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1.1. Introduction
The goal of most housing policies is to improve overall living conditions for poor families.
One potential and often overlooked benefit of rehousing is improving indoor air quality
(IAQ). The slum population is a group particularly vulnerable to pollution because the
general characteristics are substandard housing and a gap in access to land, services, and
security (MacDonald, 2004; Winchester, 2006). Slum families may also be exposed to
higher levels and varieties of indoor pollutants, especially those resulting from the use of
biomass fuels (Fullerton et al., 2008; Siddiqui et al., 2009). Furthermore, because slum
housing is often poorly constructed from flimsy materials, these structures are more
permeable to environmental pollutants from the outdoors. Rehoused families may enjoy
better indoor air quality than families remaining in slums due to better housing infrastructure
and increased opportunities to control emissions, including using windows for ventilation,
opting to cook in differentiated areas, or reducing heating times. Rehoused families may also
be motivated to smoke cigarettes outside their homes or change fuel practices in their new
dwelling. The use of dirty fuels such as wood, dung, coal, or trash is likely to be abandoned
due the territorial regulations about contaminants sources or by neighbors’ pressure in the
new neighborhood.

International evidence regarding the health effects of housing interventions includes studies
involving rehousing/refurbishment, relocation from poor areas, rehousing by medical
priority, and improving energy efficiency (Thomson et al., 2003). Improved mental health,
reduced smoking, better respiratory health, and decreased school absences due to asthma
have been attributed consistently to rehousing interventions (Thomson et al., 2001; Thomson
et al., 2003). However, recent evidence regarding the environmental effects of rehousing on
health is minimal, according to a systematic review of the literature based on forty-five
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studies identified (Thomson et al., 2009). A cross-sectional study, although inappropriate to
ascertain the timing of effects associated with interventions, allows comparisons between
different groups. Results can be examined further and used to prioritize research areas and
identify populations with environmental vulnerabilities.

IAQ is one of the major contributors to disease burden in the world; in fact, an estimated
3.7% of the total burden of disease can be attributed to indoor smoke from solid fuels
(Lopez et al., 2006). Observational evidence shows that several other housing characteristics
are strongly associated with poor health, including substandard infrastructure and specific
indoor agents such as particles, dust mites, allergens, and dampness (Institute of Medicine
[IOM], 2000). Furthermore, the health effects of particulate matter and toxic gas
concentrations have been described in studies comparing interventions involving
woodstoves (Brauer et al., 1996; Naeher et al., 2000a; Naeher et al., 2000b; Clark et al.,
2009; Siddiqui et al., 2009). Fine particulate matter (<2.5 μm) has been a focus of attention
because of its ability to penetrate the lower respiratory tract.

In Chile, the number of slums increased from 490 to 706 between 2007 and 2011
(Ministerio de Vivienda y Urbanismo [MINVU], 2011). Slums have been the target of
systematic intervention since 1996 (MINVU, 1997), but no evidence regarding IAQ in a
rehousing context has been reported in Chile. The first public housing program in Chile
(“Chile-Barrio”) was implemented during 1998-2007 to provide integrated support for slum
families, including access to housing units. While the main goal of the program was social
benefits, externalities of the intervention may have impacted other indicators of welfare
including environmental quality. Therefore, the primary aim of the present study was to
compare IAQ for relocated families with families remaining in slums, using particulate
matter PM2.5 and indoor air pollution sources as indicators of environmental change. A
secondary aim was to identify potential predictors of PM2.5 concentration related to the
intervention.

1.2. Materials and methods
1.2.1. Study setting

The present study was conducted in Santiago, Chile in an urban area about 7 km2 west of the
city. It is an area in which the population with a majority of families lives below the poverty
line, with lower family income (US$990) and fewer years of education (8.9 years) than
others areas of Santiago (Ministerio de Planificación [MIDEPLAN], 2010). Santiago has a
Mediterranean-temperate climate and topographic conditions that result in poor ventilation
in the winter season. Local studies have indicated that the study area is exposed to higher
accumulations of PM2.5 than other areas of the city (Gramsch et al., 2004; Prieto et al.,
2007).

1.2.2. Study design
A cross-sectional study was conducted to assess 169 houses in Santiago, Chile between June
and September of 2009. The sample included 98 families who had completed the public
housing tenancy process during 2000-2001 and 71 slum families still in the process of
acquiring public housing. The families rehoused in public housing lived in the same general
area as the slums in this study, with less than 5 km of distance between the communities’
two most extreme locations. The question addressed in the present work is part of a larger
primary study whose purpose is to assess respiratory outcomes in children. Thus, an
inclusion criterion for families was the presence of at least one child under the age of eight
years who had been born in the current residence

Burgos et al. Page 2

Atmos Environ (1994). Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Relocation was completed through the public housing program Chile-Barrio. The program
assigned the intervention to communities according to an economic criterion (families were
required to have savings of about US$300) and the technical feasibility for relocation
(Saborido, 2005). The public housing consisted of apartments 46 to 69 m2, organized in
blocks with three floors and forming a cluster within a larger social village. With this
housing solution, the program provided interventions in several domains: economic,
educational, and social support, including proper maintenance and use of housing.
Information on relocated families was provided by the Chile-Barrio Program and
information about current slums was provided by a non-governmental organization, Un
Techo Para Chile (CIS/UTCH, 2007).

Recruited families signed an informed consent document before participating. Study
procedures were approved by the Ethics Committee of the University of Chile Medical
School and Emory University Institutional Review Board. Of the 327 eligible families that
had lived in the slums for at least two years and in the same geographical areas under study,
108 families were not invited to participate because no resident was available when the
household was approached on multiple occasions. Of the total households invited to
participate (N=219), 86% met the criteria for inclusion (home with children < 8 years) and
accepted the particulate matter measurement and the interview. No differences in
participation rates between the slums and public housing families were observed. Twenty
households were subsequently removed from analysis because of incomplete data, resulting
in a total of 169 complete questionnaires.

