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ABSTRACT
The physical and chemical characteristics of indoor, out-
door, and personal quasi-ultrafine (�0.25 �m)-, accumula-
tion (0.25–2.5 �m)-, and coarse (2.5–10 �m)-mode particles
were studied at four different retirement communities in
southern California between 2005 and 2007. Linear mixed-
effects models and Spearman’s correlation coefficients
were then used to elucidate the relationships among size-
segregated particulate matter (PM) levels, their particle
components, and gaseous co-pollutants. Seasonal and
spatial differences in the concentrations of all measured
species were evaluated at all sites on the basis of P values
for product terms. Outdoor quasi-ultrafine (UF) and, to a
lesser extent, accumulation-mode particles were the two
fractions that best correlated with outdoor concentrations
of carbon monoxide (CO), nitrogen dioxide (NO2), nitro-
gen oxides (NOx; during both phases of the study), and
ozone (O3; only during the warmer months). Outdoor
and indoor concentrations of CO, NO2, and NOx were
more positively correlated to personal quasi-UF particles
than larger size fractions. Despite these findings, it seems
unlikely that these gaseous co-pollutants could confound
epidemiologic associations between quasi-UF particles
and adverse health effects. Overall, measured gaseous co-
pollutants were weak surrogates of personal exposure to

accumulation-mode PM, at least for subjects with similar
exposure profiles and living in similar urban locations.
Indoor sources were not significant contributors to per-
sonal exposure of accumulation and quasi-UF PM, which
is predominantly influenced by primary emitted pollut-
ants of outdoor origin. Correlations between personal
coarse-mode PM and both outdoor and indoor gaseous
co-pollutant concentrations were weak at all sites and
during all seasons.

INTRODUCTION
Several epidemiological and toxicological studies have
found positive associations between levels of atmospheric
fine particulate matter (PM2.5; aerodynamic diameter [Dp]
� 2.5 �m) and acute or chronic adverse health effects.1
The PM components that are believed to be responsible
for the adverse health outcomes include transition met-
als, organic species (often reported using surrogate mea-
surements such as organic and elemental carbon [EC], or
organic carbon [OC] and EC, respectively), sulfate and
nitrate salts, and bioaerosols.2,3 In addition, PM properties
such as mass, number, surface area, and especially size are
important in evaluating particle toxicity. In addition to
having the highest potential to penetrate deeply into the
human lungs, ultrafine (UF) particles (Dp � 0.10 �m)
collected in urban environments include particularly
toxic species such as polycyclic aromatic hydrocarbons
(PAHs). In a recent study conducted by Ntziachristos et
al.,4 size-fractionated ambient particulate matter (PM)
samples (i.e., quasi-UF- [Dp � 0.25 �m], accumulation-
[Dp � 2.5 �m], and coarse- [2.5 �m � Dp � 10 �m] mode
particles) were collected at four different locations in the
Los Angeles Basin, and analyzed for their chemical com-
position and redox potential (an indicator of particle tox-
icity). The quasi-UF fraction had the highest redox activ-
ity on a per-PM mass basis, which was correlated with the
higher mass fractions of particulate OC and PAHs (some
of which are well-known carcinogens5,6) for this size
range.

IMPLICATIONS
Health risks associated with exposure to PM can be con-
founded by the presence of gaseous co-pollutants. Thus,
modeling results from time-series epidemiologic studies
that include both gaseous and particulate pollutant con-
centrations should be interpreted with caution. A better
understanding of the relationships among indoor, outdoor,
and personal size-fractionated PM, the corresponding par-
ticle components, and gaseous co-pollutants of both in-
door and outdoor origin is needed to elucidate the health
risks associated with PM exposure.
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Although the link between PM exposure and adverse
health effects has become widely accepted, ascertaining
the true risk associated with exposure to PM is difficult,
mainly because the concentrations of ambient particles
and those of their gaseous co-pollutants {e.g., carbon
monoxide (CO), nitrogen oxides (NOx � nitric oxide [NO]
� nitrogen dioxide [NO2]), ozone (O3), and sulfur dioxide
(SO2)} are often well correlated, and estimates of the
health risks associated with PM exposure may be con-
founded by these gaseous species.7–9 The National Re-
search Council10 listed the investigation of the potential
confounding effect of gaseous co-pollutants on PM health
effects as one of their research priorities.

Sarnat et al.8 explored these confounding effects in
Baltimore, MD,9 and in Boston, MA, using integrated
(24-hr) ambient and personal exposure data (i.e., PM2.5,
O3, NO2, and SO2 concentrations) collected in summer
and winter. In both cities, ambient gaseous levels were
more strongly correlated with personal exposure to PM2.5

and sulfate (SO4
2�) than with their respective personal

gas exposures. Only the results obtained in Boston
showed an occasional association between ambient PM2.5

and personal O3 and NO2. Although the strength of these
crosspollutant associations was not as substantial as be-
tween ambient and personal PM2.5, these findings suggest
that at times, ambient pollutant gases can also serve as
surrogates for personal exposures to PM2.5. In addition,
these studies showed that between-subject differences
might exist in the strength of the personal-ambient asso-
ciation for gases, probably because of differences in house
characteristics and ventilation conditions.9,11,12 Whereas
in Boston personal-ambient gaseous correlations were
moderately strong, in Baltimore ambient gas concentra-
tions were not associated with their respective personal
exposures. This implies that changes over time for some
gaseous pollutants (e.g., O3) measured at central sites only
reflect corresponding changes in personal exposures at
some locations.

