"  -0.4404""  -0.4192"*"

Demographics

Age -0.0177"""  -0.0177"""  -0.0177"""  -0.0177"*"

Gender -0.0154 -0.0115 -0.0126 -0.0127

Race (African American) -0.1341°"%  -0.1367"""  -0.1359"""  -0.1364"*"

Married/cohabiting 0.0101 0.0100 0.0112 0.0114

Widowed/separated -0.0187 -0.0172 -0.0181 -0.0161
Socioeconomic status

Employed 01764 01763 01761  01757"""

Retired -0.1631°""  -0.1610"*" -0.1616"" -0.1638"*"

Incapable of working -0.6267°"  -0.6261"" -0.6255""" -0.6243"""
Education 0.1468"" 01474 01465  0.1470"""
Poverty status -0.0442 -0.0437 -0.0440 -0.0439

Religious service attendance

Attending yearly -0.0496 -0.0504 -0.0497 -0.0475

Attending monthly -0.0396 -0.0401 -0.0398 -0.0397

Attending weekly -0.0189 -0.0205 -0.0201 -0.0188
Neighborhood participation

Joining one group 0.0321 0.0345 0.0345 0.0338

Joining at least two groups 0.0909°"" 00928 00920  0.0912"*"
Neighborhood trust 0.0185 0.0195 0.0198 0.0204
Access to medical resources

Insured 0.0445 0.0453 0.0431 0.0432

Dental insurance 0.0074 0.0073 0.0089 0.0114

Having regular source of care  _0 1390°**  —0.1397"**  -0.1405"""  -0.1417"""
No transportation difficulty  02743"** 02729  02740""  0.2739"""
Neighborhood level (N=45)
Social Environment
Neighborhood safety 0.0010 0.0178 0.0083 0.0046
Residential stability 0.0049 0.0101 -0.0116 -0.0093
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Variables Model V Model VI Model VII Model VIII
Social disadvantage -0.0466"  -0.0629""  -0.0708"" -0.0647""
Social affluence 0.0461 0.0477 0.0290 0.0263

Built environment
Medical resources -0.0056 -0.0058 0.0008
Daily vehicle miles traveled ~0.0482°*"  -—0.0490"** -0.0468""
Toxics release inventory sites 0.0487 0.0486 0.0296
Residual waste operations -0.0369 -0.0405 -0.0042

Moderating effects on high stress

Social environment
Neighborhood safety 0.0853 0.1076
Residential stability 0.1552"* 0.1391"
Social disadvantage 0.0350 0.0061
Concentrated affluence 0.1408™* 0.1641"*

Built environment
Medical resources -0.0583
Daily vehicle miles traveled -0.0142
Toxics release inventory sites 0.1158
Residual waste operations ~0.2292"*

Variance components
Intercept 0.0020" 0.0014 0.0017 0.0014
High stress 0.0157" 0.0164" 0.0150" 0.0044

*
p<.05
*x
p<.01
—_—
p<.001
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