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due to lack of interest in the study. Finally, for the summer sampling period, all of the winter 
participants were re-contacted and were asked to participate again in the summer period. Two of 
these individuals declined to re-participate due to lack of interest, while five individuals could 
not re-participate in the summer portion of the study due to their declining health. The same 
recruitment methods as discussed above were followed to replace these seven individuals with 
new participants. In total, 22 individuals participated in the study. 

Figure 4.  Map of Participant Residences 

Housing characteristics.  The characteristics of the participants’ residences were determined 
using technician administered questionnaires (Appendix), which asked for detailed information 
about home size, type, age, ventilation characteristics, heater use, cooking fuels, carpeting, and 
occupants (participant data included in Appendix). Data were subsequently summarized into 
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broad categories (Tables 3a and 3b) for presentation and for incorporation into subsequent data 
analyses. Approximately half of the participants lived in single family, detached houses, with all 
but one of the remaining participants living in apartments or multi-family homes. One participant 
lived in a trailer home.  Particulate data for individuals living in the non-single family dwellings 
represent some of the first data of this type collected in California.  Three and four of participants 
used air conditioners at home in the winter and summer, respectively, while more than 73% of 
the participants reported that they lived in homes near a busy road. Information about daily use 
of air conditioners, stoves, and other housing factors was obtained using daily housing 
questionnaires (see below). 

Table 3a. Housing Characteristics (Number of Homes) 

Characteristic 
Winter Summer 

Yes No Yes No 
Air Conditioner Usage 

Location Near Busy Road 
Attached Garage 
Storm Windows 

Stove Fan 
Clothes Dryer 

3 
11 
8 
1 
13 
11 

12 
4 
7 
14 
2 
4 

4 
13 
7 
1 
14 
6 

11 
2 
8 
14 
1 
9 

Table 3b. Housing Characteristics 

Housing Characteristic 
Number of Houses 

Summer Winter 
Dwelling

 Detached house 9 7 
Low rise apartment 4 6 
Trailer 1 0 
Townhouse/Multi-family 1 2 

Heater
 Forced air 9 9 
Gas furnace 2 1 
Gas wall heater 2 2 
Electric wall unit 1 2 
Other 1 1 

Cooking Fuel
 Electric
 Gas 

7 
8 

9 
6 

Vacuum Filter
 Standard 10 9 
Micro filter bags 1 1 
High efficiency filters 4 5 
No vacuum filters 0 1 
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Time-activity (TADs) and housing activity diaries.  Monitored subjects recorded their daily 
activities for each 24-hr sampling period using time-activity diaries (Appendix). This 
information was collected in order to obtain information on possible sources of exposures and to 
help interpret measured exposures, with questions determined by EPA and approved by the 
Office of Management and Budget, which resulted in a limited number of information that could 
be collected, since OMB-approval required that the participant burden to be minimized. Subjects 
were asked to record their activities in 15-minute increments throughout the sampling period and 
to update the diaries every time they changed their activity. All diaries followed an identical 
format, in which pre-designated checkboxes were used as descriptors of the subject’s activities. 
The TADs had a space for the subjects to fill out their primary activity during each 15-minute 
interval. In addition, there were check boxes in which the subject recorded their location during 
that period, to ascertain whether they were indoors or outdoors, at home or away from home, or 
in transit (via car, bus, or other means). Diaries also included checkboxes to indicate the 
participant’s proximity to particle generating sources, such as whether the subject was near a 
smoker or was cooking or cleaning or was near someone cooking or cleaning. Technicians 
collected the time-activity diaries during each visit at the end of each 24-hr monitoring period. 
The diaries were then reviewed with the subject. At this time, any vague or illegible items could 
be clarified, and any questions could be asked of the subject. 

Also during each morning visit, a field technician administered a separate housing questionnaire 
(Appendix), which was intended to provide information on potential indoor particulate sources, 
as well as information on the home ventilation status by obtaining data for the number of open 
windows and doors in the home, the number of inches each was open, and the amount of time 
each was opened. The daily questionnaire also collected additional information on the use of air 
cleaners, ventilation fans, humidifiers, space heaters, sources of indoor combustion other than a 
stove (candles, incense), and the presence of pets. Again, questions were determined by EPA 
and were limited to minimize the burden to participants. 

In total, 208 person-days of time-activity and housing data were collected. Time-activity data 
were analyzed as 15-minute intervals and also were aggregated over 24 hours to correspond to 
the 24-hr air pollutant samples. The data were analyzed by season and by individual. For the 
data analyses, the six original location variables were reduced to four categories, since the 
amount of time spent inside at home dominated that spent in all other locations. The four 
resultant categories were: indoors at home, indoors away from home, outdoors, and in transit.  In 
addition, data for one subject (LPD-20) was excluded from the summer database, because the 
subject was admitted to the hospital and consequently spent little time at or near home. As a 
result, a total of 201 person-days were included in the data analysis. 

Air pollution measurements. All air pollutant concentrations were measured in the study using 
an integrated multi-pollutant monitor that was recently developed by our group to measure the 
simultaneous particulate and gaseous exposures. This sampler is essentially several individual 
samplers that have been joined together to form a simple, compact, and relatively lightweight 
personal monitor (Figure 5). The entire monitor (plus pump and battery pack) weighs 
approximately six pounds. Participants were able to wear the monitor successfully throughout 
the monitoring period. Participants were allowed to remove the monitor and place it nearby 
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when they would be stationary for long periods of time, such as when they were sleeping or 
reading. For participants using oxygen, monitors were strapped to their oxygen tanks to ease the 
sampling burden. Although not specifically cited by any participant, it is possible that winter 
participants that declined to participant again in the summer did so in part due to the burden of 
carrying the monitor with them for seven days. 

For indoor, outdoor home, and SAM monitoring, the monitors were placed on a tripod, with the 
inlets approximately one meter above the ground. Both indoor and outdoor monitors were 
placed away from any objects (e.g., trees, houses, vents) to minimize interference with pollutant 
measurements. Outdoor monitors were placed under a rain cap to protect the samplers from 
precipitation. For personal monitoring, the monitor was attached by Velcro to the shoulder strap 
of a padded backpack at breathing level. If the participant was mobility-restricted or otherwise 
hampered, the samplers were attached to fixed objects near the participant’s body, with the inlet 
protruding into the breathing zone. 

Figure 5. Multi-Pollutant Sampler 

PM2.5 and PM10 PEMs 

EC/OC Mini-Sampler 

Nitrate Mini-Sampler  O3, SO2/NO2 Samplers 

The multi-pollutant sampler measured PM10 and PM2.5 concentrations using Personal Exposure 
Monitors (PEMs), small inertial impactors designed specifically for personal and micro-
environmental monitoring (Marple et al., 1987; Thomas et al., 1993; Chang et al., 1999; 
Demokritou et al., 2001). Impactor plates in all samplers were greased to minimize particle 
bounce (Demokritou et al., 2001a; Demokritou et al., 2001b). In both seasons, indoor and 
outdoor PM10 and PM2.5 measurements were made using Harvard PEMs operated at flow rates of 
4 LPM. In the winter, personal PM10 and PM2.5 concentrations were measured using PEMs 
manufactured by SKC. Since these samplers were designed to operate at flow rates of 4 LPM, 
the SKC PEMs were modified to allow their use at flow rates of 1.6 and 2 LPM for PM10 and 
PM2.5 sampling, respectively (Rojas et al., 1998). Because the cut-point of the impactors are a 
function of flow rate, the number of nozzle holes was reduced from ten to four for the PM10 PEM 
and to five for the PM2.5 PEM to maintain the same size cut-offs as originally designed.  In the 
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summer, personal PM10 and PM2.5 concentrations were measured using PEMs designed by 
Harvard to operate at 1.8 LPM, since these samplers were lighter, could be used without 
modification, and would be comparable to the Harvard PEM samplers used to sample indoors 
and outdoors. As discussed in the Quality Assurance and Quality Control section of the report 
below, measurements obtained using the SKC and Harvard PEMs were comparable. 

Both the SKC and Harvard PEMs used Teflon filters as the particle collection media and 
included drain disk rings to prevent metal contamination for future ICP-MS analysis. The PM2.5 

and PM10 PEMs were attached to either side of the monitor using a 10 cm long elutriator (Figure 
5). Nitrate and EC/OC mini-samplers were attached to the front of the elutriator using clips. 
The passive O3 and SO2/NO2 badges were placed in the side of the elutriator, with their face 
exposed to the sample air stream to allow for constant sampler collection rates. 

Home ventilation conditions.  As part of both the EPA- and CARB-sponsored studies, air 
exchange rates (AER) were measured over 24-hr periods. Since air exchange rates can be 
measured accurately only for detached homes, air exchange rate data are available only for 9 and 
7 single family detached homes in the winter and summer, respectively. Six of these homes were 
monitored in both the winter and summer. In the winter and summer, respectively, two and one 
homes were located in inland Los Angeles. All homes were asked on the following day for 
information about open windows in the home during the previous sampling day (as described 
above in Time Activity and Housing Activity Diaries). 