In this study, we expanded the work by Sarnat et al.8
by including size-segregated PM data in our analysis. As-
sociations between indoor, outdoor, and personal size-
fractionated PM and OC, EC, particle number (PN), O3,
CO, NO, NOx, and other important pollutants of both
indoor and outdoor origin were evaluated, and the role
of gaseous co-pollutants as surrogates of personal size-
fractionated PM exposures was assessed. Data were col-
lected at four retirement communities of the Los Angeles
Basin during the Cardiovascular Health and Air Pollution
Study (CHAPS), a multidisciplinary project with goals of
investigating the effects of microenvironmental expo-
sures to PM on cardiovascular outcomes in elderly retirees
affected by coronary artery disease.13

METHODS
Study Design

The physical and chemical characteristics of indoor, out-
door, and personal quasi-UF, accumulation, and coarse
PM were studied at four different retirement communities
in southern California between 2005 and 2007. Three of
these communities were in the San Gabriel Valley, CA
(here referred to as site San Gabriel 1, San Gabriel 2, and
San Gabriel 3) and the fourth in Riverside, CA. Site San

Gabriel 1 was located approximately 50 km east of down-
town Los Angeles, in a residential area, approximately 3
km away from any major freeways and close to a construc-
tion site. Site San Gabriel 2 was situated approximately 8
km east of Los Angeles, approximately 300 m south of a
major freeway (see Polidori et al.,11 for details). Site San
Gabriel 3 was approximately 55 km east of downtown Los
Angeles, 2.5 km away from 2 busy freeways and in close
proximity (150 m) of a major street. The Riverside site was
approximately 110 km east of Los Angeles and 15 km
southeast of downtown Riverside. The closest freeway and a
major street were approximately 3 and 1 km away, respec-
tively, and downwind of the site. The abundant vegetation
surrounding this last community may be a potential source
of precursors of biogenically generated PM (e.g., organic
particles from the photo-oxidation of terpenes).

Two 6-week sampling campaigns were conducted at
each location. Phase 1 (P1) of each campaign was con-
ducted during a warmer season (including summer and
early fall), whereas phase 2 (P2) was conducted during a
cooler season (including late fall and winter). Site San
Gabriel 1 was operated from July 6, 2005 to August 20,
2005 (P1) and from October 19, 2005 to December 10,
2005 (P2); sampling at site San Gabriel 2 was conducted
from August 24, 2005 to October 15, 2005 (P1) and from
January 4, 2006 to February 18, 2006 (P2); site San Gabriel
3 was operated from July 5, 2006 to August 17, 2006 (P1)
and from October 18, 2006 to December 1, 2006 (P2);
sampling at site Riverside was conducted from August
23, 2006 to October 13, 2006 (P1) and from January 4,
2007 to February 16, 2007 (P2). Thus, we were able to
study the seasonal variations in indoor, outdoor, and
personal relationships between size-segregated PM and
its components.

Two identical sampling stations were installed at each
site, one indoors and one outdoors. The indoor sampling
station at site San Gabriel 1 was located in a recreational
area of the first community’s main building, adjacent to a
construction site where work was ongoing. The indoor
sampling area at site San Gabriel 2 was situated in the
dining room of the community’s central building. The
indoor station at site San Gabriel 3 was set up in a recre-
ational area of the main retirement community complex,
adjacent to a gym and an activity room. The indoor area
at the Riverside site was located in the hallway of the
main building with a dining room, activity room, and
numerous apartment units nearby. At all sites the outdoor
station (set up inside a movable trailer) was positioned
within 300 m from the indoor station.

Personal PM concentrations were measured for 67
elderly retirees (18, 14, 17, and 18 subjects at sites San
Gabriel 1, 2, 3, and Riverside, respectively) with a history
of coronary artery disease. All subjects, except one, also
participated in at least some part the epidemiologic part
of this study, including ambulatory electrocardiogram
and blood pressure monitoring. All participants were 71
yr of age or older, nonsmokers, and with no home expo-
sure to environmental tobacco smoke (ETS). Each subject
was followed for two 5-day sampling periods during the
two phases of the study. Throughout this time, size-
fractionated PM levels were measured daily. The num-
ber of subjects and observations of measured pollutants
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during different phases of the study is reported in sup-
plemental data Table S1 (published at http://secure.awma.
org/onlinelibrary/samples/10.3155-1047-3289.59.4.392_
supplmaterial.pdf). A more detailed description of the
study design can be found in Delfino et al.13

Instrumentation
Continuous (1-min) PN concentrations were measured
using water-based condensation particle counters (CPC;
Model 3785, TSI, Inc.) at both indoor and outdoor sam-
pling stations. Indoor and outdoor particulate OC and EC
were measured in hourly cycles (i.e., sampling time � 45
min, analysis time � 15 min) by means of two semicon-
tinuous OC-EC analyzers (Model 3F, Sunset Laboratory,
Inc.). A beta attenuation monitor (BAM; Model 1020, Met
One Instruments, Inc.) measured hourly PM2.5 mass con-
centrations. Continuous (1 min) NO and NO2 measure-
ments were obtained both indoors and outdoors by using
Thermo Environmental NOx analyzers (Model 42,
Thermo Environmental Instruments, Inc.). Dasibi CO an-
alyzers (Model 3008, Dasibi Environmental Corp.) were
implemented to measure continuous (1 min) indoor and
outdoor CO levels. Continuous (1 min) outdoor O3 con-
centrations were also monitored at each sampling site
by using API O3 analyzers (Model 400A, Teledyne Tech-
nologies, Inc.). For more details about the continuous/
semicontinuous instruments used during the sampling
campaign, see Polidori et al.11

In addition, integrated (24 hr) size-segregated indoor
and outdoor particle samples were collected at all sites by
means of Sioutas Personal Cascade impactors (SKC
Inc.)14,15 from Monday to Friday. Coarse-, accumulation-,
and quasi-UF-mode PM were sampled on Zefluor filters
(3-�m pore size; Pall Life Sciences) and analyzed gravimet-
rically using a microbalance (Mettler-Toledo; weight un-
certainty � 2 �g). Personal environmental monitors
(PEMs) were deployed concurrently with the indoor and
outdoor PM samplers to obtain integrated (24 hr) per-
sonal PM exposure data. Each PEM consists of an inlet, a
Sioutas impactor, and a Leland Legacy pump (SKC, Inc.)
operating at 9 L/min, all enclosed in a personal carry-on
bag, then assigned to each subject.