1.2.3. Air measurements
To determine PM2.5 concentrations, we used a 230 volt pump (SKC 222-44XR, USA) with
a vacuum range of 0.05 to 5 L/min and a gravimetric sampler (SKC Personal Environmental
Monitor; PEM Sampler, USA). Pumps were installed in indoor and outdoor locations in
each home. One measurement was taken each day at two slum homes and three public
housing homes, respectively. PM2.5 concentrations were measured during a 24-hour period
during winter. Indoor locations for the pumps were placed in children’s bedrooms at
breathing height (about five feet above the ground). Outdoors, the pumps were installed in
the backyards of the houses in the slums or on the balconies of the public houses.

Samples were collected using a 37 mm Teflon filter with 2.5 μm pore size at a rate of 4 L/
min. The filters were weighed and analyzed by gravimetry at CHESTER LABnet laboratory
(Tigard, Oregon, USA). Results were expressed in micrograms/cubic centimeter (μg/m3).
Pumps were adjusted to the target flow-rate at the start and the finish of each measurement.
An electronic calibrator (SKC Ultraflow, USA) was used according to the manufacturer’s
calibration guide. Because the temperature and relative humidity affect the thermal
environment, they were registered in real time with a portable recorder (Hobo V10-003 Data
Loggers, USA), and the data was processed with commercial software for Windows
(Hoboware Software BHW-Lite, USA).

1.2.4. Quality control of PM2.5 measurements
Most of the samples (74.5%) were recollected in August and September. During these
months, the average temperatures reached 12.8°C+2.7 outdoors, with a relative humidity of
62%. These values were significantly higher than June and July, when average temperatures
were 9.9°C+2.7, with a relative humidity of 67%. These tendencies occurred both in public
and slum housing. Weight (μg) samples were standardized based on the average weight of
blanks and by sample volume in m3 (time sample × average flow). The limit of detection
(LOD) (24.5 μg/m3), for PM2.5 concentrations, was three times the standard deviation of
the blanks divided by the nominal volume. Nine percent of overall PM2.5 samples were
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lower than the limit of detection. Two control measurements were employed: 10 filters to
duplicate samples and 12 filters to assess measurement reliability, with a standard
measurement from a central site (MACAM net monitoring) representative of the geographic
area of Santiago. In this location, two types of samplers were used: continuous ambient
particulate monitor (Monitor MP2.5 model TEOM 1400AB, series 647) and a dichotomic
sampler (Sierra-Andersen Series 240) calibrated to 25°C, 1 atm.

The results of mass concentration uncertainty estimation by sampling in duplicate did not
show significant differences between pairs of samples (p=0.169), according to a paired
Wilcoxon Signed Rank test analysis. The variation in flow rates was within the range
established at calibration. Only 10.1% of the measurements had durations shorter than 24
hours. However, PM2.5 concentrations were similar for samples with the target duration and
the shorter duration; thus, they were both included in the analysis. Reliability analysis
showed that concentrations measured by the PEM Impactor compared with the time
continue monitor and dichotomic standard sampler achieved good precision (R2=87.9% and
R2=96.9%, respectively) in the punctual estimation.

1.2.5. Questionnaire
The questionnaire used in the present study included two sections. The first set of questions
about asked the age and years of education of the informant, family income, years of
residence in the home, family size, and age composition. Questions about total number of
rooms in the home and rooms used most frequently were also included. During the pilot
study, we noted other issues that were incorporated into the questionnaire, including
perception of structural problems affecting ventilation (Yes/No), frequency of trash burning
in the surrounding neighborhood (Always/Almost always/Sometimes/ Rare/Never), and
water heating system (Nothing/Electricity/Traditional gas stoves/Open fire with wood or
coal fuel). In the second set of questions, participants were asked about the number of
cigarettes smoked indoors; the amount of time spent inside the home heating, cooking, and
with the windows open during the 24 hours during the measurement; and type of fuel used
to heat the home (Nothing/Electricity/Gas/Kerosene/Coal/Wood). Participants were
surveyed while carrying out their normal activities so that the exposure measurements were
realistic.

Questions were taken from a previous study on a population of children in Santiago
regarding indoor air pollution (Pino et al., 2004). The key informants were children’s
mothers, who were asked about family socioeconomic conditions; general home care
practices, and activities that could influence the home environment during the 24 hours
(National Research Council, 1991). The questionnaires were administered face-to-face in the
families’ homes by two interviewers that were trained in a workshop before conducting the
interviews for both the slum and public housing families. An environmental engineer trained
in preparing and installing the pumps accompanied the visits.

1.2.6. Data analysis
Two variables regarding age composition of the family group were constructed to explore
the issue of families with children living at home because they could modulate home
practices. First was the proportion of children < 15 years with respect to total household
members, and second was a dichotomous variable for the presence or absence of infants.
Two income categories were constructed to describe the socioeconomic status of the family
groups: income greater or less than US$300. Two predictors of density and space used were
constructed: a Crowding Index, based on the number of residents per rooms used and a
Space Used Index, based on the rooms used by the family compared to the total number of
rooms. Three categories were constructed to describe the number of cigarettes smoked
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inside the home: None; 1-3 cigarettes, and > 3 cigarettes. For the use of indoor fuels, three
categories were constructed, because we are interested in comparing a separate “no
exposure” (none or electricity) category against intermediate fuel using (gas or kerosene)
and the use of “dirty fuels,” which are known contributors to particles (coal, wood, or
waste). The same three categories were used to describe the type of fuel used to heat water
for bathing (excluding kerosene as a fuel from the second category). For this last situation,
only three families reported “no” use of fuels, which provided a new argument for merging
the category. To maximize the risk response, three categories were constructed to describe
the frequency of trash burning: high (always or almost always), medium (sometimes), and
low (rarely or never).

