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Home environments can be important deter-
minants of resident health, especially in low-
income populations. The underlying mecha-
nisms for these associations may be driven by
attributes of the social1,2 or physical3 environ-
ments in these settings, as well as by specific
environmental exposures shaped by residents’
behaviors, the physical structure, or products
and appliances used in the home. These
housing-related environmental exposures may
be important contributors to observed health
disparities in low-income communities.4 Un-
fortunately, risks associated with the physical
environment are rarely assessed concurrently,
which may highlight the presence of risk
clusters and provide insight on shared path-
ways that may be amenable to intervention.

Housing conditions are influenced by
a combination of building characteristics and
household characteristics. In multifamily hous-
ing, building characteristics can be shaped by
construction and renovation practices, as well
as by the actions of both professional staff
involved in building operation and mainte-
nance and building residents. In the home, the
proximate (i.e., causal) determinants of envi-
ronmental exposures include pollutant sources,
product usage and resident activity patterns,
presence and performance of ventilation sys-
tems, design and maintenance of building
systems, and pest infestation levels.5

In recent years, significant evidence has
emerged that broadens our view of the health
effects that may be caused by indoor exposure
disparities. Asthma, for example, has been
linked to many indoor environmental expo-
sures6 and indicators of housing quality.7

Studies have shown elevated respiratory8 and
cancer risks from indoor exposure to specific
volatile organic compounds that are emitted
from household furnishings or products, in-
cluding air fresheners. Exposure to semivolatile
organic compounds that are commonly found
in residential settings, such as flame retardants

and plasticizers,9 may impart significant risk;
however, the evidence on exposure dispar-
ities10 and the health effects attributable to
recurrent exposures to concentrations typically
found in the home is limited. Previous studies
in low-income housing settings have demon-
strated that these indoor environments contain
elevated exposures to many agents with known
or suspected health effects, such as pesti-
cides,11,12 pest allergens,13,14 secondhand smoke
(SHS),15 combustion byproducts,16 and other
chemicals. Specific health endpoints include
respiratory irritation, asthma development and
exacerbation, and cancer. A notable example of
the link between disparities in indoor environ-
mental exposures and health effects is child-
hood lead poisoning attributable to deteriorat-
ing lead paint and lead-contaminated soil.17

As we attempt to eliminate health disparities
that may have environmental causes, it will be
critical to address indoor environmental expo-
sures, and this will require an understanding of
the root causes for these uneven distributions

in exposure. Despite the multiple known haz-
ards in the home, few studies have examined
the effect of cumulative risks in this setting. In
this study, we examined the degree of cluster-
ing for key indoor environmental hazards in
low-income housing developments and their
association with self-reported health. We
assessed individual hazards through question-
naires and in-home visual inspections.

METHODS

Health in Common was an observational
study conducted between 2005 and 2009 to
investigate social and physical determinants of
cancer risk---related behaviors among residents
of low-income housing. We recruited partici-
pants from the adult population of 20 publicly
and privately managed low-income housing
developments across 3 cities (Cambridge,
Somerville, and Chelsea) in the metropolitan
area of Boston, Massachusetts. We randomly
selected households and residents from
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recruited housing developments by multistage
cluster sampling in which the clusters were
the housing developments, the listing units
were households in the developments, and
the elementary units were the adults in the
households.

To be eligible, a site needed to provide
housing for low-income persons (according to
Department of Housing and Urban Develop-
ment guidelines), have mostly family units,
have a minimum of 40 households in the
development (range = 40---268 households),
and have a majority of households in which
English, Spanish, or Haitian Creole was spoken.
Residents of the developments were eligible
for participation if they were aged 18 years
or older and spoke English, Haitian Creole,
or Spanish. We enrolled 828 participants in
the study.