Data Analyses
To match all continuous (or semicontinuous) measure-
ments to the corresponding filter-based data, only daily
averages of the concurrently measured PM2.5, OC, EC, PN,

NOx, CO, and O3 concentrations were considered. The
contributions to outdoor OC by primary OC (OCpri; emit-
ted directly from combustion sources such as vehicular
exhaust and wood smoke) and secondary organic aerosol
(SOA; formed from semi- and low-volatility products of
chemical reactions involving reactive organic gases) were
estimated from measured OC and EC concentrations us-
ing EC as a tracer of primary combustion-generated OC
(i.e., the “elemental carbon tracer method,” see Polidori et
al.11). Because one of the aims of this study is to evaluate
the effects of outdoor air pollutants on indoor and per-
sonal exposure, we estimated air exchange rates (AERs;
from CO measurements during periods affected by a dom-
inant indoor source, see Abt et al.16) and infiltration fac-
tors (Finf; defined as the equilibrium fraction of the out-
door species of interest that penetrates indoors and
remains suspended, see Long et al.17) at each site.

If we assume an exponential decay of particles, that
AER (hr�1) and outdoor concentrations are constant dur-
ing the decay period, that CO is conservative, and that
indoor concentrations are well mixed, then:

Ct � e � �AER�t C
0

(1)

where Ct is the indoor CO concentration after time t (after
the decay period) and C0 is the initial peak CO concen-
tration (right after CO emission). Finf is described by the
following equation:

F
inf

� P(AER)/(AER � k) (2)

where P is the penetration coefficient (dimensionless). Finf

for OC, EC, PM2.5, and PN were calculated using the
recursive model (RM) developed by Allen et al.18 In this
method, for a particular species of interest, the average
indoor concentration during an hour is equal to the sum
of a fraction of the average outdoor concentration during
the same hour, a fraction of the average indoor concen-
tration remaining from the previous hour, and the con-
tribution from indoor sources. More details on the Finf

and AER estimation methods are described in Polidori et
al.11 The average AERs calculated during CHAPS at the
four retirement communities ranged from 0.21 to 0.4
hr�1 (Table 1). The generally low estimated AERs are con-
sistent with the structural characteristics of the sampling

Table 1. Estimated AER and Finf over the studied sites and phases of the study.

Phase Site
AER, hr�1

(mean � SD)

Finf

OC EC PN PM2.5

P1 (summer and fall) San Gabriel 1 0.25 � 0.04 0.98 0.82 0.66 0.52
San Gabriel 2 0.28 � 0.06 0.74 0.74 0.46 0.45
San Gabriel 3 0.40 � 0.12 0.67 0.68 0.41 0.42
Riverside 0.21 � 0.06 0.60 0.72 0.57 0.49

P2 (fall and winter) San Gabriel 1 0.33 � 0.07 0.87 0.79 0.78 0.52
San Gabriel 2 0.31 � 0.10 0.61 0.64 0.55 0.38
San Gabriel 3 0.26 � 0.08 0.81 0.75 0.43 0.57
Riverside 0.31 � 0.09 0.90 0.82 0.45 0.41
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sites, the low number of open windows and doors, and
the presence of central air conditioners. The average Finf

results were highest for EC (0.64–0.82) and OC (0.60–
0.98) compared with those of PM2.5 (0.38–0.57) and PN
(0.41–0.78). In general, the Finf results were similar across
P1 (summer and fall) and P2 (fall and winter), which is
consistent with no seasonal changes in home dynamics
and ventilation conditions as indicated by the rather con-
stant AERs calculated throughout the study. Estimated
Finf and measured particle concentrations across all hours
were then used in a single compartment mass balance
model to assess the contributions of indoor and outdoor
sources to measured indoor EC, OCpri, SOA, and
PN.11,19,20 The average amounts of indoor- and outdoor-
generated PM and PM species (here denoted with “ig” and
“og” subscripts, respectively) inside the studied homes
were determined by this approach.

The following four associations (models) were then
used to study the relationships between pollutant concen-
trations and size-segregated PM levels:

(1) Associations between outdoor co-pollutant con-
centrations and outdoor size-fractionated PM lev-
els (“outdoor-outdoor associations”).

(2) Associations between indoor co-pollutant con-
centrations and indoor size-fractionated PM lev-
els (“indoor-indoor associations”)

(3) Associations between outdoor particle and gas-
eous species concentrations and personal expo-
sure to size-fractionated PM (“outdoor-personal
associations”).

(4) Associations between indoor particle and gaseous
species concentrations and personal exposures to size-
fractionated PM (“indoor-personal associations”).

Linear mixed-effects regression parameters (slopes, or S)
and Spearman’s correlation coefficients (R) were calcu-
lated for the above-mentioned correlations.

Mixed Models
Data were analyzed with linear mixed-effect models,
which expand the capabilities of linear regression by ac-
counting for the correlation present in repeated measures
data. In matrix notation, the mixed-effects model can be
expressed as:

Y � X	 � Z
 � ε (3)

where Y is a vector of outcomes, X is a known matrix of
covariates, 	 is a vector of fixed-effect parameters, and ε is
a vector of normally distributed errors. These terms par-
allel the standard linear regression model. To account for
correlation within subjects, the linear mixed-effects
model includes an additional covariate matrix Z and a
vector of subject-specific random effects, 
.21 In our mod-
els, random intercepts were estimated for each subject,
and an autoregressive covariance structure was selected
based on best fit from Akaike’s information criteria. Re-
sidual and influence diagnostics were used to identify
potentially outlying and influential observations. The in-
terquartile range (IQR) of the considered independent
variable standardized all regression parameter estimates
to allow for a fair comparison of the S values. Thus, the

mixed model coefficients for the dependent variable cor-
respond to an IQR change in the independent variable.

In addition to linear mixed-effects models, R values
were reported as an additional indicator of the association
strength among indoor, outdoor, and personal data for
the studied associations. Subjects having fewer than 5
valid days of observations in any of the size fractions (out
of 10 per size fraction) were excluded from the analysis.
Before regression and correlation analyses, outliers were
detected at 3 standard deviations beyond the mean and
individually inspected for influence in regression models.

