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A B S T R A C T

Health disparities in low-income communities may be linked to residential exposures to chemicals infiltrating
from the outdoors and characteristics of and sources in the home. Indoor sources comprise those introduced by
the occupant as well as releases from building materials. To examine the impact of renovation on indoor pol-
lutants levels and to classify chemicals by predominant indoor sources, we collected indoor air and surface wipes
from newly renovated “green” low-income housing units in Boston before and after occupancy. We targeted
nearly 100 semivolatile organic compounds (SVOCs) and volatile organic compounds (VOCs), including
phthalates, flame retardants, fragrance chemicals, pesticides, antimicrobials, petroleum chemicals, chlorinated
solvents, and formaldehyde, as well as particulate matter. All homes had indoor air concentrations that exceeded
available risk-based screening levels for at least one chemical. We categorized chemicals as primarily influenced
by the occupant or as having building-related sources. While building-related chemicals observed in this study
may be specific to the particular housing development, occupant-related findings might be generalizable to
similar communities. Among 58 detected chemicals, we distinguished 25 as primarily occupant-related, in-
cluding fragrance chemicals 6-acetyl-1,1,2,4,4,7-hexamethyltetralin (AHTN) and 1,3,4,6,7,8-hexahydro-
4,6,6,7,8,8-hexamethylcyclopenta[g]-2-benzopyran (HHCB). The pre- to post-occupancy patterns of the re-
maining chemicals suggested important contributions from building materials for some, including dibutyl
phthalate and xylene, whereas others, such as diethyl phthalate and formaldehyde, appeared to have both
building and occupant sources. Chemical classification by source informs multi-level exposure reduction stra-
tegies in low-income housing.
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1. Introduction

Potential health impacts of chemical exposures in homes are of
particular concern in low-income communities, where there is dis-
proportionate exposure to pollutants from industry and traffic-related
sources (Miranda et al., 2011), and where behaviors (e.g. smoking) and
housing characteristics (e.g. smaller home size) linked with socio-
economic status (SES) are also associated with exposure to a greater
number and magnitude of indoor pollutants (Adamkiewicz et al., 2011).
Since residential exposures can dominate total exposures for many
chemicals of health concern, including semivolatile organic compounds
(SVOCs) and volatile organic compounds (VOCs) (Rudel and Perovich,
2009; Shin et al., 2014; Dodson et al., 2007a), identifying major sources
and opportunities to reduce exposure is a priority. SVOCs and VOCs
have been linked to a range of health effects including hormone dis-
ruption (Rudel and Perovich, 2009), cancer (NTP, 2014; Rudel et al.,
2007), neurotoxicity (Grandjean and Landrigan, 2014), and respiratory
health (Hulin et al., 2012). In addition, there is a higher prevalence of
health conditions that are sensitive to the environment, such as asthma,
among low SES communities (Akinbami et al., 2016), increasing sus-
ceptibility to some of these indoor chemical exposures in low-income
homes.

Residential design practices aimed at reducing environmental im-
pacts—“green” building—present one opportunity to significantly
change chemical levels in homes. For example, lower emissions from
the materials used in green buildings could reduce some indoor ex-
posures. In recent years, green design has been widely implemented in
housing construction and renovation, and several studies have found
improvements in health after residents in low-income communities
moved into newly constructed (Colton et al., 2014; Jacobs et al., 2015)
or renovated green buildings (Breysse et al., 2014; Breysse et al., 2015;
Colton et al., 2015). This apparent health benefit may reflect im-
provements in indoor air quality, as evidenced by reduced levels of
particulate matter (PM2.5) (Frey et al., 2015), black carbon (Coombs
et al., 2016), nitrogen dioxide (NO2), and allergens (Jacobs et al., 2014)
following implementation of green renovations.

However other elements of green design, such as tightening the
building envelope to reduce energy loss, could have varying impacts on
indoor exposures: lower air exchange could reduce infiltration of out-
door pollutants but could also increase exposure to chemicals origi-
nating indoors. Indoor sources encompass not only the building struc-
ture and materials but also occupant products and activities, including
cooking activities (Baxter et al., 2007), use of personal care and
cleaning products (Dodson et al., 2012a), smoking (Arku et al., 2015;
Kraev et al., 2009), and actions that influence air exchange. Despite the
potential for occupants' behavior to influence indoor air quality, there is
a lack of data to guide the design of interventions based primarily on
occupant education. Air quality measurements in homes are generally
obtained when occupants are present, limiting the ability to distinguish
which sources – occupant, building, and/or outdoor – are most im-
portant for a particular chemical or class of chemicals.