Data Collection

Trained staff who fluently read and spoke
English and at least 1 of the other study
languages (i.e., Spanish or Haitian Creole) con-
ducted 45- to 60-minute surveys, which fo-
cused on diet, physical activity, smoking status,
environmental conditions in the home, and
other health risk factors. They asked partici-
pants to describe their health status (In general,
would you say your health is . . .?) and offered
the following response options: excellent, very
good, good, fair, and poor. Study staff trained
to identify basic household characteristics and
conditions that might indicate risk of exposure
to indoor environmental agents (e.g., mold
growth, pest infestation, ventilation character-
istics, and combustion sources) conducted
a brief (15---20 minutes) household environ-
mental assessment. They recorded “observed”
or “not observed” for more than 100 precoded
categories.

From the survey and inspection data, we
created 6 indexes reflecting household condi-
tions or behaviors that might directly or in-
directly be related to indoor environmental
exposures: mold, combustion byproducts, SHS,
chemical exposures, pests, and inadequate
ventilation. Residents were classified as being
exposed if they met the following definitions:

d Mold index—residents reported seeing or
treating mold, or mold was seen during our
visual inspection of the unit.

d Combustion byproducts index—the unit had
a gas stove but no mechanical exhaust to the
exterior (i.e., no kitchen fan, the kitchen fan
did not work, or the kitchen fan was recir-
culating air), or the gas stove was used to heat
the apartment.

d SHS index—residents reported any smoking
activity in the home or no smoking activity in
the home but the respondent was a current
smoker.

d Chemical exposure index—residents reported
using pesticides (spray, powders, or foggers)
or spray air fresheners more than a few times
a month.

d Pest index—residents reported seeing cock-
roaches, ants, or mice at least a few times
a month or rats or bedbugs at least a few
times a year.

d Inadequate ventilation index—our visual in-
spection found no bathroom fan or vent,
a bathroom fan with inadequate suction, no
kitchen fan, or a kitchen fan that did not work
or recirculated air.

We designed these indexes to be largely
independent—that is, survey questions and in-
spection items did not contribute to more than 1
index—to more completely examine indepen-
dent associations. The only exception was the
presence or condition of kitchen ventilation,
which contributed to both the inadequate ven-
tilation and the combustion byproduct indexes.
We created a summed environmental index as
the arithmetical sum of all 6 individual indexes
(range = 0---6), and then collapsed the result
into 2 categories: high (4---6) and low (0---3). We
also explored the presence of a dose---response
relationship between the summed index and
self-reported health by creating a 3-category
summed index scale (0---2, 3, 4---6).

Statistical Analysis

We determined associations between binary
indexes with the v2 test and the u coefficient.
We created multivariable logistic models for
each index, with the following independent
variables representing key demographic de-
scriptors: age, race/ethnicity, poverty status,
survey language, education, having a child
younger than 5 years in the household, having
an adult older than 65 years in the household,
tenure in apartment, gender, and housing de-
velopment (site).

We also created multivariable logistic models
for self-reported health. In these analyses, the
outcome was reporting health as poor to fair,
with good to excellent as the reference group.
These analyses incorporated the following in-
dependent variables, representing key demo-
graphic descriptors: age, race/ethnicity, pov-
erty status, survey language, education, having
a child younger than 5 years in the household,
having an adult older than 65 years in the
household, tenure in apartment, gender and
smoking status of the respondent (ever smoked
vs never smoked). We controlled for site in all
logistic regression models as a fixed effect.
We conducted all analyses with SAS version
9.2 (SAS Institute, Cary, NC).

RESULTS

Participant demographic characteristics and
household environmental hazards are summa-
rized in Table 1. The study population was
predominantly women (80%), and 58% of the
households had income levels below the fed-
eral poverty level.18 Indoor environmental
exposures were common, as shown by the
prevalence of individual hazards (Table 1). The
summed index ranged from zero to 6, with
a median value of 3, suggesting that most
households experienced multiple hazards, as
we defined them. Fewer than 1% of homes
were free of these hazards (sum = 0), 46%
had 4 or more hazards (sum ‡ 4), and approx-
imately 2% showed signs of all identified
hazards (sum = 6).