Air exchange rates were measured using a tracer gas source (perfluorocarbon, PFT) and passive 
samplers (capillary adsorption tubes, CATs).  PFT gas was released at a controlled rate from 
multiple sources within a home; where the sources were placed inside the home approximately 
24 hours prior to sampling to allow for equilibrium (Dietz et al., 1986). CATs were used for 
sample collection and were normally placed in the living room, bedroom, and kitchen. In 
general 3 to 4 CATs were collected for each house. Additionally, collocated and field blank 
CATs samples were collected for quality assurance. After sampling, CATs were analyzed by gas 
chromatograph with electron capture detector (GC/ECD). Air exchange rates were calculated 
using average collected PFT concentrations, house volume, sample durations, and source 
emission and collection rates. The detection limit (LOD) for air exchange measurements was 
calculated using the 90th percentile concentrations of the valid field blanks (5 picoliters), which 
then was converted to the LOD (the highest air exchange rate that can be measured) using 24-hr 
sampling duration and related house characteristics. 

Elemental analysis.  All personal, indoor, and outdoor PM2.5 filters were analyzed for elemental 
concentrations using ICP-MS techniques at RTI International (Research Triangle Park, NC). 
Prior to these analyses, a series of validation tests were conducted in conjunction with CONSOL 
Energy, Inc. (Pittsburgh, PA) to evaluate the ability of ICP-MS to analyze elemental 
concentrations for the low-flow rate PM2.5 samples used in this study. The ability of ICP-MS to 
determine elemental concentrations was assessed both in terms of the accuracy and precision of 
the ICP-MS method and its performance relative to XRF analysis. Detailed descriptions and 
results from these tests are included in the Appendix. 
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Table 4. Comparison of XRF and Two ICP-MS Methods using NIST 
Urban Particulate SRM 1648 and Four Ambient PM2.5 Samples 

Element XRF ICP-MS (CONSOL High Res.) ICP-MS (DRC) 

Ca 
Generally 20-30% lower 

than ICP-MS Results are in good agreement with each other and with NIST 1648 

K XRF, H. Res. ICP-MS agree well with each other and with NIST 
1648. Biased high by 50-100% 

Al Generally 80-100% lower 
than ICP-MS 

Fair agreement for 4 of 6 samples. DRC ICP-MS results high for two samples. 
Good agreement for 1 sample of NIST 1648. 

Cr Poor precision 3x higher than DRC ICP-MS for both 
NIST 1648 and the filter samples 

Good results for NIST 1648 

Mn 
No general trend. Results 
could be higher, lower, or 
comparable with ICP-MS. 

ICP-MS results are in better agreement with each other than with XRF. Good 
agreement with NIST 1648. 

Se 
Good agreement with 

DRC ICP-MS, except one 
filter sample seemed high 

-- Good agreement with XRF (except 
one sample) and with NIST 1648. 

Fe Often 10-20% lower than 
ICP-MS 

Good agreement except that DRC ICP-MS appeared high for one filter sample. 
Good agreement with NIST 1648. 

Na Poor precision Both ICP-MS techniques were biased high by as much as 100% when compared 
to NIST 1648. Fair agreement between ICP-MS techniques for PM filters. 

Mg Very poor precision DRC ICP-MS generally 25-30% higher than High Res. ICP-MS. Both were 
biased high compared to NIST 1648. 

Si 
Generally 5-10 times 

lower than DRC ICP-MS. 
No measure of accuracy. 

Background was too high to determine 
Si. 

Generally 5-10 times higher than XRF. 
Good agreement with NIST 1648. 

Ti Poor precision Results are in good agreement with each other and with NIST 1648 

V Poor precision Results are in good agreement with each other and with NIST 1648 

Cu 
Poor multi-pollutant, 

improved FRM precision. 
Unknown accuracy. 

Both ICP-MS techniques are biased high compared to NIST 1648. 

Co Poor precision Results are in good agreement with each other and with NIST 1648 

Ni 
Results generally lower 
than those by ICP-MS. 

Precision generally >30%. 

ICP-MS techniques agree but are biased high for both NIST 1648 samples, 
suggesting that the results for filter samples may be biased high. Results are 

generally higher than XRF but the discrepancy is less than that for NIST 1648. 

Zn Generally 20-60% lower 
than ICP-MS. 

ICP-MS agree well with each other.  Both biased ~20% higher as compared to 
NIST 1648. 

As Poor precision Both ICP-MS techniques produce acceptable results for NIST 1648 but when 
agree with each other only within 50-100% for filter samples 

Cd Poor precision Results are in good agreement with each other and with NIST 1648 

Sn Poor precision Results are in good agreement with each other and with NIST 1648 

Ba Poor precision Results are in good agreement with each other and with NIST 1648 

Pb X-ray and both ICP-MS techniques agree well 
Key: shaded:  unacceptable; unshaded:  acceptable; DRC method most similar to that used by RTI. 

Briefly, ICP-MS was chosen as the analysis method for elemental concentrations based on its 
known high sensitivity. Elemental analysis by XRF, the method that has historically been used 
in air pollution exposure studies to determine elemental concentrations, was not a viable option 
for our study, due to its low sensitivity, which would prevent the detection of many elements at 
the low sampling volumes used in our study. ICP-MS was performed on the PM2.5 Teflon 
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filters, after PM2.5 concentrations were determined and validated. The ICP-MS technique used in 
our study determines elemental concentrations using a mass spectrometer of ~1 amu resolution 
and a reaction cell to minimize polyatomic interferences (e.g., ArO+ on Fe56). Interferences are 
minimized in the reaction cell through the introduction of reaction gases, which change the 
interfering species to a charged species of different mass than the analyte or to a neutral species. 

The performance of this ICP-MS method was examined in a series of laboratory and field tests. 
These tests were conducted using NIST samples, repeated analyses, and comparisons with high 
resolution ICP-MS (as determined by Columbia University) and XRF (as determined by Desert 
Research Institute). Results from these tests showed that the ICP-MS method was able to 
measure many elements of concern reliably and with sufficient sensitivity, accuracy and 
precision (Table 4). Specifically, results showed that the ICP-MS method provided accurate and 
precise measurements of vanadium, a marker of oil combustion, and Ca and Si, markers of 
crustal sources. Other elements, including chromium, iron, manganese, cadmium, and lead, were 
also measured with a high degree of accuracy and precision. These elements, together with EC, 
nitrate, and the criteria gas concentrations, can serve as appropriate markers of important 
particulate sources, and can be used to apportion the contribution of particles of outdoor and 
indoor origin to personal and indoor PM2.5 levels. 

Note that validation of the ICP-MS method was not included as a specific task in the study as 
originally proposed to CARB, since validation of this technique was thought to be relatively 
straightforward and thus was thought to be more comparable to a quality control task. However, 
the validation of this technique proved to be more difficult than anticipated, requiring a series of 
laboratory and field tests to be conducted and a variety of elemental analyses to be performed 
using multiple methods, further requiring the participation and cooperation of several different 
laboratories. As a result, validation of the ICP-MS technique was completed by CONSOL later 
than expected, delaying the elemental analysis of the PM2.5 filters from the field study. Based on 
results of this validation and time consideration, PM2.5 filters were analyzed for elements using 
ICP-MS by RTI. 

Quality assurance and quality control.  Standard QA/QC procedures were followed for this 
study as stipulated in our QA/QC plan. Briefly, the Teflon filters used to collect PM were 
weighed in a temperature and humidity controlled weighing room (temperature, 18-24oC; RH, 
40±5%). Filters were left to equilibrate 24 hours before the initial weighing and 48 hours prior 
to post-sampling weighing. In order to eliminate the effects of static charge, the Teflon filters 
were passed over Po210 sources (alpha rays) just before each weighing. Each filter was weighed 
in duplicate both before and after sampling using a Mettler Model MT5 microbalance. Filter 
weights were also corrected for barometric pressure during weighing. The average of the two 
weights was used as the filter weight. When the two filter weights differed by more than five 
micrograms, the filter was weighed a third time, with the final value being the average of the two 
closest weights. All of the filters were stored and shipped post-sampling in refrigerated 
environments to reduce potential volatilization from the filters. Detailed shipping and sample 
and data custody protocols were followed to ensure the integrity of the samples and subsequent 
data. 
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Table 5a. Mean Blank Corrections for PM2.5, NO3
-, EC, and PM10 

Pollutant Sample Type Season N 
Mean Blank 

(µg) 
Std. Dev. of 
Blanks (µg) 