All data collected at sites San Gabriel 1–3 were com-
bined and considered to be representative of the entire
San Gabriel Valley and compared with the measurements
generated at the Riverside site. This division was based on
the observation that diurnal and seasonal patterns of in-
door and outdoor PM pollutants in Riverside (in particu-
lar OC, OCpri, and SOA) were distinctly different from
those recorded at the other three sites. The San Gabriel
Valley sites are closer to downtown Los Angeles, are im-
pacted to a higher degree by fresh traffic emissions, and
thus exemplify the characteristics of typical “source” sites.
Conversely, site Riverside is designated as a “receptor”
location, where the aerosol is mostly comprised of ad-
vected, aged, and photochemically processed particles
from the central Los Angeles area as well as of some local
emissions.22

Finally, seasonal differences in phase-average concen-
trations of all measured species were estimated at all sites
and assessed using P values for product terms between
phase and the predictor. These “phase interaction” terms
allowed us to study possible temporal variations in the
associations between the variables considered during P1
(summer and early fall) and P2 (late fall and winter).
Similarly, regional interactions between the San Gabriel
Valley and the Riverside sites were calculated to highlight
possible spatial differences in the considered associations.

RESULTS
Data Overview

Mean personal and mean indoor PM mass concentrations
were similar at all sites, during all phases, and for all size
fractions (Table 2), probably because most subjects spent
most of their time indoors. Mean outdoor PM levels were
higher than the corresponding personal and indoor con-
centrations across all size modes (especially for accumu-
lation and coarse-mode particles), sites, and phases of the
study (Table 2). This suggests that the overall loss of
outdoor particles during penetration through the build-
ing envelope was higher than the particle generation
from indoor sources. PM2.5 levels (Table 1) were calcu-
lated in two different ways: by combining the filter-based
quasi-UF- and accumulation-mode PM gravimetric
masses, and from continuous BAM measurements. The
resulting PM2.5 concentrations were always within 1.7
�g/m3 across all sites and during all phases of the study.
The estimated average indoor concentrations of outdoor
origin of PM2.5, OC, EC, and PN (Fineog, OCog, ECog, and
CPCog, respectively) were higher than the corresponding
mean indoor-generated levels (Fineig, OCig, Ecig, and
CPCig, respectively), which confirms that outdoor sources
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were the most important contributors to the measured
indoor pollutant concentrations.

The San Gabriel Valley sites were closer to freeways
than the Riverside site (located in a desert region) and
were impacted by higher levels of CO, NO2, and NOx,
mainly emitted from primary combustion sources (e.g.,
motor-vehicle emissions). Conversely, OC and O3 levels
were generally higher in Riverside. The latter site was
approximately 110 km east (and downwind) of down-
town Los Angeles, with prevailing westerly winds blowing
from the Pacific Ocean. The plume of pollutants gener-
ated in the Los Angeles area includes several reactive

organic species that are likely to form OC through sec-
ondary processes (i.e., SOA formation) as the air mass ages
and is transported eastwards. The higher average OC, O3,
and SOA levels and the smaller diurnal OC variation in
Riverside (compared with the characteristic afternoon in-
crease in OC, O3, and SOA in the San Gabriel Valley)
confirm that the latter is a typical receptor area, where the
contribution of SOA to total measured OC is substantial.
In addition, the vegetation surrounding the Riverside
community is a potential source of biogenic gas-phase
precursors, which form SOAs through photochemical re-
actions (e.g., photochemical oxidation of terpenes23).

Table 2. Descriptive statistics for residential outdoor, indoor, and personal concentrations.

Pollutant

Outdoor/
Indoor/

Personal

San Gabriel Valley Riverside

P1 P2 P1 P2

Mean SD IQR1 Mean SD IQR1 Mean SD IQR1 Mean SD IQR1

Gas concentration
CO (ppm)a Outdoor 0.59 0.23 0.37 0.69 0.31 0.36 0.31 0.13 0.25 0.12 0.11 0.17

Indoor 0.64 0.23 0.29 0.78 0.35 0.37 0.46 0.11 0.16 0.60 0.11 0.17
NO2 (ppb) Outdoor 32.55 9.47 12.20 33.33 9.05 10.72 15.25 5.83 7.14 15.37 7.14 9.42

Indoor 25.70 9.99 16.21 31.02 9.51 15.09 11.41 2.48 3.89 13.03 2.93 4.09
NOx (ppb) Outdoor 48.36 21.07 21.77 68.63 35.59 39.06 18.52 7.29 10.08 18.77 9.58 12.47

Indoor 41.02 21.39 25.45 69.32 37.71 40.77 15.58 3.97 5.84 19.66 5.65 6.81
O3 (ppb) Outdoor 31.52 10.98 15.65 18.31 7.13 7.77 38.05 10.40 13.82 28.69 6.26 8.62

Particulate mass (�g/m3)
Quasi-UF PM Personal 8.52 4.21 4.09 8.77 7.83 4.30 6.97 3.10 5.04 4.58 2.75 2.60

Outdoor 9.87 3.02 4.13 9.95 4.40 5.46 11.42 4.92 7.06 7.29 3.54 6.49
Indoor 8.93 2.86 3.77 8.89 3.66 4.62 8.99 3.26 4.24 6.05 2.95 2.47

Accumulation-mode PM Personal 6.03 3.69 4.43 5.01 4.87 3.75 4.86 3.16 3.64 1.98 1.64 1.30
Outdoor 13.30 6.05 8.01 10.94 9.23 10.39 9.75 6.34 8.65 5.07 3.81 4.61
Indoor 7.31 3.41 4.42 6.28 4.72 5.14 4.55 2.36 1.49 2.21 1.68 1.17

Coarse PM Personal 3.33 2.40 2.68 3.42 4.80 2.11 3.14 1.90 2.34 1.61 1.01 0.89
Outdoor 11.48 3.61 4.35 8.58 5.21 5.89 12.52 6.95 7.95 4.62 2.55 3.15
Indoor 2.62 2.91 3.16 4.14 5.49 3.93 2.88 2.64 1.94 2.85 1.40 1.54

PM2.5
b Personal 14.54 6.60 7.87 13.77 10.93 8.20 11.77 5.50 8.13 6.50 3.66 3.53

Outdoor 24.48 8.30 10.56 20.10 13.75 18.35 22.06 7.94 12.52 11.57 7.65 11.85
Indoor 15.09 5.95 9.88 12.78 7.21 8.94 9.30 2.83 3.94 5.31 2.31 3.30