Although some individual indexes were
significantly associated, the levels of associa-
tions were weak, except for the association of
the ventilation and combustion indexes (u=
0.36; P< .001). The pest index was weakly
positively associated with both the chemical
(u= 0.12; P< .001) and mold (u= 0.13;
P< .001) indexes. Although the association
between pest problems and pesticide usage was
clear in our data and possibly the sole driver
of this association, air freshener usage was also
more common among households with pest
problems. In fact, the association between these
indexes remained statistically significant when
we removed pesticide usage from the chemical
index. The SHS index was weakly positively
associated with the chemical index (u= 0.07;
P= .04); this association may reflect behaviors
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tied to the elimination of smoking odors in the
home. For example, daily use of spray air
fresheners was reported by 38% of households
with any smoking activity and 24% of those
without. Finally, the inadequate ventilation in-
dex was weakly positively associated with the
mold index (u= 0.08; P= .03), which is con-
sistent with the known link between inade-
quate bathroom ventilation and the buildup
of excess moisture, leading to mold growth.
When we removed kitchen ventilation from
this index, assessing only bathroom ventilation,
the strength of the association of inadequate
ventilation with the mold index increased
(P< .001).

When we controlled for household-level
demographic factors, we observed a significant
clustering of effects in housing site for 4 of
the 6 indexes: pests, combustion byproducts,
mold, and ventilation (Table 2). In these anal-
yses, household characteristics were also asso-
ciated with several indexes (Table 2). For
example, an association between occupancy
and mold was strongly statistically significant
in the multivariable model. This observation is
consistent with previous studies and likely
driven by household activities that generate
moisture, such as showering and cooking.

In multivariable analyses predicting poor-
to-fair self-reported health, the effect estimates
for individual environmental indexes were
all greater than unity, but not all statistically
significant. The SHS index was statistically
significant (odds ratio [OR] = 1.87; 95% con-
fidence interval [CI] = 1.08, 3.24). When we
collapsed the summed index into a 2-level
variable, high values (> 3) were associated with
higher odds of reporting fair-to-poor health
(OR = 2.15; P< .001), with adjustment for site
and all household-specific demographic char-
acteristics (Table 3). We also found evidence
for a dose---response relationship across the
3-level summed index (P< .008 for trend;
Figure 1).

For the summed index effects on self-
reported health, our results provided some
evidence for effect modification by the re-
spondent’s smoking status. When we catego-
rized the full cohort as ever smokers or never
smokers, the effect estimates in separate
models for self-reported health differed in
magnitude and significance. For example, the
OR for the summed index effect (high [> 3] vs

TABLE 1—Demographic Characteristics of Low-Income Housing Residents and

Environmental Characteristics of Their Households: Health in Common Study,

Boston, MA, 2005–2009

Characteristic No. (%)

Age, y

18–29 153 (19)

30–39 218 (26)

40–49 169 (21)

50–59 145 (18)

‡ 60 140 (17)

Gender

Men 169 (20)

Women 659 (80)

Race/ethnicity

Hispanic 341 (41)

Non-Hispanic White 93 (11)

Non-Hispanic African American 316 (38)

Other 74 (9)

Income below poverty thresholda

Yes 445 (58)

No 327 (42)

Survey language

English 445 (54)

Spanish 221 (27)

Haitian Creole 162 (20)

Education, y

£ 8 152 (21)

9–11.5 123 (17)

12 200 (27)

‡ 13 261 (35)

Child < 5 y in household

Yes 217 (26)

No 608 (74)

Adult > 65 y in household

Yes 129 (16)

No 694 (84)

Tenure in housing development, y

0–5 382 (48)

> 5–10 184 (23)

> 10 226 (29)

Respondent smoking status

Never 534 (64)

Former 117 (14)

Current 177 (21)

Pests observed in unit in past y

Cockroaches 389 (47)

Mice 351 (42)

Rats 42 (5)

Bedbugs 63 (8)

Continued
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low [£ 3]) was 2.76 (95% CI = 1.52, 5.02;
P=< .001) for never smokers and 1.22 (95%
CI = 0.59, 2.53; P= .59) for ever smokers. We
also modeled this effect by applying an in-
teraction term to the entire data set; although
the interaction term did not reach significance
(P= .06), the trend was notable. These results
suggest that the cumulative effect of residential
environmental hazards may be strongest in
the absence of a dominant risk factor such as
smoking.