Outdoor Winter 
Summer 

13 
13 

12.1 
5.47 

5.58 
5.19 

PM2.5 Indoor Winter 
Summer 

8 
15 

7.33 
10.7 

7.87 
6.74 

Personal Winter 
Summer 

7 
18 

8.25 
6.52 

5.25 
9.16 

-NO3 All 
Winter 

Summer 
29 
44 

0.28 
0.11 

0.11 
0.10 

EC All 
Winter 

Summer 
32 
41 

0.36 
2.53 

0.31 
0.77 

PM10 
Indoor, Outdoor 

Personal Winter 
19 
10 

7.43 
14.2 

5.75 
8.48 

Table 5b. Geometric Mean Blank Corrections for Elements 

Element1 
Geo. Mean Blank (ng) Geo. Std. Dev. (ng) 
Winter 
(n=27) 

Summer 
(n=46) 

Winter 
(n=27) 

Summer 
(n=46) 

Ni 1.48 1.51 2.60 2.69 
Cu 13.75 17.07 2.45 2.51 
Zn 52.95 56.44 2.29 1.77 
B 1.90 1.26 2.23 1.84 

Pb 2.23 2.02 2.22 2.10 
Mn 2.40 2.32 2.03 2.09 
Al 101.84 105.88 1.68 1.64 
Fe 15.25 16.33 1.56 1.30 
Cr 76.45 80.46 1.25 1.23 
Ca ND 3.48 ND 12.88 

ND: not detected 
1 Blanks were also analyzed for Be, Co, Se, Rb, Sr, Zr Mo Pd, Cd, Sn, Sb, Ba, Eu, Au, 

Tl, and Th, but were not detected. 

Blank filters were used to correct concentrations of all measured species. For PM2.5, NO3
-, EC, 

OC, and PM10, concentrations were corrected using the mean filter blank level for the respective 
pollutant, when mean blank levels differed significantly from zero (Table 5a). Corrections were 
generally made by season and by sample type. Corrections by sample batch or sample date were 
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unnecessary, as blank values did not differ significantly by either of these parameters. For both 
nitrate and EC, mean blank levels did not vary statistically by sample type; as a result, 
corrections were made using the mean blank value for all sample types in each season. 
Elemental concentrations were corrected using the geometric mean of the elemental field blanks, 
since their blank levels were log-normally distributed (Table 5b). Blank corrections were made 
by season, as significant seasonal differences in the blank levels were found. The blank levels 
did not differ significantly by sample type. 

Data points were voided due to sampling (e.g., pump or battery failures, tube disconnection) or 
laboratory (e.g., contamination) problems. Where possible, data for samples with negative levels 
or with concentrations below the method limit of detection (LOD) were flagged, but were left in 
the data set and subsequent data analyses. Samples with elemental concentrations below the 
LOD were assumed to equal ½ the limit of detection, since the laboratory, which performed the 
analysis, did not provide sample values for data below the LOD. Data handling approaches for 
PM, gas and elemental samples were determined to be the most appropriate as they would 
minimize potential distortions of pollutant means, standard deviations and other descriptive 
parameters, particularly for those pollutants for which concentrations were frequently below their 
LOD. Organic carbon concentrations were not included in this report due to errors associated 
with the collection of gaseous organic carbon and the volatilization of particulate organic carbon 
from the filter. These errors are typical of all of the current filter-based collection methods, 
including the EPA-recommended method used in this study. Since gaseous organic carbon 
concentrations tend to be high indoors, these errors are generally highest for personal and indoor 
OC samples. Summertime PM10 filters were contaminated by the downstream drain disks. 

Completeness, LODs, precision, and accuracy.  Field data were assessed for completeness, the 
detection limit, precision, and accuracy (if the reference measurements were available) for each 
pollutant. Percent data completeness was calculated as the total number of valid samples divided 
by the number of collected samples (105 and 103 for summer and winter samples, respectively). 
As shown in Table 6, samples were successfully collected and analyzed in both seasons of the 
study, as the percentage of valid samples relative to the total number of planned samples was 
generally high. While still relatively high (<83%), the percent data completeness of personal 
samples, however, was lower as compared to those of indoor and outdoor samples. In addition, 
the percent data completeness for the personal samples was below our previously specified target 
completion rate and was below typical values observed in our previous personal exposure 
studies. Reasons for this low percentage are due primarily to the problem with battery failure 
that occurred in the field during the study. This problem was resolved during the study with the 
purchase of new batteries. Note that for outdoor and indoor sampling, pumps were plugged 
directly into home electrical outlets. Consequently, outdoor and indoor samples were not 
affected by battery failure problems as shown by percent data completeness values mostly 
greater than 90%. 

Method LODs were estimated as three times the standard deviation of the field blanks.  Note that 
since elemental field blanks were log-normally distributed, LODs were estimated based on the 
geometric standard deviation of the field blanks. Elemental blanks with values below the 
laboratory detection limits were assumed to equal one half of the laboratory detection limit, since 
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the laboratory that performed the analysis did not provide actual values below the LOD. Blanks 
that were statistical outliers (defined as more than two standard deviations outside of the mean 
blank value) were excluded from the LOD calculation. A total of two winter PM2.5, three 
summer PM2.5, three PM10 blanks, one NO3  winter and one NO3  summer blank, one winter EC 
blank, four winter elemental, and five summer elemental blanks were not included in the LOD 
calculations, which comprises only a small fraction of the total number of blank values. 

Table 6. Data Completeness:  Valid Percentage (%) as Compared to Total Collected Samples 

Sample Type/Pollutant Winter Summer Total 

Outdoor
 PM2.5 89 98 94 

-NO3 89 97 93 
EC 91 97 94 
Element* 88 91 90 
PM10 91 NA 91 

Indoor
 PM2.5 89 99 94 

-NO3 91 98 95 
EC 87 96 92 
Element* 89 91 90 
PM10 92 NA 92 

Personal
 PM2.5 84 92 88 

-NO3 95 99 97 
EC 88 84 86 
Element* 83 85 84 
PM10 86 NA 86 

NA: not available; *Aluminum data were used to calculate the completeness for the elemental samples. 

Precision of the multi-pollutant sampler methods were calculated by collocating replicated, fully 
configured sampling backpacks at the SAM site. In addition to the multi-pollutant samplers, this 
site was equipped with reference samplers for accuracy comparison:  HIs to measure for PM10 
and PM2.5, a ChemComb (without an upstream denuder) to measure EC/OC, a PM2.5 HI with 
denuder to measure NO3

-, and passive O3 and SO2/NO2 badges. The samplers were operated for 
24 hours (±10%). For a given pollutant, precision was estimated as the standard deviation of the 
absolute difference between the collocated multi-pollutant samplers, divided by the square root 
of two. Accuracy for a given method was determined using the ratio between the mean multi-
pollutant sampler concentrations and the mean corresponding reference method concentrations. 
Three PM2.5 sample pairs were contaminated in the summer and were thus excluded from the 
precision and accuracy determinations. Similarly, 1 sample pair for aluminum in the summer 
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was excluded from the analysis also due to contamination problems. These contaminated filters 
may be indicative of less-optimal field sample collection during the summertime. 