Fineog Indoor 12.73 6.02 10.43 9.95 7.54 8.86 7.50 2.52 4.56 3.79 2.17 3.20
Fineig Indoor 3.42 2.10 1.81 4.85 3.39 5.24 3.39 1.21 1.31 2.53 1.46 1.12

PN (no./cm3)
PN Outdoor 12,100 4,717 5,646 17,357 6,424 10,334 6,947 1,077 1,133 9,574 2,038 3,243

Indoor 8,910 7,120 8,383 13866 7930 11,196 4,676 907 997 4,373 969 1,343
PNig Indoor 3,021 4,112 2,386 4311 5,912 4,336 1,239 847 662 970 849 1,086
PNog Indoor 6,459 3,621 5757 9695 4,147 7,782 3,504 487 569 3,412 627 533

OC (�g/m3)
OC Outdoor 6.24 1.90 2.60 7.70 3.55 6.94 10.50 1.14 1.31 15.39 1.74 2.90

Indoor 5.62 1.42 1.70 6.78 3.12 5.72 8.46 1.68 2.47 14.27 1.95 3.11
OCig Indoor 1.16 0.70 1.15 1.21 1.10 1.32 2.32 1.65 2.55 1.41 0.52 0.69
OCog Indoor 4.49 1.28 1.49 5.69 2.99 5.76 6.14 0.65 0.85 13.64 1.44 2.37
OCpri Outdoor 2.85 0.82 1.11 5.13 3.27 6.17 8.23 1.09 1.65 11.25 0.78 0.97
OCpri(og) Indoor 2.19 0.80 1.04 4.07 2.28 4.11 4.42 0.68 1.07 10.07 0.61 0.87
SOA Outdoor 2.81 1.45 1.93 2.76 1.43 2.13 2.28 0.90 1.19 4.14 1.55 1.98
SOAog Indoor 2.38 1.23 1.53 2.37 1.22 1.83 1.82 0.72 1.05 3.56 1.33 1.70

EC (�g/m3)
EC Outdoor 1.66 0.44 0.55 1.71 0.74 1.09 1.22 0.48 0.56 0.82 0.31 0.39

Indoor 1.39 0.44 0.65 1.32 0.54 0.83 1.37 0.23 0.21 1.01 0.25 0.41
ECig Indoor 0.31 0.23 0.25 0.25 0.20 0.15 0.48 0.26 0.35 0.34 0.10 0.14
ECog Indoor 1.08 0.30 0.42 1.10 0.49 0.73 0.89 0.29 0.37 0.65 0.24 0.31

Notes: appm � parts per million; bCalculated as the sum of quasi-UF and accumulation-mode PM integrated measurements (personal PM2.5) and from continuous
BAM data (indoor and outdoor PM2.5).
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Outdoor–Outdoor Associations
Outdoor quasi-UF PM was positively (and moderately)
correlated with CO, NO2, and NOx at all locations and
during all seasons, mainly because all of these species are
emitted by the same combustion sources, and also be-
cause their atmospheric transport and removal is affected
by similar meteorological processes24,25 (Figure 1). Out-
door quasi-UF PM was positively correlated with O3 only
during P1 (warmer season), both in the San Gabriel Valley
(r � 0.17; regression S � 1.5 �g/m3 [95% confidence
interval � 0.4–2.6]) and, especially, in Riverside (r � 0.58;
S � 4.2 �g/m3 [1.8–6.6]). For an interquartile increase in
the average O3 concentration measured in Riverside dur-
ing P1, the corresponding quasi-UF PM increased by 4.2
�g/m3, reflecting the important contribution of photo-
chemical processes to the production of SOA. The same
associations were negative and nonsignificant during P2
(cooler months) (r � �0.16; S � �1 �g/m3 [�2.1 to 0.2] in
the San Gabriel Valley; r � �0.02; S � �1 �g/m3 [�2.6 to
0.7] in Riverside). On the basis of P values for product
terms, the prediction of quasi-UF particles by gaseous
co-pollutants was significantly different between P1 and
P2 in Riverside, and between P1 in Riverside and P1 in the
San Gabriel Valley (see the “Regional Interaction” column
in Figure 1 for details, and note the scale difference for S
values in P1 for Riverside).

Accumulation-mode particles had generally smaller
correlations and mixed model S values with CO, NO2, and
NOx compared with quasi-UF PM, probably because their
outdoor levels are influenced by a combination of primary
and secondary sources. However, these associations were
stronger in P2, when the production of accumulation-mode
particles and their corresponding co-pollutants from pri-
mary combustion sources is typically the highest and the
contribution of secondary formation mechanisms to the
measured PM mass is decreased.

With the exception of P2 in the San Gabriel Valley
and P1 in Riverside, positive and moderately strong cor-
relations between coarse particles and CO, NO2, and NOx

were observed at all sites. Although not consistent, this
association is not surprising, because coarse PM is emitted
from resuspended soil and road dust, and the latter mech-
anism shares the same anthropogenic sources responsible
for the production of these gaseous co-pollutants. The
product term models for phase showed a significant phase
interaction at all sites (P � 0.01 � *** in Figure 1), indic-
ative of the seasonal effect of primary sources on the
associations between outdoor coarse PM and the corre-
sponding gaseous co-pollutants. Interestingly, S values for
the prediction of coarse particles by these gases were
greater in P2 than P1 in Riverside. The opposite situation
was observed in the San Gabriel Valley.

Results showing associations between outdoor fine
particulate EC and OC and associations between PN and
outdoor gases are presented in the online supplemental
information (Table S2). Strong and positive associations
between outdoor EC and outdoor CO, NO2, and NOx were
found both in the San Gabriel Valley and in Riverside
(average r � 0.45–0.91 and average S � 0.4–0.8 �g/m3).
Similarly, PN and OC concentrations were well correlated
with primary gaseous co-pollutant levels measured at all
sites and during all phases. EC consists of graphite-like
material emitted from the incomplete combustion of or-
ganic fuels.26,27 Combustion sources are also the major
contributor to the ambient PN and OC concentrations,
although a substantial amount of OC is also formed from
secondary processes. A significant phase interaction for
PN was observed at the San Gabriel Valley sites, but not in
Riverside. PN concentrations were both higher and more
strongly associated with CO, NO2, and NOx during the
period of air stagnation (P2). This finding highlights the
seasonal effect of primary sources on the associations
between PN and primary gaseous co-pollutants.