DISCUSSION

Our results provide evidence that indoor
environmental exposures are common in low-
income housing and that these exposures are
clustered in developments. The majority of
households in our sample (75%) exhibited 3 or
more exposures in their homes. Our results are
consistent with previous studies that reveal
the interrelationship between housing condi-
tions or quality and specific environmental
exposures.19 In our cohort, participants living in
apartments with a high summed environmental
index (> 3) had 2.7 times the odds of poor

self-reported health as those living in apart-
ments with a low summed index (< 3); apart-
ments with intermediate levels (index = 3)
had intermediate odds (OR =1.46) of poor
self-reported health.

Clustering by housing site was evident for
pests, combustion byproducts, mold, and ven-
tilation. Because both the combustion byprod-
ucts and ventilation indexes directly reflected
physical attributes of the units and their main-
tenance (presence of gas stoves and working
bathroom and kitchen fans, respectively), the
site effect is not surprising in these cases. For
pests and mold, these results are consistent
with previous studies, which have shown that
building attributes directly affect mold growth
and pest infestation.13,20 Our results also sup-
port the view that avoiding or mitigating these
problems in multifamily housing may require
action at the building level, in addition to action
at the resident level. Standard practices for
the application of integrated pest management
practices in multifamily buildings also involve
action at the tenant and management levels.21

Previous studies have examined the cluster-
ing of risk behaviors among smokers,22 and

similar mechanisms attributable to personal
preferences and behaviors may be relevant in
this setting. In our data, the summed index was
higher among smokers (3.9 vs 3.1), but these
differences were smaller when we excluded
SHS (2.8 vs 2.7). Therefore, it is not clear
that our observations reflected differences in
risk-related behaviors.

At present, we do not have a complete un-
derstanding of why place matters in shaping
individual health outcomes. In this setting, we
are confident that the physical environment
defines some aspects of exposure to chemical
and biological agents linked to adverse health
outcomes. Clearly, each housing development
in our study did not exist in a vacuum, and it is
likely that contextual attributes of the neigh-
borhood and community were relevant to
resident health. In a recent study, poor housing
conditions were shown to be an independent
contributor to incidence of diabetes among
urban, middle-aged African Americans.23 This
association does not reflect a single, clear causal
path and thus may represent a composite of
several elements of housing and neighbor-
hoods that affect health.

The quantity and diversity of chemical
exposures from household furnishings and
consumer products has increased dramatically
in the past 50 years,24 and relatively few
studies have been conducted on the risks as-
sociated with chronic residential exposure to
these pollutants, singly or jointly. Because it
is difficult to fully assess these pathways with
survey and inspection tools, our chemical
exposure index focused on the use of products
from 2 broad categories: pesticides and air
fresheners. We based this decision on recent
evidence showing the prevalence and persis-
tence of pesticide residues in homes and
studies that have highlighted the risks from
chemicals commonly associated with air fresh-
eners. For example, in a study of cumulative
cancer risks from exposure to volatile organic
compounds, the dominant contributors to these
risks were exposures to formaldehyde, 1,4-
dichlorobenzene, acetaldehyde, chloroform,
and benzene. Excepting benzene, exposure to
all compounds was driven by indoor residential
sources, and Hispanics had higher cumulative
cancer risks from these compounds, primarily
attributable to exposure to 1,4-dichloroben-
zene, likely from increased air freshener

TABLE 1—Continued

Mold observed in past y

Yes 276 (34)

No 545 (66)

Mold observed during inspection

Yes 125 (15)

No 696 (85)

Used stove to heat apartment in past y

Yes 107 (13)

No 719 (87)

Environmental indexes (problems found)

Chemical (frequent indoor use of pesticides or air fresheners) 663 (81)

Mold (visible mold or mold treatment reported by resident or mold observed during inspection) 358 (43)

Secondhand smoke (any smoking within home) 172 (22)