Public and slum housing were compared with non-parametric Mann–Whitney statistical
tests of significance when variables were numerical and continuous (e.g., years of residence
or index created). To compare dichotomous and categorical variables (e.g., fuel type used),
differences in the distributions between public and slum housing were examined using a chi-
square test. A p-value of < 0.05 was set as the level of significance. A descriptive analysis
was conducted for indoor and outdoor PM2.5 concentrations overall and by housing group.
Arithmetic means and standard deviations, medians, and 75th and 25th percentiles were
used to show patterns in public and slum housing. Indoor and outdoor PM2.5 within and
between groups were compared using the Mann–Whitney test.

A multiple linear regression model was also developed. Indoor PM2.5 concentration was the
dependent variable, and allocation to public housing was the principal predictor (Public
Housing=1; Slum=0) to measure the importance of the allocation as a cumulative exposure.
All potential PM2.5 sources were explored in a preliminary analysis, independently as
covariates adjusted by outdoor PM2.5 concentration to explain indoor PM2.5 concentration.
Each proposed model was to identify the contribution of each predictor when they were
present in the simplest model with the outdoor exposure. Predictors from the simplest model
were selected to be included to the final model when the regression coefficients had a p-
value <0.2. To create the final model (Appendix A), all variables previously shown to be
associated with indoor PM2.5 concentration were introduced one to one maintaining the
housing predictor and the outdoor PM2.5 effect in the model. We excluded model predictors
with p-values of coefficients higher than the significance level of 0.05 and analyzed the
slope variation of the housing variable when the indoor PM2.5 sources and other variables
were introduced into the model. We included the partial correlations between predictors
explaining the pollutant to show the effect of a predictor when the remaining variability of
the other predictor was removed.

Regression diagnostics were performed. To identify outliers, residual distributional graphs
and Cook’s distance were used. Seven observations with values higher than 240 μg/m3

increased heteroscedasticity, but models did not improve with the log transformation of the
PM2.5 variable. Eliminating the extreme values resulted in better-fitting models, and
variance was robust in a standardized normal probability plot. All models were adjusted by
outdoor PM2.5 concentration because the effect of outdoor pollutants on indoor air was
known. Increases in variance after introducing a new explanatory variable were assessed
with the post-estimation likelihood-ratio test. A reduction in the coefficients of the variables
was interpreted as an improvement to IAQ. Potential interactions between indoor PM2.5
sources (smoking cigars, time home heating, bathing water, or cooking, and burning trash),
infant presence and the allocation to public housing were also explored to evaluate the effect
of the housing program on indoor PM2.5 concentration. All analyses were carried out using
STATA 10.0 software.
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1.3. Results
1.3.1. Home conditions by housing group

No significant differences were observed in the age of informant, education, years of
residence in the current home, age composition of family groups, and crowding and space
indices between public and slum housing (Table 1). Cigarettes smoked, time spent cooking,
and ventilation problems perceived were also similar between the two groups. However, the
amounts of time spent heating the home and with windows open were higher in the slum
group. The dominant fuel type used for home heating in slums was organic material
(charcoal, wood, papers, or waste). In public housing, there was no combustion of solid
fuels, and most preferred using no fuel or electric systems to heat the home. The main fuel
used to heat water for bathing was gas in public housing. In slums, families used all methods
to heat water, but mainly electric (boiler, thermo) or no water heating at all. Trash burning
was more common in the slums than in public housing.

1.3.2. PM2.5 concentrations
Average and median values of indoor and outdoor PM2.5 concentrations were higher in
slums than in public housing (p<0.001). Indoor and outdoor PM2.5 concentrations were
similar in public housing but significantly different in the slums (p<0.05). The correlation
between indoor and outdoor PM2.5 was moderate (rho=0.55, p<=0.001) and similar between
the two groups (Table 2).

1.3.2. Public housing, indoor sources, and PM2.5 concentrations
PM2.5 concentration was associated with allocation to public housing in the preliminary
analysis (Supplementary Table 3) including PM2.5 sources such as the number of cigarettes
smoked; method used to heat water for bathing and sampling month. The presence of infants
was associated with decreased indoor PM2.5. The final regression model with covariates that
were candidates explained about 41% of total variance (Table 4). The effect of the allocation
to public housing decreased from 14.9 μg/m3 (Supplementary Table 3) to 10.4 μg/m3 in the
model with more covariates, but was still a significant predictor of lower indoor PM2.5
concentration. Outdoor PM2.5 was the main predictor of PM2.5 concentration (β=0.5,
p<0.001, meaning 50% of outdoor PM2.5 is found indoors), followed by using dirty fuel to
heat bathing water (β=25.6 ug/m3, p<0.05,) and smoking more than three cigarettes indoors
(β=29.0 ug/m3, p<0.05). The presence of infants remained a protective factor in the model
Beta which suggested a change of family habits for the baby’s sake.

The partial correlation coefficient confirmed that outdoor PM2.5 is the most important
predictor of indoor PM2.5 concentration (explaining 26.0% of variance), followed by using
organic fuel to heat water (5.3%), and number of cigarettes in the highest risk category
(4.8%). We tested interactions between the housing and indoor PM2.5 sources; however,
none were significant. We found that the interaction with the number of cigarettes smoked
approached significance (β=−17.2, p=0.07), showing that indoor PM2.5 contributed by
smokers in public housing is lower than that of indoor smokers in slums. This interaction
eliminated the independent effect of the allocation to public housing (β =−5.641, p=0.289).