Indoor–Indoor Associations
Indoor quasi-UF particles were strongly and positively
associated with indoor gaseous co-pollutants at all sites
and during all phases (R values ranged from 0.34 to 0.72

Figure 1. Mixed model and Spearman correlation results for outdoor–outdoor associations.
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for this size fraction) (Figure 2). The strength and regres-
sion S values of these correlations are similar to the cor-
responding outdoor-outdoor associations (Figure 1).

Accumulation-mode particles were more weakly asso-
ciated with gaseous co-pollutants than quasi-UF PM,
probably because this size fraction contains a higher per-
centage by mass of SOA that might condense on existing
indoor particles, or volatilize in the indoor environment
(depending on the vapor pressure of the considered or-
ganic species and/or the home characteristics). It is well
known that changes in the physical and chemical prop-
erties of PM2.5 occur as they penetrate indoors from out-
doors. For example, ammonium nitrate (NH4NO3), which
accounts for 35–50% of the outdoor PM2.5 mass in the Los
Angeles Basin,22,28,29 volatilizes upon building entry and
results in altering the PM size and chemical composition
indoors.

In most cases, indoor coarse PM was not correlated
with indoor gaseous co-pollutants because, unlike CO,
NO2, and NOx, the coarse fraction is characterized by very
low infiltration indoors (Finf) and may also be emitted
from resuspension of existing particles deposited on in-
door surfaces and floors.3 The product term analysis
showed a significant phase interaction at the Riverside
site for indoor quasi-UF and accumulation-mode PM, im-
plying a seasonal variability in the associations between
these two fractions and the corresponding indoor gaseous
co-pollutants (Figure 2).

Results showing associations between outdoor fine
particulate EC and OC and associations of PN with out-
door gases are presented in the online supplemental in-
formation (Table S3). Indoor OC was weakly associated
with indoor gases, except during P1 (warmer months) at
the San Gabriel Valley site, where strong positive associ-
ations (r � 0.69–0.81; average regression S � 0.6–1.4
�g/m3) were found. These overall weak associations could
be explained by changes in the OC characteristics as it
penetrates indoors from outdoors, or by the presence of
indoor OC sources, such as cooking, particularly for the
retirement community here referred to as group 2 (see

Polidori et al.,11 for details). A significant phase interac-
tion between indoor EC and indoor gaseous co-pollutants
was observed at all locations, similar to the findings for
outdoor-outdoor associations. This indoor correlation
may be because EC, CO, NO2, and NOx all share the same
primary combustion sources coupled with the size range
of EC particles (0.1–0.3 �m)30 that allows them to pene-
trate indoors with great efficiency.31 Moreover, EC is
formed indoors in negligible amounts.11,32,33

In Riverside, correlations between indoor PN and in-
door gaseous species were weaker than the correspondent
outdoor-outdoor associations, probably because of the
presence of indoor submicrometer PN particles from fan
heaters (particularly during P2), which tend to increase
PN concentrations but not the overall PM mass level.34

Outdoor–Personal Associations
At all sites, correlations of personal quasi-UF particles
with outdoor quasi-UF PM (Figure 3a) were weaker com-
pared with corresponding correlations for accumula-
tion-mode particles (discussed below). Weaker quasi-UF
correlations are consistent with the relatively low pen-
etration of �100-nm particles indoors because of diffu-
sional losses31,35 as well as losses because of evaporation
of volatile species associated with this size range.36

This is further confirmed by the relatively small av-
erage regression S values for the personal-outdoor associ-
ations (S � 0.1 to 1.4 �g/m3). Personal quasi-UF particles
were not well correlated with either the larger outdoor PM
fractions, or OC and most of its components (e.g., SOA
and OCpri), but were positively associated with EC and
tracers of primary combustion (CO and NOx). The low
correlations (R) between personal quasi-UF PM and OCpri

might be because OCpri includes components with a rel-
atively high vapor pressure that volatilize upon building
entry. Most importantly, these data suggest that personal
exposures to quasi-UF PM were significantly associated
with EC at all CHAPS sites except during P2 in Riverside.
This has important implications for the potential health
effects of personal PM because EC is a good surrogate for

Figure 2. Mixed model and Spearman correlation results for indoor–indoor associations.
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diesel particles and a well-known carcinogenic compound
class.37

Outdoor accumulation-mode PM (as well as PM2.5)
were well correlated with personal accumulation-mode
particles (R values ranged between 0.38 and 0.73), and the
magnitude of the regression parameter estimates was also
relatively high. In particular, an interquartile increase in

outdoor accumulation-mode PM was associated with in-
creases in personal accumulation-mode particles of 1.9
and 3.1 �g/m3 (for P1 and P2, respectively) in the San
Gabriel Valley, and of 1.6 and 1 �g/m3 (for P1 and P2,
respectively) in Riverside (see Figure 3b for details). This
size fraction is not as easily lost by diffusion/coagulation
as quasi-UF PM when entering indoors, or by inertial

Figure 3. Mixed model and Spearman correlation results for outdoor pollutants with (a) personal quasi-UF PM, (b) personal accumulation-
mode PM, and (c) coarse PM.
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deposition mechanisms (like coarse particles) and, hence,
has a high penetration efficiency. Outdoor OC and its
subfractions were generally not well associated with per-
sonal accumulation-mode particles. However, in the
cooler seasons, stronger correlations (and generally
higher regression S values) were found with EC and other
combustion products, such as CO, NO2, and NOx. On the
basis of product term models, a significant phase interac-
tion (p � 0.01) was found at the Riverside site for the
prediction of personal accumulation-mode particles by
outdoor PM2.5, highlighting the seasonal effect of primary
sources on the associations between these two PM size
fractions.