We thus designed our study to characterize occupant contributions
to indoor air quality in a community of recently renovated Boston low-
income housing units by sampling these units pre- and post-occupancy.
To our knowledge, our innovative design is the first to allow evaluation
of the occupant contribution to indoor air quality in green-renovated
homes by measuring PM2.5 and a large suite of VOCs and SVOCs both
before and after occupancy. We targeted chemicals that we expected to
be present in the indoor environment and have potentially significant
occupant sources, based on our previous research (Dodson et al., 2012a;
Rudel et al., 2003; Rudel et al., 2010). This study is also part of a larger
investigation of how green renovation affects indoor pollution levels
and asthma symptoms in public housing (Coombs et al., 2016; Ponder-
Brookins et al., 2014). Except for limited and conflicting data on levels
of formaldehyde (Colton et al., 2014; Frey et al., 2015; Coombs et al.,
2016; Xiong et al., 2015), there have been few measurements of the

effect of green construction on levels of VOCs (Jacobs et al., 2015; Noris
et al., 2013), and no investigation of SVOCs. Our goal was thus to ex-
pand knowledge about the impacts of green renovation on the indoor
environment and to inform development of more comprehensive in-
terventions to improve indoor environmental quality, especially in low-
income communities.

2. Methods

2.1. Study site

In 2011, the Boston Housing Authority began redeveloping several
properties according to “green” standards with support from the
American Recovery and Reinvestment Act. At one federally subsidized
housing development in Boston's South End, 13% of residential units
were renovated. Improvements focused mainly on energy efficiency,
including high efficiency windows, additional insulation, energy star
appliances, low energy lighting, and low VOC paints, but also aimed to
modernize the units by installing new flooring, baseboards and cabi-
nets. The buildings were awarded a U.S. Green Building Council
Leadership in Energy and Environmental Design (LEED) for Homes
certification and Homes Energy Rating System (HERS) tier II energy
rating of 65, meaning these units were designed to be 35% more effi-
cient than a reference home.

Of the 30 unique units sampled, all but three were single-story, two-
or three-bedroom units with average sizes of 700 ft2 (6 units) and
850 ft2 (21 units) respectively, in three- or four-story multi-family walk-
up buildings (Table 1). We also sampled from three four-bedroom
townhouse units, which averaged 1200 ft2 in size. All units were heated
with baseboard radiators controlled by the residents, and some had
window air conditioners. There was no mechanical ventilation in these
units.

The study population comprised mostly younger (18–39 years old)
Hispanic females (Table 1). Twenty (74%) classified themselves as
Hispanic or Latino and, of the 16 born outside of the United States, most
(81%) were from the Dominican Republic. The majority of the parti-
cipants (67%) were the only adult living in the unit, and there were at
least three children living in most (82%) of the units. Most participants
(89%) were new to the housing development.

2.2. Sample collection

We collected indoor air and surface wipes from 10 newly renovated
units before occupancy (June to July 2013) and from 27 units one to
nine months after occupants moved in (July 2013 to January 2014)
(Fig. 1). We selected pre-occupancy units from the 13% renovated units
in the development, which received certificate of occupancies in April
2013, mostly based on availability for sampling, as renovations had to
be completed and the unit unoccupied for at least one week. For post-
occupancy sampling, we recruited seven participants living in units we
had sampled pre-occupancy, as well as an additional 20 participants
through door knocking at the other newly renovated units. We in-
tentionally sampled fewer pre-occupancy than post-occupancy units;
we hypothesized that variability of chemical concentrations in pre-oc-
cupancy units would be low, given that all units were renovated to the
same specifications, so that we would not need as many samples to
characterize the concentration distributions. Study protocols were re-
viewed by the Office of Human Research Administration at the Harvard
T.H. Chan School of Public Health.

We targeted nearly 100 SVOCs and VOCs as well as PM2.5.
Specifically, we analyzed for 35 SVOCs in indoor air and 46 on floor
wipes, including phthalates, flame retardants, pesticides, anti-
microbials, and fragrances, with 23 SVOCs targeted both in air and on
wipes, 12 SVOCs in air only, and 23 on wipes only. Formaldehyde,
chlorinated solvents, BTEX chemicals, and nicotine were among the 26
VOCS analyzed in indoor air.
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