Pests (frequent sightings of mice, cockroaches, or rats) 443 (54)

Combustion byproducts (gas stove without mechanical kitchen exhaust or use of gas stove

to heat apartment)

415 (52)

Inadequate ventilation (kitchen or bathroom fans not working, absent, or recirculating air) 701 (86)

Summed index

Low exposure (0–3) 443 (54)

High exposure (4–6) 385 (46)

Note. The sample size was n = 828. Mean number of residents per household was 3.0 (SD = 1.5; range = 1–13). One
participant per household was surveyed for demographic characteristics and study staff conducted a brief assessment of
the housing unit for environmental data.
aAs defined by the US Census Bureau for 2008.18
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use.25,26 In another study, breast cancer risk
was associated with the use of air fresheners.27

In the context of exposures to these agents that
may occur outdoors or in the workplace, these
indoor residential exposures can represent
more than 50% of total cancer risk from these
agents.28

As we attempt to eliminate known and
emerging disparities in environmental risks, it
will be critical to address indoor environmental
exposures, which will require an understand-
ing of the root causes for these uneven distri-
butions. This is challenging in part because
indoor exposures come from both indoor and
outdoor sources and because they may be in-
fluenced by variables that are socioeconomi-
cally patterned (e.g., dwelling size) and by in-
stitutional factors that define housing quality
and neighborhood attributes (e.g., ambient
pollution). For example, Lanphear et al. showed
that differences in housing conditions were
largely responsible for observed differences in
lead exposure between White and African
American children.29

Mitigation of indoor environmental hazards
in public housing presents both opportunity
and challenge. Although financial resources are
frequently strained in this setting, the central-
ized control of capital improvements, opera-
tions, and maintenance provides opportuni-
ties to remedy hazards for many households

simultaneously, where proven interventions
are identified. For example, some public hous-
ing authorities (e.g., Boston and New York City)
have adopted integrated pest management,
a method of combating pest infestation through
habitat control and limited use of chemical
pesticides.30,31 These practices can be effective
at reducing exposures to both allergens and
pesticides. The challenges in this setting are
also varied. Opportunities for changes in
resident behavior may be constrained by
knowledge, financial resources, or competing
priorities.

Limitations

Our study design was cross-sectional and
thus could not determine the causal relation-
ship between exposures and health. For ex-
ample, we could not infer directionality from
our association between housing conditions
and self-reported health: we could not assess
whether there were aspects of poor health
that might have increased the likelihood that
environmental risks were present in a home,
rather than the risk precipitating a health effect.
Specifically, insufficient attention or deferred
action may lead directly to the progression of
mold growth or pest infestation. Previous studies
have raised the possibility that public housing
represents a safety net for the unhealthy poor,
rather than a cause of poor health.32

Although self-reported health has been
shown to be a valid representation of health
and a predictor of mortality,33 it is certainly
a global measure. For some of the exposures
we examined, evidence links specific measures
of exposure to specific health outcomes. For
example, exposures to pest allergens and SHS
have been associated with asthma develop-
ment and morbidity. Mold exposure has been
associated with respiratory symptoms. In light
of the broad nature of self-reported health
as an outcome and the simplified measures of
exposure used in our study, we would expect
some misclassification in both exposure in-
dexes and health outcomes. This misclassifica-
tion would attenuate any causal associations
and may be responsible for some of the non-
significant associations between self-reported
health and individual indexes. Therefore, some
of our ORs might actually have underestimated
causal associations that existed between indi-
vidual agents and more specific health effects.

TABLE 2—Significant Predictors of Environmental Indexes: Low-Income Housing Site,

Participant Demographics, and Household Characteristics: Health in Common Study,

Boston, MA, 2005–2009

Index Significant Fixed Effect for Site P Other Predictors of Environmental Exposures

Chemical No NS NS

Mold Yes < .001 Longer site tenure*

More residents in household*

Secondhand smoke No NS White race*

Survey language English*

More education*

Male gender*

Pests Yes < .001 Lower age*

Combustion byproducts Yes < .001 No adult aged > 65 y in household*

Inadequate ventilation Yes < .001 No adult aged > 65 y in household*

Summed Yes < .001 Longer site tenure*

Note. NS = nonsignificant. All associations were adjusted for site, age, race/ethnicity, poverty status, survey language,
education, having a child younger than 5 years in household, having an adult older than 65 years in household, tenure
in apartment, and gender.
*P < .05.