1.4 Discussion
Average indoor PM2.5 concentration was significantly higher in slum housing than public
housing, and both groups far exceeded the standard acceptable levels for the 24-h average
PM2.5 set by the Environmental Protection Agency (35 μg/m3) (U.S. EPA, 2009) and
recommended by the World Health Organization (25 μg/m3) (WHO, 2006). Furthermore,
outdoor concentration was close to concentrations reported in previous studies in Santiago
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(Pino et al., 2004; Koutrakis et al., 2005; Ruiz et al., 2010) and higher than the Chilean daily
PM2.5 standard (50 μg/m3), particularly in slums whose families could be a focus group for
the instruments that encourage the adoption of cleaner energy use in vulnerable
environments (Organization for Economic Cooperation and Development [OECD], 2011).

Studies on indoor PM2.5 concentration in Chile are rare, and this study is the first to report
indoor air quality indicators in slums. In one study, Ruiz et al. (2010) assessed indoor
pollutants in apartments in two areas of Santiago (Ruiz et al., 2010) and determined that
average PM2.5 concentration was between 42.1 and 86.3 μg/m3. Apartments with only an
electric system had lower PM2.5 concentrations (42.1 μg/m3), being higher in apartments
with gas natural heaters (49.5 μg/m3) and with kerosene users (86.3 μg/m3). Our results are
difficult to compare with this study, however, because some families used several fuels
simultaneously. The results from public housing were closer to the concentrations assessed
by Ruiz et al. (2010) in apartments with electric or gas heaters, while concentrations in
slums were closer to concentrations in apartments using kerosene. PM2.5 concentrations in
slums were low compared to studies that have assessed stove systems such as open fire or
coal/wood stoves (more than 528 μg/m3) (Brauer et al., 1996; Naeher et al., 2000a; Naeher
et al., 2000b; Siddiqui et al., 2009). We deduce that the lower concentrations are due to the
influence of outdoor concentrations in the slum homes studied and the small amounts of
time spent cooking and heating the home.

Differences between the indoor and outdoor PM2.5 concentrations were significant in the
slums but not in the public housing. This confirms that different sources are involved in
determining not only indoor but also outdoor concentrations. Outdoor PM2.5 concentrations
in the slums were higher than in public housing, which suggests that the outdoor sources
(e.g., trash burning) more prevalent in slums may influence outdoor PM concentrations
directly. Outdoor PM2.5 was the most important predictor of indoor PM2.5. The correlation
between indoor/outdoor concentrations was moderate, and this result is in accordance with
other studies on the general populations of European and American cities (Leaderer et al.,
1999; Johannesson et al., 2007) and with an earlier Chilean study (Ruiz et al., 2010). Homes
with more restrictive environments, such as air flow controlled by air conditioning or central
heating, reported low correlations between indoor and outdoor concentrations (R2<0.07)
(Chao & Wong, 2002; Miller et al., 2009).

We cannot explain the “lowering” of the indoor PM2.5 concentration associated to housing
variable, based on IAQ conditions when comparing public housing to slum household,
probably by study design. However the housing type and their thermal properties could be
involved. Predictors related with building properties not measured could explain the effect
attributable to the program housing variable. We did identify, however, specific PM2.5
indoor sources that the intervention could impact. For example, some fuels to heat bathing
water were used only in slums and were significantly associated with increased indoor
PM2.5. Thus, the intervention has a quantifiable benefit for air quality, as post-intervention
this source of pollution was removed entirely.

Among all families, indoor PM concentration was 29.0 μg/m3 2.5 higher in homes with
more than three cigarettes smoked inside compared with homes with no cigarettes smoked
inside. In agreement with our results, a review of studies in the US estimated increases of 25
to 45 g/m3 due to cigarette smoking (Wallace, 1996). Furthermore, smoking inside the home
has been reported as a principal contributor to indoor PM2.5 concentration in European cities
(Gotschi et al., 2002; Lai et al., 2006; Saraga et al., 2009). However, overall cigarette
consumption and indoor PM2.5 are low in these cities. The European Exposure Assessment
Project, EXPOLIS study (Lai et al., 2006) in six European cities reported that 17.7% of total
PM2.5 variance was attributable to smoking at home. In the present study, the percentage of
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variance explained by smoking cigarettes was lower, probably due to including outdoor PM
concentrations and the method used to heat water as covariates. As we hypothesized,
families living in the slums are at greater risk, because this group reported a slightly higher
number of cigarettes consumed than families in public housing.

We did not identify significant interactions with smoking, probably because of the small
sample size. However, a differential effect of cigarettes smoked in interaction with the
housing variable could be explored in a larger sample. Smokers in public housing could
exhibit different behavior with respect to pollutant habits in their spaces than smokers in
slums. Indeed, rehousing has been shown to influence tobacco consume (Thomson et al.,
2003). Moreover, slum families are a highly disadvantaged group and their smoking
behavior could be linked to poor mental health as reported in other Chilean studies
(Bedregal et al., 2006; Bedregal et al., 2009). Thus, we should not discard the possibility that
a housing program could mediate a psychosocial process that influences habits and
behaviors. The presence of infants, but not children of other ages, emerged as a possible
moderator of response in this study. We did not identify similar findings in other studies.
However, we introduced this variable because the behavior of family members, especially
female caregivers, in public housing could be perceived as an opportunity to control
environmental hazards (e.g., through window use, smoking outside of the home). Our results
showed that this response was not exclusive to one group. The effects could be interpreted
as a risk perceived in general by the families, who may cease polluting practices to reduce
environmental risk for vulnerable family members.