Table 7a. PM2.5, Nitrate, Elemental Carbon, and PM10 Detection Limits 

Pollutant Sample Type Season LOD (µg) LOD (µg/m3) % <LOD 

PM2.5 

Outdoor 

Indoor 

Personal 

Winter 
Summer 

Winter 
Summer 

Winter 
Summer 

16.74 
15.57 

23.61 
20.22 

15.75 
27.48 

2.91 
2.70 

4.10 
3.51 

5.47 
10.60 

11.7 
0 

14.6 
0 

21.4 
0 

-NO3 

Outdoor 
Indoor 

Personal 

All 

Winter 
Winter 
Winter 

Summer 

0.30 
0.30 
0.30 

0.29 

0.26 
0.26 
0.26 

0.25 

10.7 
20.4 
10.7 

0 

EC 

Outdoor 
Indoor 

Personal 

All 

Winter 
Winter 
Winter 

Summer 

0.92 
0.92 
0.92 

2.32 

0.80 
0.80 
0.80 

2.01 

15.5 
23.3 
16.5 

0 

PM10 

Outdoor 
Indoor 

Personal 
Winter 

17.25 
17.25 
25.44 

2.99 
2.99 
11.04 

8.7 
7.8 
18.5 

PM2.5 and PM10. For PM2.5, a total of 74 blanks were collected in the study, with 28 blanks 
collected in the winter and 46 in the summer. LOD, accuracy, and precision for personal 
samples were calculated using SKC PEMs in the winter and Harvard PEMs in the summer. For 
indoor and outdoor samples, all QA/QC parameters were determined using Harvard PEMs.  The 
limits of detection for the PM2.5 measurements ranged between approximately 15 and 27 mg for 
the personal, indoor, and outdoor samples, which correspond to concentration LODs ranging 
between 2.70 mg/m3 and 10.60 mg/m3 for 24-hr sampling. The LOD for personal PM2.5 samples 
in the summer were almost twice that in the winter, which may be indicative of poorer 
measurement quality in the summer. Despite this, none of the personal, indoor or outdoor PM2.5 
samples were below the LOD in the summer. In contrast, in the winter 21.4%, 14.6%, and 
11.7% of the personal, indoor and outdoor PM2.5 samples were below their corresponding LOD, 
respectively. As mentioned above, similar, albeit more severe, problems were found for PM10 in 
the summer as well. For PM10, a total of 29 blank samples were collected during the winter. The 
limits of detection for PM10 samples were comparable to those for PM2.5, ranging between 2.99 
and 11.04 mg/m3 for 24-hr samples. The percentage of PM10 samples below the LOD were 
slightly lower than corresponding values for PM2.5. 
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The accuracy and precision of the low-flow PM2.5 and PM10 samplers were determined using 
collocated PEMs as configured in the multi-pollutant samplers.  The relative precision was found 
to equal 6.5% and 9.7% for PM2.5 in the winter and summer, respectively. For PM10, for which 
data are only available in the winter, the precision of the wintertime measurements was found to 
equal 5.3%. Using HI as the reference method, the accuracy of the PM2.5 PEM was high, 
especially in the winter, with the ratios of the mean PEM to the reference HI concentrations 
equaling 1.16 and 1.26, respectively. For PM10, the ratio of the PEM to HI measurements 
equaled 1.20 in the winter (Figure 6). The association between the PEM and the HI 
measurements was high for both particle cut-sizes and for PM2.5 in both seasons, with R2 values 
greater than 0.90 for all PEM-HI comparisons. Results indicate that the PEM consistently 
overestimates particulate concentrations. Despite this slight positive bias in PEM measurements, 
the strong associations between the PEM and HI measurements and the high precision of the 
PEM measurements show that the PEM is able to provide accurate and precise measurements of 
PM2.5 and PM10 concentrations at the low flow rates used in our study. These results are 
consistent with those from our previous studies (Chang, et al., 1999). 

Figure 6.  Winter PM10 and Winter and Summer PM2.5 Measurements: PEM vs. HI 
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-NO3 . For NO3
-, a total of 29 and 44 blanks were used to calculate the winter and summer 

detection limits, respectively. The LODs in both seasons were 0.26 mg/m3 for 24-hr sampling. 
No exposure samples were below the LOD in the summer, while between 10.7-20.4% were 
below the LOD in the winter. The relative precision of the nitrate mini-PEM sampler was high, 

-equaling 14.6% and 11.3% in the winter and summer, respectively. In addition, NO3 
concentrations measured using the mini-PEM were strongly associated with those measured 
using the reference HI with denuders, with R2 values at least 0.78 in both sampling seasons 

-(Figure 7). However, in the winter, the mini-PEM NO3  measurements were substantially higher 
than those measured using the HI system, resulting in a slope of the regression line of 1.68. In 
the summer, the mini-PEM measurements were comparable with the reference levels, with a 
slope 0.98. The observed higher mini-PEM measurements in the winter may be due to 
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-inaccuracies in the reference measurements, as NO3  may have volatilized from the uncoated 
Teflon filter used in the HI system. Additional explanations include seasonal changes in 
temperature, relative humidity, and aerosol composition (Hering and Cass, 1999), and to higher 
flow rates in the HI sampler. Despite the observed bias in the winter, the mini-PEM were found 

-to be an appropriate NO3  measurement method for our study, since (1) the association between 
the two measurement methods was strong and (2) the precision of the method was high, as a 
result any biases introduced by the sampling method were uniform across sampling locations. 

-Figure 7. NO3 Measurements: Mini-PEM vs. HI with Denuder 
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Figure 8.  EC Measurements: Mini-PEM vs. ChemComb 
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Elemental Carbon. 24-h LODs for EC were calculated to equal 0.80 mg/m3 in the winter and 
2.01 mg/m3 in the summer using 32 and 41 blanks, respectively. No EC exposure samples were 
below the LOD in the summer. Between 15.5% and 23.3% of the exposure samples were below 
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the LOD in the winter. The relative precision of the elemental carbon measurements was 
determined to equal 17.8% using collocated mini-PEM samplers. The accuracy of the EC mini-
sampler, which was determined only in the winter, was also good, with a ratio of the mean mini-
PEM to the reference ChemComb measurements of 1.10.  These results indicate that the mini-
sampler overestimated EC concentrations slightly, by an average of 10%. EC concentrations 
obtained by the mini-PEM and the reference sampler were strongly associated, as the mini-PEM 
measurements explained 73% of the variability in the corresponding reference measurements 
(Figure 8). Results demonstrate that the mini-PEM is an appropriate method to measure EC in 
our study. 

Table 7b. Elemental Detection Limits and Precisions 

Element Limit of Detection (ng/m3) Precision (ng/m3) 
Winter Summer Winter Summer 

Al 1.84 1.69 13.24 14.13** 

B 4.25 2.41 0.67 0.77 
Ba 0.73* 0.78 0.23 
Cr 2.49* 2.16 3.37 
Mn 3.23 3.53 0.18 0.80 
Ni 6.80 7.47 0.86 1.47 
Pb 4.24 3.56 0.25 1.56 
Zn 4.63 2.12 11.09 11.35 

NA*** 

Au 0.85* 
Be 0.54* 
Ca 99.34* 825.05 
Cd 0.60* 
Co 0.75* 
Cu 5.66 6.10 
Eu 0.79* 
Fe 1.48 0.84 
Mo 1.04* 
Pd 1.14* 
Rb 0.95* 
Sb 0.98* 
Se 1.18* 
Sn 0.96* 
Sr 0.93* 
Th 0.54* 
Tl 0.54* 
Zr 0.68* 

* Levels represent one half of the laboratory detection limit. 
** Two outliers were excluded from the calculation 
*** NA represents data whose concentrations were below the detection limit. 

Elements.  Since small sampling volumes were used in the study, only eight elements (Al, B, Ba, 
Cr, Mn, Ni, Pb, and Zn) were detected with sufficient frequency and were included in subsequent 
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descriptive data analyses. [Other elements were either not detected (e.g., Cd) or were detected at 
concentrations well below the method LOD (e.g., Fe).] Due to the overall poor performance of 
ICP-MS at our low sampling volumes, however, data for the eight detected elements were not 
included in multivariate and micro-environmental models. For the eight detected elements, a 
total of 27 and 46 blanks were used to calculate the winter and summer detection limits, 
respectively (Table 7b). The LODs in both seasons were generally comparable for each element 
(except for Ca), with the levels of less than 7.5 ng/m3 for 24-hr sampling using the Harvard 
PEMs operating at 1.8 LPM. For six of the eight elements, summer indoor, outdoor and personal 
levels were all above the LOD; however, winter samples values of all elements had many values 
that were below their corresponding LOD (Table 7c). Precision was determined using collocated 
PM2.5 PEMs as configured in the multi-pollutant samplers. In general, the precision for each 
measured element was comparable in both seasons, with a range varying between approximately 
0.7 ng/m3 (e.g., B) to 14 ng/m3 (e.g., Al) (Table 7b). Also, the precision in the summer was 
generally worse than that in the winter for each element, which again may suggest less-optimal 
field sample collection during the summertime. 

Table 7c. Percent of Sample Values below the LOD 

Element / Sample Type % <LOD 
Winter1 Summer2 

Outdoor: Al 31.1 0 
B 69.9 0 
Ba 46.6 13.3 
Cr 80.6 58.2 
Mn 68.9 0 
Ni 77.7 0 
Pb 81.6 0 
Zn 35.9 0 

Indoor: Al 20.4 0 
B 67.0 0 
Ba 54.4 11.2 
Cr 82.5 51.0 
Mn 87.4 0 
Ni 81.6 0 
Pb 89.3 0 
Zn 35.9 0 

Personal: Al 31.1 0 
B 73.8 0 
Ba 67.0 26.5 
Cr 78.6 53.1 
Mn 81.6 0 
Ni 70.9 0 
Pb 95.2 0 
Zn 50.5 0 

1For all sample types, total number of samples=103;
2For all sample types, total number of samples=98 
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Air Exchange Rates. The precision of air exchange rate measurements was reasonable, with an 
intra-class correlation coefficient of reliability for duplicate CAT measurements of 0.83 (one-
side 95% confidence interval = 0.78). [Intra-class correlation coefficients of reliability assesses 
both the association and agreement between the two air exchange rate measurements, with a 
value of one indicating perfect agreement and a value of zero indicating no agreement (Fleiss, 
1986).] The LODs for 24-hr AER measurements varied widely, ranging between 3.3 and 10 
exchanges/hr-1 due to the corresponding wide variation in the volumes of the sampled homes. 
Only 2 wintertime AER measurements had values below the calculated detection limit. 