Overall, personal coarse-mode particles were not
well correlated with any of the outdoor PM fractions/
components or outdoor gases, suggesting that none of
these species was a good surrogate for exposure to per-
sonal coarse PM. This is because of the lower Finf values
for larger particle sizes, coupled with the fact that in-
door coarse particles are mostly generated by mechan-
ical processes and/or resuspended from previously de-
posited particles on indoor surfaces. P values showed no
significant phase or regional interactions for personal
coarse particles at the San Gabriel Valley and Riverside
communities (see the “Phase Interactions” and “Regional
Interactions” columns in Figure 3c), which implies that
factors affecting the associations between personal coarse
PM and its outdoor gaseous and particle co-pollutants
were similar at all sites and phases. Mixed model and
Spearman correlation results for outdoor pollutants with
(1) personal quasi-UF, (2) personal accumulation, and (3)
personal coarse-mode PM are shown in the online sup-
plemental information (Table S4).

Indoor–Personal Associations
Personal and indoor quasi-UF PM levels were best corre-
lated in the San Gabriel Valley (r � 0.38; average regres-
sion S � 1.6 �g/m3 [0.8–2.3] in the warmer season; r �
0.40; S � 2.3 �g/m3 [0.7–4] in the cooler months) than in
Riverside (Figure 4a). At the San Gabriel Valley sites, mod-
erate correlations and significant regression parameter es-
timates were also observed between personal quasi-UF
particles and PM2.5. Associations between personal
quasi-UF particles and indoor OC (and its subcompo-
nents) varied with location (from strong and positive in
the San Gabriel Valley, to poor and negative in Riverside).
Although there are different possible mechanisms leading
to the production of particulate OC (e.g., photochemical
reactions, condensation of organic vapors on existing par-
ticles, and primary emission from combustion sources),
organic particles in the quasi-UF mode are generally
formed by combustion processes,30,38 which are more
dominant in the San Gabriel Valley than in Riverside.
Indoor EC and outdoor-generated EC found indoors
(ECog) were better associated with quasi-UF personal PM
than indoor-generated EC (ECig), indicating that indoor
sources of EC were not substantial. For each interquartile
increase in ECog, the personal quasi-UF PM concentration
increased 0.9 and 2.4 �g/m3 (during P1 and P2, respec-
tively) in the San Gabriel Valley, and 1.6 and 0.2 �g/m3

(during P1 and P2, respectively) in Riverside (see Figure 4a
for details). Similarly, Fineog, OCog, and OCpri(og) (see

Figure 4a) were generally strongly and positively corre-
lated with personal quasi-UF PM compared with Fineig

and OCig; OCpri(ig), estimates were not reported). This
observation suggests that indoor sources were probably
not significant contributors to personal exposure, which
is predominantly influenced by primary emitted pol-
lutants produced/emitted outdoors. Indoor gaseous co-
pollutants (most likely originating outdoors) were more
positively correlated to quasi-UF particles (r � 0.21–0.34;
average regression S � 0.4–2.3 �g/m3) than larger size
fractions (discussed below), likely because of similarities
in sources, transportation, and deposition mechanisms
for these two classes of pollutants. Positive and fairly good
correlation of indoor (and outdoor) concentrations of
CO, NO2, and NOx with personal quasi-UF PM levels
reflects the possibility that these gaseous co-pollutants
could confound epidemiologic associations between
quasi-UF particles and adverse health effects. However,
this seems questionable because CO is neither a respira-
tory irritant nor a moderator of immune response in the
respiratory tract,9 and NO2 is probably not responsible for
adverse health effects given its low concentrations in per-
sonal and ambient air.13,39 Thus, we speculate that the
observed association between personal quasi-UF PM con-
centrations and measured indoor co-pollutant levels do
not reflect the corresponding personal-personal relation-
ships (personal gaseous measurements were not per-
formed during CHAPS).

At all sites and during all seasons, personal
accumulation-mode particles were well associated with
indoor accumulation PM and with PM2.5 (Figure 4b).
Moreover, personal accumulation-mode PM was more
strongly correlated with Fineog, OCog (only at the San
Gabriel sites), and ECog than with the corresponding in-
door levels of indoor origin (Fineig, OCig, and ECig, respec-
tively). In contrast, personal accumulation-mode PM was
always negatively associated to SOAog. These results rein-
force the idea that outdoor primary emission sources are
of great importance in terms of personal exposure to
PM2.5. These findings support the epidemiologic results
reported by Delfino et al.13 for the present panel of elderly
people with a history of coronary artery disease. They
concluded that the strongest associations were found be-
tween indoor PM of outdoor origin and increases in blood
biomarkers of systemic inflammation and platelet activa-
tion, and decreases in erythrocyte antioxidant activity. In
the same study, little evidence for biomarker associations
with secondary PM2.5, SOA, or total OC was found,
whereas robust associations with emission sources of pri-
mary PM2.5, OC, and quasi-UF particles were observed.
This is consistent with the weak and often negative cor-
relations between personal quasi-UF and accumulation-
mode PM and indoor SOA of outdoor origin (SOAog) ob-
tained in our work.

Indoor CO, NO2, and NOx levels were not as well
correlated to personal accumulation PM concentrations
as quasi-UF-mode particles, except during P2 at Riverside
(r � 0.37–0.45; see Figure 4b). Generally, indoor CO and
NO2 were better associated with personal accumulation
PM exposure than indoor NOx. Overall, this suggests that
the measured gaseous co-pollutants are weak surrogates of
personal exposure to accumulation-mode PM, at least for
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Figure 4. Mixed model and Spearman correlation results for indoor pollutants with (a) personal quasi-UF PM, (b) personal accumulation-mode
PM, and (c) coarse PM.
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subjects with similar exposure profiles and living in sim-
ilar urban locations. It is worth emphasizing that, al-
though quasi-UF PM is mostly produced from primary
combustion sources, accumulation-mode particles origi-
nate from a combination of primary and secondary emis-
sions. This might explain the relatively weaker correla-
tions observed earlier between personal accumulation PM
and outdoor CO (and EC, a tracer of primary combus-
tion). For NO2 (a rather nonreactive gas), indoor sources
may also weaken its association with personal PM.