One limitation of this study is the cumulative measure used, which limits the results to a
period of 24 hours; however, we procured the measurements simultaneously in both home
types. Activities in the home could change and influence PM2.5 concentrations throughout
the day; thus, we lost sensitivity to the effect of different PM2.5 sources in real time. Family
activities may also vary over longer periods of weeks or months, and we did not use time
activity diaries. Real-time measurement correlated with a daily activities diary and different
periods of the year could be more informative of behavior profiles of families living in both
slum and public housing. A comprehensive daily home activity questionnaire might permit a
more detailed exploration of the intervention effect seen in our analysis. For example, our
study did not collect data about vehicular traffic. This PM2.5 source, in particular diesel
engines, is a major pollutant in Santiago (O’Ryan & Larraguibel, 2000). We evaluated
communities located on similar roads with moderate levels of vehicular traffic by trucks,
buses, and cars, but we did not consider their proximity to the highways crossing the city.
An advantage of this study was recruiting populations not studied with respect to IAQ. A
strong field deployment technician was required, especially in the slums where access to
electricity is erratic and usually collective. Although the results of this study cannot be
considered strictly a housing evaluation due the study design, all families were part of the
same group because they were from slum communities. An adequate study design and
selection of a control group could extend this study to other areas of the country. The indoor
PM2.5 sources did not constitute a large part of the explained variance. However, the effect
of indoor and outdoor sources related in rural slums (not included in this sample) could be
higher for the PM2.5 and other pollutant concentrations for the availability of wood in forest
areas, besides burning crop waste practices (Smith & Pillarisetti, 2012).

We showed that indoor air quality, as indicated by indoor PM2.5 level and its predictors, can
be used to evaluate other impacts and the social benefits of a housing intervention. We
might expect some trends within each study group in the predictors in a secondary analysis,
which could attend specific needs into the groups. Assessing other pollutants resulting from
combustion practices as well as chemical and biological agents should be considered. A
prospective study of families before and after intervention, with long-term follow-up, could
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also increase knowledge regarding benefits or negative impacts of re-housing programs on
behavior and practices among slum families, highlighting the long-term health effects for
families that remain in extreme poverty while waiting for a home. This information would
also contribute to an understanding of barriers to overcome after relocation, in order to
improve environmental quality inside homes and neighborhoods.

1.5. Conclusions
This study showed that average indoor and outdoor PM2.5 concentrations (over 24 hours)
were significantly higher in slums than in public housing. The main predictor of indoor
PM2.5 concentration in all homes was outdoor PM2.5 concentration. The families’ method of
heating bathing water (dirty fuel) and the number of cigarettes smoked indoors (>3) were
also determinants of high indoor concentrations. All families living in poverty are at risk,
but families living in slums are at highest risk, because they remain for a long time with
housing situations unresolved. Families in slums are not only exposed to higher outdoor
contaminant levels, but are also more likely to engage in habits that directly impact indoor
air quality. In contrast, the present study also showed that allocation to public housing and
the presence of infants in the home predicted reduced indoor PM2.5 concentration, implying
that these conditions may offer protection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix

1.8. Appendix A:
Final model for Indoor PM2.5 concentration model is represented in the following equation
(Myers, 1990):

Where Yi is the subject with the ith PM2.5 result, β0 the intercept and βn the regression
coefficient for the Xn variable. Correspondingly, Xn (X1, X2, X3, X4, and X5) represent the
PM2.5 sources (or a indoor air pollution modulator): PM2.5 outdoor concentration, allocation
in public housing (dichotomic), presence of infant (dichotomic), the type of fuel for heating
bathing water (gas/coal, wood, or waste) with “nothing or electricity” as the reference
category and the number of cigarettes smoked in 24 hours (1-3/>3) with “not smoking
indoors” as the reference.

Abbreviations

IAQ Indoor Air Quality

μg/m3 Micrograms / cubic metric

PM Particulate Matter
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PM2.5 Particulate Matter with diameter <2.5 micrometers (μm)

1.7. References
Brauer M, Barlett K, Regalado-Pineda J, Perez-Padilla R. Assessment of particulate concentrations

from domestic biomass combustion in rural Mexico. Environ Sci Tech. 1996; 30:104–109.

Bedregal P, Zavala C, Atria J, Nuñez G. Calidad de vida y necesidades de salud en campamentos: una
mirada fundamental a la extrema pobreza. Revista CIS (Centro de Investigación Social, UTPCH).
2006; 5(8):2–9.

Bedregal P, Zavala C, Atria J, Núñez G, Pinto M, Valdés S. Acceso a redes sociales y de salud de
población en extrema pobreza. Rev méd Chile. 2009; 137(6):753–8. [PubMed: 19746276]

CIS/UTCH. Catastro Nacional de Campamentos. 2007 ed. Centro de Investigación Social. Un Techo
para Chile (UTPCH); Santiago de Chile: 2007. Available:http://www.untechoparachile.cl/subsitios/
cis/web/investigaciones/catastro.html [accessed 10/07/2012]

Clark ML, Reynolds SJ, Burch JB, Conway S, Bachand AM, Peel JL. Indoor air pollution, cookstove
quality, and housing characteristics in two Honduran communities. Environ Res. 2009; 110(1):12–
18. [PubMed: 19922911]

Chao CY, Wong KK. Residential indoor PM10 and PM2.5 in Hong Kong and the elemental
composition. Atmospheric Environment. 2002; 36:265–277.

Chile-Barrio. Catastro Nacional de Campamentos 2007. Ministerio de Vivienda y Urbanismo
(MINVU); Santiago de Chile: 2007. Available: http://www.territoriochile.cl/1516/
article-76165.html [accessed 10/07/2012]

EPA. Air Quality Designations for the 2006 24-Hour Fine Particle (PM2.5) National Ambient Air
Quality Standards; Final Rule. 2009; Vol. 74(No. 218):1–95. Available: http://www.epa.gov/
pmdesignations/.