Data analysis.  Units for pollutant concentrations and exposures are reported in mg/m3, except 
for the elements, where the data are presented in ng/m3. Coarse particle (PM2.5-10) concentrations 
were calculated as the difference between PM10 and PM2.5 measurements. Summer PM10 and 
PM2.5-10 concentrations were included in the descriptive data summaries, but were not included in 
subsequent data analyses, due to the limited number of valid summer PM10 values. All data 
manipulations and statistical analyses were performed in SAS (SAS Institute, Cary, NC). Unless 
otherwise specified, statistical significance is reported at the 0.05 level. 

Data were characterized using descriptive statistics, graphical displays, t-statistics, Spearman 
correlation coefficients, general linear regressions and general mixed models. Individual-
specific Spearman correlation coefficients were calculated only for those individuals with four or 
more repeated measurements. The relationship between outdoor concentrations measured at the 
home and SAM sites and between personal, indoor, and outdoor concentrations was examined 
using general mixed models, in which subjects were modeled as random variables to account for 
between subject variability (Diggle et al., 1994). Autocorrelation between pollutant 
concentrations over time was modeled using either an autoregressive or compound symmetry 
covariance structure. Since mixed models do not have a single measure of goodness-of-fit, crude 
R2 values between the measured and estimated exposures (which was generated based on the 
results of mixed models) were calculated. Simple linear regression techniques were applied to 
obtain crude R2 values to give a rough indication of the data scatter around the estimated 
regression lines. Models comparing indoor and personal levels with outdoor concentrations were 
based on outdoor levels measured at the home sites and not the SAM site, since outdoor home 
concentrations were generally more significant predictors. 

Statistical and/or physical modeling techniques were used to investigate the effects of geographic 
location, particle-generating activities, including cooking, cleaning, and tobacco smoking, 
building type, and time-activity patterns on the exposure levels. The impacts of distance from 
road, population density, and geographical location (coastal vs. inland) on outdoor 
concentrations were examined using generalized mixed models with outdoor home 
concentrations as the dependent variable. Fixed effects included the outdoor (or SAM site) 
concentrations and the covariate of interest. Population density and distance from road 
information were determined using GIS methods and were included in the models as either 
categorical or continuous variables. Categorical classifications of “high” and “low” were made 
based on the median values for the measured homes, which for “population density” was less or 
greater than 3500 persons per square mile and for “distance from road” was less or greater than 
250 meters from a major road. For “distance from road”, a second categorical variable was also 
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created, in which “high” and “low” were classified as less or greater than 100 meters from a 
major road, since this distance was found to be important in earlier studies (Zhu et al., 2002). 
Since they were strongly correlated, separate models to examine the effects of distance from 
road, population density, and geographic location were created. 

For indoor and personal pollutant levels, pollutant-specific models were also constructed to 
identify factors affecting their concentrations. These models followed the general format: 

[Ci]ij = [Co]ij + Ventilationij + [Co]ijVentilationij + Xi (1) 

where Ci is the pollutant concentration measured indoors, Co the measured outdoor 
concentration, Ventilation the home ventilation condition, and X a covariate that may influence 
indoor pollutant concentrations. Home ventilation conditions were determined using either the 
measured air exchange rates (hour-1) or the recorded open window frequencies. Both air 
exchange rates and open window frequencies were included in the models as either continuous or 
categorical variables. As categorical variables, air exchange rates and open window frequency 
were classified as either “high” or “low” based on their respective median values. Since air 
exchange rates were only valid for detached houses, median air exchange rates were calculated 
using data only for the 9 winter and 7 summer participants that lived in detached homes. In 
addition, indoor concentrations models that included air exchange rates were constructed using 
data only for these participants. Models based on open window frequency, in contrast, were 
constructed using data for all homes. Covariates were selected based on previous studies 
showing their importance as PM sources and based on whether there was sufficient variability in 
their values to warrant their inclusion in the models. The covariates X considered in our analyses 
included presence of tobacco smoke, cooking, and cleaning, with these variables also included as 
either continuous or categorical variables. As categorical variables, smoking, cooking, and 
cleaning were assigned a value of 1 if it was present or performed anytime during the 24-hour 
monitoring period. As continuous variables, smoking, cooking, and cleaning were expressed as 
exposure duration per hour. Other variables considered but not evaluated included number of 
occupants and/or pets, presence of carpeting, humidifier use, and heater use, as their values 
generally varied little by participant or by monitoring day. 

Factors influencing personal exposures were identified based on time-weighted 
microenvironmental exposure models (Duan, 1982).  Personal exposures were estimated using 
time-weighted microenvironmental exposures from two microenvironments, indoor and outdoor, 
plus a covariate X to account for the contribution from other potential sources: 

Cp = FiCi + FoCo + X (2) 

where Cp, Ci, and Co are the measured personal exposures, indoor, and outdoor concentrations, 
respectively. Fi is the fraction of time spent indoors in a given day, and Fo is the fraction of time 
spent outdoors. Several factors were included as covariate X in the model, including ETS, 
cooking, and cleaning. As before, the impact of ETS, cooking, and cleaning were assessed as 
continuous and categorical variables. Concentrations for all indoor and outdoor environments 
were assumed to equal those measured inside and outside the subject’s home, respectively. 
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RESULTS AND DISCUSSION 

Data were analyzed to test the three hypotheses from the study, that (1) the composition of 
personal and indoor PM2.5 exhibits significant inter- and intra-personal variation, (2) the 
relationship between personal exposures and corresponding outdoor concentrations differs for 
each particulate component, and (3) the composition of personal and indoor PM2.5 and its 
relationship to that outdoors differs for individuals with COPD living in Los Angeles as 
compared to those living in other cities. Prior to testing these hypotheses, activity pattern, 
housing characteristics, and air pollution data were characterized to ensure that the results were 
interpreted properly. Since the results of the study address additional issues, results associated 
with study hypothesis testing are specifically mentioned in relation to their corresponding 
hypothesis for clarity. 

Table 8. Time-Activity Patterns: Fraction of Time (over 24-h period) Spent in Each 
Microenvironment by Season 

Microenvironment N Mean ± Std. Dev. Median Minimum Maximum

 Indoors – Home
 Winter 103 0.87 ± 0.11 0.89 0.53 1.00 
Summer 98 0.88 ± 0.11 0.90 0.56 1.00

 Outdoors
 Winter 103 0.01 ± 0.02 0.0 0.0 0.12 
Summer 98 0.03 ± 0.05 0.0 0.0 0.25

 Indoors – Others
 Winter 103 0.08 ± 0.09 0.06 0.0 0.34 
Summer 98 0.06 ± 0.07 0.04 0.0 0.28

 In Transit
 Winter 103 0.03 ± 0.04 0.03 0.0 0.17 
Summer 98 0.03 ± 0.04 0.02 0.0 0.16 

Time-activity Patterns 

In both seasons, subjects spent the overwhelming majority of their time indoors at their homes 
(Table 8), with subjects spending on average approximately 90% of their time inside their 
homes. Subjects only spent on average less than 5% of their time in all other 
microenvironments, with the exception of indoor, non-home microenvironments in which 
subjects spent an approximate average of 6% of their time in both seasons. The activity patterns 
of the subjects, however, did exhibit substantial inter-personal and intra-personal variability, as 
illustrated by Figures 9a-d, which show time-activity patterns by season for subjects exhibiting 
the least and most day-to-day variability, and by Figure 10, which shows the fraction of time 
spent outdoors by season for individuals participating in both sampling seasons. The time spent 
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in each of microenvironment varied substantially. For example, the fraction of time spent 
outdoors ranged anywhere from 0% to 25% in the summer and from 0% to 12% in the winter, 
while the time spent in non-residential indoor environments ranged between 0% and 28% and 
0% and 34% in the summer and winter, respectively. 

Figure 9. Time-Activity Patterns for Four Subjects by Season 

a. Subject 11- Least Active – Winter  b. Subject 14 – Most Active – Winter 
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c. Subject 17 – Least Active – Summer d. Subject 22 – Most Active – Summer 
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Seasonal variation in time-activity patterns and in time spent performing particle-generating 
activities was examined using non-parametric Wilcoxon ranked sum tests, which were performed 
using data for all subjects (201 sample-days), and using only those data for individuals 
participating in both sampling sessions (110 sample-days). Results from these tests showed that 
time spent outside did not differ significantly by season (p=0.53 for all data, p=0.27 for paired 
data). Nonetheless, as shown on Figure 10, subject-specific seasonal differences in the fraction 
of time spent outdoors did exist. Especially in the summer, many of the participants exhibited 
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substantial variation in the amount of time they spent outdoors over the seven-day monitoring 
period. This daily variability, however, was not consistent across seasons or individuals. 

Figure 10. Fraction of Time Spent Outdoors for Subjects Participating Two Seasons* 
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* Distribution of values (in percentiles) shown for Subject 7 in the summer. 