TABLE 3—Odds Ratios for Low Self-

Reported Health Among Residents of

Low-Income Housing by Environmental

Index: Health in Common Study,

Boston, MA, 2005–2009

Index OR (95% CI) P

Chemical 1.63 (0.97, 2.72) .06

Mold 1.33 (0.88, 2.00) .17

Secondhand smoke 1.87 (1.08, 3.24) .03

Pest 1.39 (0.92, 2.10) .12

Combustion byproducts 1.71 (0.94, 3.11) .08

Inadequate ventilation 1.76 (0.95, 3.23) .07

Summed

< 3 (Ref; n = 208) 1.00 < .001

3 (n = 235) 1.46 (0.85, 2.53)

> 3 (n = 385) 2.72 (1.57, 4.71)

Note. CI = confidence interval; OR = odds ratio. All
associations are shown for individual models pre-
dicting secondhand smoke, adjusted for site, age,
race/ethnicity, poverty status, survey language, edu-
cation, having a child younger than 5 years in
household, having an adult older than 65 years in
household, tenure in apartment, gender, and ever
having smoked. Effects for individual (binary) indexes
reflect odds of self-reporting health as poor to fair,
with good to excellent as control associated with the
presence of the hazard (index = 1); associations be-
tween the summed index (range = 0–6) and self-
reported health are shown for 3 categories (< 3, 3, > 3).
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Some associations might reflect multiple path-
ways; for example, the significant association
between SHS exposure and self-reported
health might represent a composite of the
numerous health endpoints known to be asso-
ciated with SHS. The use of binary indexes also
limited our ability to capture the severity of ex-
posure and examine dose---response relationships.

A full understanding of exposures, mecha-
nisms, and health effects can be difficult for
many household observational studies where
thorough exposure assessments or experimen-
tal controls are impractical. This has been
evident in recent reviews on the health effects
of moisture (or dampness) in homes, where the
cumulative evidence for associations between
global exposure measures (e.g., dampness: yes
or no) and health are clear, but evidence for
explicit mechanistic links (e.g., between expo-
sure to individual fungal species or genera and
respiratory outcomes) are lacking.

We did not include assessments of lead
exposure in our study because housing au-
thorities in Massachusetts had complied with
relevant lead abatement laws. We also did not
include environmental exposures for which
simple exposure measures (via inspection and
questionnaires) were unavailable, such as for
semivolatile organic compounds. Finally, we

did not include indoor exposures to pollutants
of outdoor origin, such as traffic emissions.

Conclusions

The challenges of developing policies to
address common health hazards in the home
are significant. Actions by numerous relevant
stakeholders and at several levels of gover-
nance are required and will likely require
educational campaigns and the development of
meaningful economic incentives.34 Several
data gaps remain, particularly concerning the
benefits of various approaches to the design
and renovation of a building’s physical struc-
ture and the design and implementation of
interventions tied to maintenance and occu-
pant behavior. Many of the risks highlighted by
our study represent causal pathways that in-
volve individual behavior, physical environ-
ments, and social structure. Understanding
these linkages can be challenging and will likely
vary across communities. To date, many in-
terventions have been focused on narrowly
defined goals and may not address situations
where the presence of multiple risks requires
a multilevel intervention.35

Finally, exposure is not the sole determinant
of health risk; other individual and neighbor-
hood characteristics influence how indoor

environmental exposures affect health and
may heighten the influence of indoor envi-
ronmental exposures.3 Susceptibility driven
by underlying health or nutritional status may
be especially relevant. Neighborhood attributes,
such as perceived safety, may also increase an
individual’s exposure to indoor environmental
agents through shifts in activity patterns.36,37 j
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