Fullerton DG, Bruce N, Gordon SB. Indoor air pollution from biomass fuel smoke is a major health
concern in the developing world. Trans R Soc Trop Med Hyg. 2008; 102(9):843–851. [PubMed:
18639310]

Gotschi T, Oglesby L, Mathys P, Monn C, Manalis N, Koistinen K, Jantunen M, Hänninen O,
Polanska L, Künzli N. Comparison of black smoke and PM2.5 levels in indoor and outdoor
environments of four European cities. Environ Sci Technol. 2002; 36(6):1191–1197. [PubMed:
11944668]

Gramsch E, Ormeno I, Palma G, Cereceda-Balic F, Oyola P. Use of the light absorption coefficient to
monitor elemental carbon and PM2.5-example of Santiago de Chile. J Air Waste Manag Assoc.
2004; 54(7):799–808. [PubMed: 15303292]

IOM. Clearing the Air: Asthma and Indoor Air Exposures. Committee on the Assessment of Asthma
and Indoor Air, Division of Health Promotion and Disease Prevention, Institute of Medicine;
Washington, DC: 2000. Available: http://www.nap.edu/openbook.php?isbn=0309064961
[accessed 10/07/2012]

Johannesson S, Gustafson P, Molnar P, Barregard L, Sallsten G. Exposure to fine particles (PM2.5 and
PM1) and black smoke in the general population: personal, indoor, and outdoor levels. J Expo Sci
Environ Epidemiol. 2007; 17(7):613–624. [PubMed: 17440486]

Koutrakis P, Sax SN, Sarnat JA, Coull B, Demokritou P, Oyola P, Garcia J, Gramsch E. Analysis of
PM10, PM2.5, and PM2.5-10 concentrations in Santiago, Chile, from 1989 to 2001. J Air Waste
Manag Assoc. 2005; 55(3):342–351. [PubMed: 15828676]

Lai HK, Bayer-Oglesby L, Colvile R, Gotschi T, Jantunen MJ, Kunzli N, Kulinskaya E, Schweizer C,
Nieuwenhuijsen MJ. Determinants of indoor air concentrations of PM2.5, black smoke and NO2 in
six European cities (EXPOLIS study). Atmospheric Environment. 2006; 40:1299–1313.

Leaderer BP, Naeher L, Jankun T, Balenger K, Holford TR, Toth C, Sullivan J, Wolfson JM,
Koutrakis P. Indoor, outdoor, and regional summer and winter concentrations of PM10, PM2.5,
SO4(2)−, H+, NH4+, NO3−, NH3, and nitrous acid in homes with and without kerosene space
heaters. Environ Health Perspect. 1999; 107(3):223–231. [PubMed: 10064553]

Burgos et al. Page 10

Atmos Environ (1994). Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.untechoparachile.cl/subsitios/cis/web/investigaciones/catastro.html
http://www.untechoparachile.cl/subsitios/cis/web/investigaciones/catastro.html
http://www.territoriochile.cl/1516/article-76165.html
http://www.territoriochile.cl/1516/article-76165.html
http://www.epa.gov/pmdesignations/
http://www.epa.gov/pmdesignations/
http://www.nap.edu/openbook.php?isbn=0309064961


Lopez, A.; Mathers, C.; Ezzati, M.; Jamison, D.; Murray, C. Global Burden of Disease and Risk
Factors. Oxford University Press and The World Bank, 506; Washington DC 20433: 2006.
Available: http://www.ncbi.nlm.nih.gov/books/NBK11812/ [accessed 10/07/2012]

Mac Donald, J. Pobreza y precariedad del hábitat en ciudades de América Latina y el Caribe. 2004 ed.
Comisión Económica para América Latina y el Caribe (CEPAL). Naciones Unidas; Santiago de
Chile: 2004. p. 1-190.LC/L.2214-P

MIDEPLAN. La encuesta de caracterización socioeconómica nacional de Chile. Perfil comunal.
Ministerio de Planificación de Chile; 2010. Available: http://www.mideplan.cl/casen/index.html
[accessed 10/07/2012]

Miller SL, Scaramella P, Campe J, Goss CW, Diaz-Castillo S, Hendrikson E, DiGuiseppi C, Litt J. An
assessment of indoor air quality in recent Mexican immigrant housing in Commerce City,
Colorado. Atmospheric Environment. 2009; 43:5661–5667.

MINVU. Catastro de Campamentos y Asentamientos irregulares, Chile. Ministerio de Vivienda y
Urbanismo, Facultad de Arquitectura y Urbanismo, Universidad de Chile; Santiago de Chile:
1997. Available: http://www.minvu.cl/opensite_20110316160104.aspx [accessed 10/07/2012]

MINVU. Catastro Nacional de Campamentos, Chile. Ministerio de Vivienda y Urbanismo de Chile;
Santiago de Chile: 2011. p. 1-50.First Step, may,2011Available: http://www.superacionpobreza.cl/
biblioteca-archivos/informe_catastro.pdf [accessed 10/07/2012]

Myers, R. Classical and Modern Regression with Applications. PWSKENT Pub. Co.; Boston: 1990.

Naeher LP, Leaderer BP, Smith KR. Particulate matter and carbon monoxide in highland Guatemala:
indoor and outdoor levels from traditional and improved wood stoves and gas stoves. Indoor Air.
2000a; 10(3):200–205. [PubMed: 10979201]

Naeher LP, Smith KR, Leaderer BP, Mage D, Grajeda R. Indoor and outdoor PM2.5 and CO in high-
and low-density Guatemalan villages. J Expo Anal Environ Epidemiol. 2000b; 10(6 Pt 1):544–
551. [PubMed: 11140438]

National Research Council. Survey Research Methods and Exposure Assessment in: Human Exposure
Assessment for Airborne Pollutants: Advances and Opportunities: Committee on Advances in
Assessing Human Exposure to Airborne Pollutants. National Research Council; 1991. p.
143-168.Available: http://www.nap.edu/catalog.php?record_id=1544#toc [accessed 10/07/2012]

OECD. OECD Evaluación de Desempeño Ambiental, Chile, 2005. Evaluación de medio término. Jun.
2011 2011. Available: http://www.sinia.cl/1292/articles-50651_ChileEDA2005_EMT2011.pdf