Table 9. Time-Activity Patterns: Fraction of Time (over 24-h Period) Spent Performing or Near 
Particle Generating Activities by Season 
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Activity1 N Mean ± Std. Dev. Median Minimum Maximum 

Smoking
 Winter 103 0.004 ± 0.02 0.0 0.0 0.22 
Summer 98 0.001 ± 0.003 0.0 0.0 0.02

 Cooking
 Winter 103 0.04 ± 0.03 0.03 0.0 0.14 
Summer 98 0.03 ± 0.04 0.02 0.0 0.30 

Cleaning
 Winter 103 0.02 ± 0.03 0.0 0.0 0.21 
Summer 98 0.01 ± 0.03 0.0 0.0 0.18 

1  Activity includes time in which the participant was engaging in the activity and when the participant 
was near someone else performing the activity. 

Participants spent minimal but varying amounts of time performing or being in the proximity of 
particle-generating activities, such as smoking, cooking, and cleaning (including vacuuming, 
dusting, and mopping). The time participants spent performing these particle-generating 
activities did not differ significantly by season (Table 9), suggesting that on average, particle-
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generating activities are uniform across seasons. Nevertheless, the amount of time spent 
performing any particle generating task was minimal, as the median values for time spent in 
these activities were zero or close to zero. In addition, the fraction of time spent near smoking 
was zero or near zero in all cases except for two of the total 201 subject-days. This was 
expected, as all participants were non-smokers (as required for study participation) and had 
COPD, a pulmonary condition that may cause them to avoid environments with tobacco smoke. 

Home Ventilation Conditions 

Seasonal variation in home ventilation conditions was examined using both the recorded number 
of hours with open windows or the measured air exchange rates (Figure 11a, b). However, as 
mentioned previously, air exchange rates could not be measured for all homes, making open 
window usage the only measure of home ventilation that was available for all homes in the 
study. These measures are not necessarily equivalent, as the correlation between air exchange 
rates and open window usage for the single detached homes was insignificant in the summer and 
weak in the winter, with Spearman correlation coefficients of 0.20 (p=0.22) and 0.30 (p=0.08), 
respectively. Since open window information was obtained via a recall questionnaire and since 
various factors are known to affect home ventilation conditions, including window-open time 
and duration, house volume, house tightness, and indoor/outdoor temperature differences, AER 
measurements were considered to be the better indictor for home ventilation conditions as 
compared to open window usage. 

Figure 11. Home Ventilation Conditions in Both Seasons 

a. Window-open Percentage                                               b. Air Exchange Rates 
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Results from two-sample t-tests showed that AERs measured in the detached, single-family 
homes did not differ statistically between the two seasons (p=0.12), as mean values for the 
winter and summer were comparable. Open window frequency, however, did differ significantly 
by season (p<0.0001), with open windows open on average 76% and 34% of the time in the 
summer and winter, respectively. This seasonal variation in open window frequency remained 
statistically significant when the analysis was performed separately for detached and other home 
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types. Although statistically different, observed seasonal variation in the air exchange rates and 
open window frequency are consistent with one another, as mean air exchange rates equaled 2.0 
hr-1 in the summer and 1.4 hr-1 in the winter.  Regardless, air exchange rates and window-open 
hours in both the summer and winter in the Los Angeles were higher than those observed in 
eastern U.S. areas, as air exchange rates in the eastern U.S. are generally less than one exchange 
per hour. These higher air exchange rates and open window hours reflect the temperate climate 
of the Los Angeles area. In the summer, air exchange rates were significantly higher in homes 
located along the coast as compared to in those located inland using 2-sample t-tests, with mean 
air exchange rates for coastal homes equaling 2.6 exchanges/hour (std.dev.=2.1) and for inland 
homes equaling 1.6 exchanges/hour (std. dev.=1.0).  The air exchange rates of the inland and 
coastal homes were comparable, however, in the winter (p-value=0.71).  Similar geographical 
variation was found for open window frequency. 

Table 10. Air Exchange Rates and Open Window Frequency by Home and Season 

Season Subject 
Air Exchange Rates (exchanges/hour) Open Window Frequency 

N Mean Std. Dev. Min. Max. N Mean Std. Dev. Min. Max. 
LPD-01A 4 1.53 0.18 1.39 1.76 5 0.00 0.00 0.00 0.00 
LPD-02 7 1.14 0.20 0.97 1.51 7 0.10 0.06 0.00 0.17 
LPD-03 7 1.76 0.27 1.24 2.12 7 0.93 0.19 0.50 1.00 
LPD-04 7 1.19 0.41 0.76 1.93 7 0.10 0.05 0.04 0.21 
LPD-05 7 1.36 0.28 0.97 1.79 7 0.29 0.09 0.17 0.38 
LPD-06 7 0.78 0.23 0.51 1.17 7 0.10 0.07 0.00 0.17 
LPD-07 7 1.15 0.24 0.71 1.38 7 1.00 0.00 1.00 1.00 

Winter LPD-08 7 0.96 0.26 0.69 1.32 7 0.00 0.00 0.00 0.00 
LPD-09 7 3.45 2.12 1.56 7.99 5 1.00 0.00 1.00 1.00 
LPD-10 4 0.61 0.17 0.36 0.77 6 0.05 0.04 0.00 0.08 
LPD-11 7 0.60 0.38 0.30 1.41 7 0.72 0.35 0.33 1.00 
LPD-12 2 6.65 1.36 5.68 7.61 6 0.04 0.02 0.00 0.06 
LPD-13 5 0.47 0.08 0.36 0.55 7 0.36 0.12 0.17 0.51 
LPD-14 5 0.35 0.04 0.32 0.42 7 0.18 0.36 0.04 1.00 
LPD-15 5 1.50 0.28 1.07 1.80 7 0.26 0.27 0.00 0.67 
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When examined by home, air exchange rates and open window frequency were shown to differ 
substantially by home (Table 10), with many but not all homes exhibiting variability in 
ventilation conditions across the seven-day monitoring period. Due to the relatively small 
number of homes in the study, especially when stratified by season, statistical analysis of home 
ventilation by different home types could not be performed. As discussed later, however, these 
daily and home-specific variations in home ventilation conditions will be examined in 
longitudinal analyses of personal, indoor, and outdoor pollutant relationships. 

Pollutant Levels 

Summary statistics for the various particulate measures stratified by season and sample type are 
presented in Tables 11a and 11b. In general, outdoor pollutant levels measured at the homes 
were strongly associated with those measured at the SAM site. At both home and SAM sites, 
outdoor PM2.5 levels were higher during the summer as compared to the winter, which may be 
due to the enhanced photochemical formation of secondary pollutants (Burton et al., 1996; Suh 
et al., 1997). The same seasonal pattern was also observed for indoor and personal exposures; 
however, the pattern was less distinct. During both seasons, personal PM2.5 exposures were 
significantly higher than corresponding outdoor and indoor levels, while indoor and outdoor 
concentrations were comparable. For all microenvironments, PM2.5 levels were consistently 
higher for individuals living in inland locations as compared to those living in coastal locations 
(Figure 12). Higher personal exposures relative to indoor and outdoor concentrations are 
consistent with results from our previous Boston COPD study (Rojas et al., 2000), but differed 
from the results from the Fresno study of older adults (Evans et al., 2000). In the Fresno study, 
mean winter outdoor PM2.5 concentrations were approximately 50% higher than winter 
concentrations measured in our study. In addition, mean winter outdoor concentrations in Fresno 
were 50% and 100% higher than corresponding personal exposures and indoor concentrations. 

Figure 12. PM2.5 Concentrations by Sample Type, Season, and Location 
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Table 11a. Descriptive Statistics for Outdoor, Indoor, and Personal Samples 

Pollutant/Season/Type N Mean ± Std. Dev. Median1 Maximum Minimum1 

PM2.5 (mg/m3) 
Winter
 Outdoor 92 13.51 ± 8.46 11.20 56.53 2.75 
Indoor 92 16.87 ± 11.69 12.84 49.51 2.94 
Personal 

Summer
87 19.59 ± 14.49 14.43 63.45 2.60 

Outdoor 96 19.33 ± 9.00 17.36 53.45 5.46 
Indoor 97 18.12 ± 11.09 16.97 94.81 4.34 
Personal 92 25.07 ± 20.79 18.77 137.77 2.08 

NO3 
- (mg/m3) 

Winter
 Outdoor 92 3.12 ± 2.57 2.23 11.77 0.36 
Indoor 94 1.13 ± 1.01 0.87 4.71 ND 
Personal 

Summer
98 1.23 ± 1.14 0.81 6.38 0.13 

Outdoor 95 2.76 ± 1.51 2.53 7.14 0.14 
Indoor 96 1.65 ± 0.82 1.48 4.20 0.47 
Personal 97 1.63 ± 0.93 1.40 4.96 0.04 

EC (mg/m3) 
Winter
 Outdoor 94 1.90 ± 1.06 1.69 5.54 ND 
Indoor 90 1.59 ± 0.86 1.42 5.20 0.12 
Personal 