Personal coarse-mode particles were more strongly
associated with all indoor PM fractions in the San Gab-
riel Valley than in Riverside, although the strength of
this correlation was rather low at all sites (Figure 4c).
Associations between personal coarse PM and indoor
EC (as well as indoor OC) were generally small. Indoor
CO, NO2, and NOx showed relatively poor associations
with personal coarse PM at all sites, except in Riverside
during the cooler months (r � 0.34–0.42; average re-
gression S � 0.3–0.4 �g/m3). Mixed model and Spear-
man correlation results for indoor pollutants with (1)
personal quasi-UF, (2) personal accumulation, and (3)
personal coarse-mode PM are shown in the supplemen-
tal data (Table S5).

Regional and Seasonal Correlations and
Comparison with Other Studies

To the best of our knowledge, this study is one of the most
extensive analyses to date of seasonal correlations be-
tween indoor, outdoor, and personal size-segregated PM
concentrations and the corresponding gaseous levels/PM
components. Despite the uniqueness of this data analysis,
we considered it important to compare our results to
those obtained from similar studies conducted previously
in the United States in an effort to clarify the role of CO,
NO2, NOx, and O3 as surrogates of human exposure to
PM2.5. Figure 5 shows R values for the associations be-
tween personal PM2.5 levels and the outdoor (residential
or ambient) concentrations of PM2.5, CO, NO2, NOx, and
O3 in the warmer (Figure 5a) and cooler (Figure 5b)
months. R values calculated at the San Gabriel Valley and
Riverside sites (personal vs. residential outdoor) were plot-
ted against those obtained by Sarnat et al. in Baltimore9

and Boston8 (personal vs. ambient).
At all studied locations, personal PM2.5 was well cor-

related with outdoor/ambient PM2.5 in the warmer and
cooler seasons. This is also consistent with results from
other recent longitudinal studies on PM exposure.8,9,40,41

Of particular interest are the moderately strong associa-
tions observed at all sites between personal PM2.5 and
NO2 (in both phases; see Figure 5, a and b), personal PM2.5

and O3 (only in P1; Figure 5a), and PM2.5 and CO (only in
P2; Figure 5b). Variability in these correlations reflects the
effects of seasonal changes on the formation mechanisms
of PM.

In the warmer months, a considerable fraction of
personal exposure to PM2.5 might be related to particles
originating from photochemical activities, whereas in
the cooler months personal PM2.5 levels are predomi-
nantly influenced by combustion processes. In addi-
tion, results from all studies indicate that outdoor/
ambient NO2 and O3 (in the warmer season) and

outdoor/ambient CO and NO2 (in the cooler season) are
moderately correlated with personal PM2.5 exposure,
and in each location there may be differences in the
strength of the personal-ambient associations, probably
because of geographical variability in housing charac-
teristics and ventilation conditions.8,9,11

Therefore, it might be incorrect to assume that
outdoor/ambient gas measurements are consistent sur-
rogates for personal PM2.5 exposures, because correla-
tions between personal PM2.5 and outdoor/ambient
CO, NO2, NOx, and O3 vary by both season and loca-
tion (Figures 5a and 5b). Results from time-series epi-
demiologic studies that include both gaseous and par-
ticulate pollutant concentrations in the models should
be interpreted with caution. As noted by Sarnat et al.,9

if ambient co-pollutant concentrations are surrogates
(as opposed to confounders) of PM, using multiple pol-
lutant models in epidemiologic studies of time-integrated
(or size-fractionated) particles would lead to an erroneous

Figure 5. R values for the associations between personal PM2.5

concentrations and outdoor (residential or ambient) particle/gaseous
levels in (a) summer and (b) winter. The R values calculated in this
work at the San Gabriel Valley and Riverside sites (personal vs.
residential outdoor) were compared with those obtained by Sarnat et
al. in Baltimore9 and Boston8 (personal vs. ambient). Error bars
represent standard deviation of individual values.
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significant association for the collinear co-pollutants. Pre-
vious environmental and occupational studies showed
that O3 and NO2 exposures may elicit adverse health
effects,42–46 thus having the potential to act as confound-
ers of personal exposure to PM2.5. However, two recent
studies by Delfino et al.13,39 have suggested that NO2

might be a surrogate of not only particle species, but also
volatile and semi-volatile compounds that may have im-
portant health effects independent of particle-bound
components.

CONCLUSIONS
Our modeling results have shown that outdoor and in-
door levels of CO, NO2, and NOx were better correlated
with measured indoor, outdoor, and personal quasi-UF
PM levels than accumulation- and coarse-mode PM. This
better correlation is due to more similarity in sources and
transportation mechanism. ECog, OCog, and OCpri(og)

were more strongly correlated with personal quasi-UF and
accumulation-mode PM than ECog, OCig, and OCpri(ig).
This is because indoor sources were probably not signifi-
cant contributors to personal exposure of accumulation
and quasi-UF PM, which is predominantly influenced by
primary pollutants produced/emitted outdoors. These re-
sults are important, because other CHAPS investigators
have suggested that traffic-related emission sources of
PM2.5, OCpri, and quasi-UF particles lead to increases in
systemic inflammation, platelet activation, and decreases
in erythrocyte antioxidant activity in elderly people with
a history of coronary artery disease.

Overall, our data analysis suggests that investigating
the correlations among size-segregated indoor, outdoor,
and personal PM; their specific components; and concur-
rently measured gaseous co-pollutants is a challenging
endeavor. These associations depend on several factors
that vary in space and time, such as the relative contribu-
tion of UF-, accumulation-, and coarse-mode PM to the
measured PM concentrations; the seasonal variability of
primary and secondary emission sources; the presence of
indoor sources of PM and gaseous co-pollutants (e.g.,
cooking); home characteristics (e.g., ventilation condi-
tions and household characteristics); and proximity to
the emission sources. The analysis of these associations is
further complicated by the amount of time spent indoors
(highly variable among subjects, especially in the warmer
season), which is also a critical component in determin-
ing exposure. Thus, results from time-series epidemiologic
studies that include both gaseous and particulate pollut-
ant concentrations in the models should be interpreted
with caution. Future research should focus on how these
specific factors affect the strength of between-pollutant
associations for individuals living in different locations.
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