O’Ryan, R.; Larraguibel, L. Revista Perspectivas. Vol. 4. Departamento de Ingeniería Industrial,
Universidad de Chile; 2000. Contaminación del aire en Santiago: ¿qué es, qué se ha hecho, qué
falta?; p. 153-191.Available: http://www.dii.uchile.cl/~revista/ArticulosVol4-N1/ORyan-R%20y
%20Larraguibel-L.pdf [accessed 10/07/2012]

Pino P, Walter T, Oyarzún M, Villegas R, Romieu I. Fine particulate matter and wheezing illnesses in
the first year of life. Epidemiology. 2004; 15(6):702–708. [PubMed: 15475719]

Prieto C, Mancilla P, Astudillo P, Reyes A, Oscar R. Exceso de morbilidad respiratoria en niños y
adultos mayores en una comuna de Santiago con alta contaminación atmosférica por partículas.
Rev Med Chile. 2007; 135(2):221–228. [PubMed: 17406741]

Ruiz PA, Toro C, Caceres J, Lopez G, Oyola P, Koutrakis P. Effect of gas and kerosene space heaters
on indoor air quality: a study in homes of Santiago, Chile. J Air Waste Manag Assoc. 2010; 60(1):
98–108. [PubMed: 20102039]

Saborido, M. El Programa Chile Barrio: lecciones y desafíos para la superación de la pobreza y la
precariedad habitacional. Comisión Económica para América Latina y el Caribe (CEPAL);
Santiago de Chile: 2005. p. 1-56.Naciones Unidas. LC/W.52

Saraga DE, Maggos T, Helmis CG, Michopoulos J, Bartzis JG, Vasilakos C. PM1 and PM2.5 ionic
composition and VOCs measurements in two typical apartments in Athens, Greece: investigation
of smoking contribution to indoor air concentrations. Environ Monit Assess. 2009; 167(1-4):321–
331. [PubMed: 19572108]

Siddiqui AR, Lee K, Bennett D, Yang X, Brown KH, Bhutta ZA, Gold EB. Indoor carbon monoxide
and PM2.5 concentrations by cooking fuels in Pakistan. Indoor Air. 2009; 19(1):75–82. [PubMed:
19076247]

Burgos et al. Page 11

Atmos Environ (1994). Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/books/NBK11812/
http://www.mideplan.cl/casen/index.html
http://www.minvu.cl/opensite_20110316160104.aspx
http://www.superacionpobreza.cl/biblioteca-archivos/informe_catastro.pdf
http://www.superacionpobreza.cl/biblioteca-archivos/informe_catastro.pdf
http://www.nap.edu/catalog.php?record_id=1544#toc
http://www.sinia.cl/1292/articles-50651_ChileEDA2005_EMT2011.pdf
http://www.dii.uchile.cl/~revista/ArticulosVol4-N1/ORyan-R%20y%20Larraguibel-L.pdf
http://www.dii.uchile.cl/~revista/ArticulosVol4-N1/ORyan-R%20y%20Larraguibel-L.pdf


Smith KR, Pillarisetti A. A Short History of Woodsmoke and Implications for Chile. Estudios
Públicos. 2012; 126:163–79.

Thomson H, Petticrew M, Morrison D. Health effects of housing improvement: systematic review of
intervention studies. Bmj. 2001; 323(7306):187–190. [PubMed: 11473906]

Thomson H, Petticrew M, Douglas M. Health impact assessment of housing improvements:
incorporating research evidence. J Epidemiol Community Health. 2003; 57(1):11–16. [PubMed:
12490642]

Thomson H, Thomas S, Sellstrom E, Petticrew M. The Health Impacts of Housing Improvement: A
Systematic Review of Intervention Studies From 1887 to 2007. American Journal of Public Health
Supplement 4. 2009; Vol 99(No. S4)

Wallace L. Indoor particles: a review. J Air Waste Manag Assoc. 1996; 46(2):98–126. [PubMed:
8846246]

WHO. WHO Air quality guidelines for particulate matter, ozone, nitrogen dioxide and sulfur dioxide.
World Health Organization; Geneva, Switzerland: 2006. p. 1-22.WHO/SDE/PHE/OEH/06.02.
Global update 2005

Winchester, L. El desarrollo sostenible de los asentamientos humanos en América Latina y el Caribe.
2006 ed. Comisión Económica para América Latina y el Caribe (CEPAL); Santiago de Chile:
2006. p. 1-52.LC/L.2287-P

Burgos et al. Page 12

Atmos Environ (1994). Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Highlights

• We examine differences in the PM2.5 and their sources in slums houses and
public housing

• Indoor and outdoor PM2.5 were significantly higher in slums than in public
housing

• Differences between indoor and outdoor PM2.5 within homes were significant
only in slum houses

• Outdoor PM2.5 and the method for bathing water heating were the main
predictors in all homes

• A program that move slums families to public housing may improve indoor air
quality
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Table 1

Sociodemographic characteristics and PM2.5 indoor sources reported for households, by housing groups
(n=169)

n Public Housing (n=98) n Slum (n=71) p-value

Home variables % %

Age of informant a (years), Mean (SD) 98 31.1 (10.2) 71 32.5 (9.8) 0.38

Education (years) , Mean (SD) 98 8.3(2.9) 71 8.7 (2.4) 0.53

Proportion of children <15yb, Mean (SD) 98 41.4 (15.4) 71 44.3 (14.7) 0.10

Crowding index c, Mean (SD) 98 1.8(1.6) 71 2.2 (1.6) 0.11

Space used index d, Mean (SD) 98 77.6 (37.2) 71 76.9 (32.1) 0.53

Family Income <300 US 40 61.9 21 70.8 0.22

Presence of infant 52 50.9 43 41.8 0.23

PM 2.5 Indoor sources

Home heating hours 98 1.2(3.1) 71 4.1(8.9) 0.00*

Cooking hours 98 1.2(1.1) 71 1.2(1.6) 0.50

Open windows hours 98 2.1 (2.9) 71 2.9(3.0) 0.01*

Number of cigarettes

 None 81 83.0 54 75.7 0.22

 1-3 12 12.3 10 13.5

 >3 5 4.7 8 10.8

Home heating fuel

 None/electric 60 61.3 25 35.1 0.00**

 Gas/kerosene 38 38.7 15 21.6

 Coal/wood/waste 0 0.0 31 43.2

Difficulty with ventilation 44 45.2 32 51.4 0.42

Bathing water heating fuel

 None/electric 19 19.0 29 40.3 0.00**

 Gas 79 81.0 22 31.9

 Coal/wood/waste 0 0.0 20 27.8

Burning trash e

 Low 56 56.9 15 21.0

 Medium 22 22.0 10 14.5 0.00**

 High 20 21.1 46 64.5

Abbreviations: SD, standard deviation; Med, median; Min, minimum value; Max, maximum value.