Summer
91 1.92 ± 0.98 1.68 4.88 0.50 

Outdoor 95 0.07 ± 0.74 ND 2.74 ND 
Indoor 95 0.16 ± 0.71 0.15 2.06 ND 
Personal 85 0.28 ± 0.75 0.15 3.32 ND 

PM10 (mg/m3)2 

Winter
 Outdoor 94 36.05 ± 13.17 33.68 86.12 5.91 
Indoor 95 30.63 ± 21.75 23.25 148.15 6.47 
Personal 

Summer
89 35.04 ± 22.00 27.52 114.69 6.82 

Outdoor 21 15.16 ± 8.64 12.45 34.22 6.06 
Indoor 21 28.96 ± 14.66 25.50 62.84 12.50 
Personal 19 29.06 ± 12.80 23.98 62.82 13.49 

PM2.5-10 (mg/m3) 
Winter
 Outdoor 92 22.84 ± 10.75 22.53 62.71 2.84 
Indoor 91 12.86 ± 10.16 10.29 63.14 0.11 
Personal 

Summer
85 15.35 ± 12.24 13.46 76.37 0.09 

Outdoor 21 -3.91 ± 5.15 -3.21 3.28 ND 
Indoor 21 11.86 ± 7.68 10.61 35.03 0.85 
Personal 18 9.99 ± 7.99 8.11 31.97 ND 

1 “ND” indicates that the concentrations were negative and therefore not detected.
 PM10 blank data in the summer showed that contamination of the filters occurred. As a result, summer PM10 
are suspect and were excluded from subsequent analyses. 
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Table 11b. Descriptive Statistics for Outdoor, Indoor, and Personal Elemental Concentrations (ng/m3) 

Summer 

Element Indoor Outdoor Personal 
N Med. Mean STD MAX MIN N Med. Mean STD MAX MIN N Med. Mean STD MAX MIN 

Al 96 16.5 37.4 98.8 687.0 ND 96 13.1 43.9 135.0 858.7 ND 89 19.1 47.3 100.6 727.3 ND 
B 96 5.69 6.59 4.99 35.8 0.00 96 5.41 5.65 3.44 16.1 0.00 89 6.08 6.75 5.13 33.9 0.00 
Ba 94 1.81 5.24 8.80 51.9 0.00 93 2.19 6.41 10.6 53.3 0.00 87 2.35 5.54 8.56 45.2 0.00 
Cr 96 2.32 3.06 6.70 19.1 ND 96 1.61 1.77 6.66 21.2 ND 89 3.21 3.58 12.1 30.0 ND 
Mn 96 0.75 0.92 1.04 6.5 0.00 96 0.75 1.20 1.71 9.51 0.00 89 1.24 1.16 1.17 5.44 0.00 
Ni 96 3.33 3.69 2.37 11.6 0.00 96 3.34 3.83 2.32 12.9 0.00 89 3.96 3.83 3.76 13.3 0.00 
Pb 94 1.01 1.85 2.46 13.5 0.00 93 1.14 2.11 2.97 19.4 0.00 87 0.71 1.54 2.31 11.5 ND 
Zn 91 3.46 6.91 11.5 72.9 ND 96 4.56 8.45 14.4 74.8 ND 88 4.49 19.9 80.2 650.0 ND 

Winter 

Element Indoor Outdoor Personal 
N Med. Mean STD MAX MIN N Med. Mean STD MAX MIN N Med. Mean STD MAX MIN 

Al 92 19.5 31.4 36.4 171.8 ND 91 21.4 47.6 126.0 909.7 ND 86 35.9 52.6 67.3 317.1 ND 
B 92 2.58 7.73 14.1 65.0 0.00 91 2.52 4.11 6.12 43.6 0.00 86 1.63 5.88 11.3 50.22 0.00 
Ba 92 1.65 2.60 3.27 13.8 0.00 91 4.18 6.91 11.4 76.2 0.00 86 0.00 2.80 4.72 29.73 0.00 
Cr 92 ND 0.60 11.1 66.1 ND 91 ND 1.48 14.0 78.2 ND 86 ND 1.56 23.2 152.3 ND 
Mn 92 1.54 1.76 1.27 5.60 0.00 90 2.16 2.68 2.13 11.8 0.00 86 1.87 2.02 2.05 10.13 0.00 
Ni 91 3.40 3.67 3.61 15.4 0.00 91 3.23 4.19 4.84 32.3 0.00 86 4.14 5.37 5.90 18.95 0.00 
Pb 92 0.78 1.47 1.98 8.73 0.00 90 1.72 2.59 3.37 15.4 0.00 86 0.00 0.87 2.25 13.34 0.00 
Zn 92 14.3 17.9 19.2 109.4 ND 91 16.1 26.6 38.8 271.9 ND 86 7.03 24.2 47.5 292.7 ND 

“ND” indicates that the concentrations were negative and therefore not detected. 
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The wintertime micro-environmental and geographical patterns for PM2.5-10 (Figure 13) and 
PM10 (Figure 14) differed from those observed for PM2.5. In general, outdoor PM2.5-10 and PM10 

concentrations were higher than their corresponding indoor and personal exposures, except for 
inland PM10, for which personal exposures tended to be higher than corresponding indoor and 
outdoor concentrations. These findings are consistent with those from the Fresno study, even 
though mean wintertime outdoor and especially indoor concentrations in Fresno were much 
lower than those in Los Angeles. Findings, however, differ from those from our Boston study of 
individuals with COPD (Rojas et al., 2000), in which higher personal particulate exposures were 
found for all particle measures. These differences may be due to the fact that the Los Angeles 
cohort participated if a limited number of particle generating activities and that outdoor PM2.5-10 

and PM10 concentrations were higher in Los Angeles as compared to Boston, which may obscure 
any contribution of particle generating activities to personal exposures. 

Figure 13.  Wintertime PM2.5-10 Concentrations by Sample Type and Location 
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Figure 14.  Wintertime PM10 Concentrations by Sample Type and Location 
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As with PM2.5, inland PM10 levels were slightly higher than those measured for individuals living 
in coastal areas in the winter, with the differences most pronounced among personal exposures 
and indoor concentrations. For PM2.5-10, in contrast, the wintertime concentration distributions 
were comparable for indoor concentrations and personal exposures. Outdoors, wintertime 
concentrations were significantly higher in coastal as compared to inland areas, which may result 
from greater contributions from wind blown dust and sea spray to coarse particle levels in these 
coastal areas. 

-Outdoor NO3  concentrations were significantly higher than corresponding indoor and personal 
levels in both seasons (Figure 15), which is consistent with the fact that motor vehicles are the 

-major source of NO3 . In indoor and personal microenvironments, summertime levels were 
statistically higher than wintertime levels. This seasonal difference may actually be even more 

-pronounced than was observed, as NO3  measurements were shown to be high in the winter as 
-compared to the standard methods. Outdoor NO3  concentrations were statistically similar across 

seasons, but again based on results from the accuracy tests may be more indicative of higher 
summer as compared to winter concentrations. The location of the homes relative to the coast 

-was again found to impact observed outdoor concentrations, where outdoor NO3  concentrations 
were significantly higher in the inland areas as compared to those along the coast. The effects of 
location on personal and indoor levels were less pronounced and less consistent. 

-Figure 15.  NO3  Concentrations by Sample Type, Season, and Location 
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For elemental carbon, strong seasonal differences in the concentration relationships were 
observed, as elemental carbon concentrations in the summer were very low (Figure 16). Outdoor 
EC levels were higher in the inland as compared to the coastal areas in both seasons. Indoor and 
personal levels were, in contrast, comparable across geographical locations. In the inland areas, 
outdoor concentrations tended to be higher than the corresponding personal and indoor levels in 
both seasons, with a pattern similar to that for inland nitrate concentrations but less distinct. On 
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the other hand, personal EC exposures in the coastal areas were generally higher than 
corresponding indoor and outdoor levels, which may reflect differences in the inland and coastal 
study participants in terms of their activities and housing characteristics. 

Figure 16.  EC Concentrations by Sample Type, Season, and Location 

C
on

ce
nt

ra
tio

n 
( m

g/
m

 3 ) 

-2 

-1 

0 

1 

2 

3 

4 

5 

Personal Indoor Outdoor 

As mentioned previously, eight elements were detected with sufficient frequency to allow their 
values to be summarized and included in subsequent data analyses. These eight elements 
represent a range of source types. Al is thought to originate primarily from crustal material, Ni 
and Ba from fuel oil combustion (residual oil) (Wongphatarakul et al., 1998), B from coal 
combustion (Zevenhoven and Kilpinen, 2001), and Mn, B, Cr, Zn, and Pb from various industrial 
processes (Spengler and Thurston, 1983; Lyons et al., 1993; Lee et al., 1994). Ba may also be 
associated with motor vehicles, as Ba is a known component of brakewear (Garg et al., 2000; 
Torre et al., 2002). Similarly, Pb may also be associated with motor vehicles, even though it is 
no longer added to gasoline, as several source apportionment studies still show Pb to be related 
to other motor vehicle tracers. The contribution of sea spray to PM2.5 concentrations could 
unfortunately not be determined due to unreliable detection of sodium by ICP-MS. 