*
Mann-Whitney test;

**
Ji2 Test.

a
all informants were mothers of the child;

b
number of children < 15/ total resident ;

c
number of resident/rooms used ;
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d
number of total rooms/ rooms used;

e
Low is Never/almost Never, Medium is sometimes, High is always/almost always.
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Table 2

Indoor and outdoor concentrations of PM2.5 (ug/m3) in public and slum housing reported by households

Groups PM 2.5 (μg/m3)

N Mean SD Med p25 p75

Overall study

Indoor 169 64.8 36.6 58.8 38.1 81.2

Outdoor 169 57.6 34.8 45.9 35.3 70.2

Differences
Indoor-Outdoor

169 7.3 35.5 4.1 −7.1 20.4

Public housing

Indoor 98 55.7** 34.6 46.7 29.4 71.2

Outdoor 98 51.5ı 31.3 37.7 34.4 57.5

Differences
Indoor-Outdoor

98 4.2 33.6 2.3 −7.5 15.6

Slum housing

Indoor 71 77.8** 35.7 67.8 54.9 101.1

Outdoor 71 66.1 ı 37.9 59.4 39.2 80.5

Differences
Indoor-Outdoor

71 11.6* 37.8 6.5 −5.6 27.9

Abbreviations: SD, standard deviation; Med, median; p25, 25th percentile; p75, 75th percentile.

*
Difference between indoor-outdoor within group is significant at Mann-Whitney test (* p-value <0.05)

**
Difference between public housing’s indoor vs slums houses’s indoor is significant at Mann-Whitney test (**p-value<0.01)

ı
Difference between public housing’s outdoor vs slums houses’s outdoor is significant at Mann-Whitney test (**p-value<0.01)
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Table 3

Predictors of Indoor PM2.5 concentrations in public and slum housing, reported by households (n=169)

Variables Intercept
Regression
coefficienta

Standard
Error p

Housing intervention 45.3 −14.9 5.30 0.01*

Home predictors

Years of education (informant) 29.4 0.6 0.82 0.48

Years of residence 34.8 −0.1 0.31 0.73

Proportion of children <15b 29.8 9.4 1.75 0.59

Presence of infants 40.3 −14.1 4.85 0.00*

Crowding Index c 33.3 0.4 1.48 0.79

Space used Index d 35.6 −2.1 7.41 0.78

Family income <300 USD e 46.0 8.7 5.12 0.09

Indoor predictors

Daily home heating (hours) 33.7 0.4 0.34 0.24

Cooking duration (hours) 31.2 2.2 1.81 0.23

Open windows (hours) 31.2 0.9 0.83 0.26

Number of cigarettes

 1-3 31.6 3.2 9.1 0.72

 >3 31.7 13.1 0.02*

Home heating fuel

 Gas/kerosene f 34.2 −5.3 5.13 0.31

 Coal/wood/waste f 1.4 7.36 0.07

Problems with ventilation(Self-report) 29.9 8.9 4.91 0.07

Bathing water heating fuel

 Gas f 29.5 4.1 5.02 0.42

 Coal/wood/waste f 30.9 1.03 0.00*

Trash burning

 Medium g 31.4 5.0 6.71 0.46

 High g 1.0 6.20 0.09

Sampling month (Jun-Jul)h 33.9 13.3 5.92 0.03*

a
Adjusted by Outdoor PM2.5 concentration;

b
number of children < 15/ total residents;

c
number of residents/rooms used

d
number of total rooms/ rooms used;

e
Income >300 USD ;

f
Nothing or electric;
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g
Low (Never, rare) vs. High (always, almost always); Never vs. Medium (sometimes);

h
Aug-Sep

*
p-values<0.05
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Table 4

Predictors of indoor PM2.5 in public and slum housing, reported by households (n=169)

Partial Correlations

Predictor β SEa P 95% CI R2 (%)* p-value

Allocation (Public houses) b −10.4 5.1 0.04 −20.5 −0.3 2.2 0.07

Presence of infant −9.5 4.6 0.04 −18.7 −0.3 2.6 0.05

Number of cigarettes

 1-3 c 4.1 7.9 0.61 −11.6 19.7 0.3 0.56

 >3 c 29.0 11.0 0.01 7.3 50.6 4.8* 0.01

Bathing water heating fuel

Gas d 8.5 4.8 0.08 −1.0 18.0 1.4 0.15

Coal/wood/waste d 25.6 10.0 0.01 5.8 45.3 5.3** 0.00

PM2.5Outdoor 0.5 0.1 0.00 0.3 0.7 26.0** 0.00

Intercept 36.5 8.0 0.00 20.7 52.3

Abbreviations: SE, Standard error; CI, Confidence intervals; R2, Regression coefficient

a
RL Variance robust; R2: 41 %

b
Control group: Slum houses

c
Not smoke indoor

d
Nothing or electricity

*
Significant partial correlation (p<0.05) between PM2.5 indoor and each variable holding the other variables constant.

**
Significant partial correlation (p<0.001) between PM2.5 indoor and each variable holding the other variables constant.
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