Various seasonal patterns were found for the eight measurable elements (Al, B, Ba, Cr, Mn, Ni, 
Pb, and Zn) in the personal, indoor, and outdoor samples. Aluminum (Al), a crustal-related 
element was present at the highest concentrations, with a median level of at least 13 ng/m3 across 
different sample types and both seasons (Table 11b).  In personal, indoor, and outdoor 
microenvironments, Al, B, Cr, and Zn varied seasonally, with the higher summer median levels 
for B and Cr and higher Zn and Al levels during wintertime. In both seasons, personal Al 
exposures were higher than corresponding outdoor and indoor levels, while for indoor and 
outdoor Al concentrations were comparable. For Ba, Mn, and Pb, seasonal differences were 
dependent on sample type, with wintertime outdoor concentrations consistently highest. Finally, 
neither seasonal nor sample type differences were found for Ni concentrations. 
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PM2.5 Percent Composition 

The composition of personal, indoor, and outdoor PM2.5 was examined to test the first hypothesis 
that the composition of personal and indoor PM2.5 exhibits significant inter- and intra-personal 
variation. 

-The average contribution of NO3  and EC to PM2.5 differed by season and by sample type (Table 
12).  [The contribution of the elements to PM2.5 concentrations could not be determined due to 
uncertainty about the oxidation states and chemical forms of the elements.] In both seasons, 

-NO3  comprised a greater fraction of outdoor PM2.5 on average as compared to indoor and 
personal PM2.5. In addition, the percent contribution of outdoor, but not indoor nor personal, 

-NO3  varied by seasons. For EC, the percent contributions were generally similar for outdoor, 
indoor, and personal samples in a given season. In the summer, this contribution was extremely 
low, where EC contributed essentially nothing to the corresponding PM2.5 levels. For all three 

-sample locations, both NO3  and EC comprised a relatively small fraction of the overall PM2.5 
-mass, especially for summertime personal and indoor PM2.5 samples for which NO3  and 

-elemental carbon comprised less than 14% of the measured mass. Similar contributions of NO3 
and EC to both personal and indoor PM2.5 concentrations across seasons may be indicative of the 
importance of indoor particle sources to indoor and personal PM2.5 exposures. 

Table 12.  Percent Composition of PM2.5 Mass Concentrations by Season (%) 

Pollutant 
*NH4NO3 

EC 

Indoor 
13.09 
0.23 

Summer 
Outdoor 

17.95 
0.00 

Personal 
10.62 
0.78 

Indoor 
9.59 
12.99 

Winter 
Outdoor 

28.46 
17.00 

Personal 
9.86 
14.19 

Others 86.68 82.05 88.60 77.42 54.54 75.95 
* NO3

- mass contributions were determined assuming that all NO3
- was in the form of NH4NO3. 

The mean percent contribution of elemental carbon to PM2.5 did not differ by sample type in 
either season using ANOVA techniques, which may be due to the fact the elemental carbon 
comprised a small fraction of PM2.5, especially in the summer. In contrast, the mean percent 
contribution of nitrate differed by sample type in both seasons, where nitrate comprised a greater 
fraction of outdoor 

Particulate Pollutant Relationships 

For outdoor, indoor, and personal samples, correlations among PM2.5 and its components (EC, 
and NO3

-) varied from weak to relatively strong, although most of them were statistically 
significant (Table 13a).  In both seasons, correlations among these pollutants tended to be 
strongest among outdoor concentrations followed by personal exposures and indoor 
concentrations. Stronger associations among the pollutants outdoors as compared to indoors 
may reflect the fact that the sources of NO3

-, EC, and to a lesser degree PM2.5 are located 
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primarily outdoors, including traffic and other motor vehicle-related pollution. The weaker 
associations among personal exposures as compared to outdoor concentrations likely reflects the 
fact that individuals spent time both outdoors and indoors.  For all 3 sampling types, associations 

-were strongest between PM2.5 and NO3 , especially in outdoor environments, while the 
-correlations between NO3  and elemental carbon and between PM2.5 and elemental carbon were 

-weak. Correlations between NO3  and elemental carbon were higher in outdoor and personal 
environments, but were still only moderately correlated, with the strongest associations observed 
in the summer months. 

In the winter, for personal, indoor, and outdoor samples, the associations between PM2.5-10 and 
PM10 were relatively strong and comparable to those between PM10 and PM2.5. Personal and 
indoor PM2.5 were only weakly correlated with corresponding PM2.5-10 levels, and outdoor PM2.5 

was insignificantly associated with PM2.5-10 outdoors. Additionally, PM2.5-10 was poorly 
-correlated with NO3  and EC.  These results are consistent with the fact that sources of PM2.5-10 

-differ from those of PM2.5 and its components NO3  and EC. These results also suggest that the 
variability of PM10 in greater Los Angeles reflects the sum of the fine and coarse particle 
variability. Although this finding differs from that in our Boston COPD study, in which the 
correlations between PM10 and PM2.5 were stronger than those between PM10 and PM2.5-10, they 
were not unexpected as PM2.5-10 concentrations in Los Angeles were higher than that observed in 
Boston (Table 11a). 

Table 13a. Spearman Correlations (rs) among PM2.5, NO3
-, EC, PM10, and PM2.5-10 Levels 

Season Type Pollutant NO3
- EC PM10 PM2.5-10 

Summer Indoor 
PM2.5 

-NO3 

0.43 0.28 
0.31 

Summer Outdoor 
PM2.5 

-NO3 

0.82 0.43 
0.44 

Summer Personal 
PM2.5 

-NO3 

0.58 0.27 
0.44 

Winter 

Winter 

Winter 

Indoor 

Outdoor 

Personal 

PM2.5 
-NO3 

EC 
PM10 

PM2.5 
-NO3 

EC 

PM10 

PM2.5 
-NO3 

EC 
PM10 

0.51 

0.80 

0.49 

0.41 
0.17 

0.51 
0.36 

0.18 
0.30 

0.84 
0.54 
0.29 

0.60 
0.59 
0.18* 

0.78 
0.41 
0.10 

0.38 
0.31 
0.06 
0.75 

-0.06 
0.03 
-0.14 

0.70 

0.34 
0.16 
0.01 
0.82 

Italic bold indicates p<0.05; * p-value<0.10 
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Table 13b. Spearman Correlations (rs) between PM2.5 and Elemental Concentrations 

Season Type Pollutant B Al Cr Mn Ni Zn Ba Pb 
PM2.5 

B 
Al 

0.35 0.35 
0.10 

0.17 
-0.21 
-0.05 

0.21 
-0.16 
0.36 

0.32 
-0.09 
0.23 

0.45 
0.03 
0.49 

0.58 
0.38 
0.20 

0.61 
0.36 
0.27 

Summer Indoor 
Cr 
Mn 
Ni 
Zn 
Ba 

0.17 0.23 
0.29 

0.12 
0.56 
0.23 

0.10 
0.26 
0.16 
0.51 

0.18 
0.24 
0.24 
0.48 
0.80 

PM2.5 
B 

0.42 0.58 
0.23 

0.21 
-0.19 

0.34 
-0.20 

0.45 
-0.05 

0.51 
0.03 

0.54 
0.41 

0.54 
0.49 

Summer Outdoor 

Al 
Cr 
Mn 
Ni 
Zn 
Ba 

0.14 0.45 
0.10 

0.32 
0.25 
0.35 

0.59 
0.15 
0.62 
0.29 

0.42 
0.10 
0.33 
0.20 
0.48 

0.46 
0.16 
0.27 
0.26 
0.50 
0.87 

PM2.5 
B 
Al 

0.29 0.26 
-0.11 

0.12 
-0.25 
-0.02 

0.01 
-0.32 
0.34 

0.32 
-0.06 
0.27 

0.33 
0.11 
0.40 

0.47 
0.40 
0.12 

0.39 
0.44 
0.10 

Summer Personal 
Cr 
Mn 
Ni 
Zn 

-0.12 0.15 
0.16 

-0.03 
0.27 
0.33 

0.02 
-0.17 
0.31 
0.53 

0.04 
-0.21 
0.33 
0.51 

Ba 0.87 

PM2.5 
B 

0.71 0.17 
0.29 

0.24 
0.05 

0.45 
0.44 

0.58 
0.76 

0.49 
0.46 

0.63 
0.72 

0.59 
0.63 

Winter Indoor 

Al 
Cr 
Mn 
Ni 
Zn 
Ba 

0.28 0.27 
0.34 

0.21 
0.06 
0.43 

0.29 
0.19 
0.66 
0.53 

0.35 
0.32 
0.65 
0.68 
0.64 

0.22 
0.34 
0.56 
0.63 
0.71 
0.81 

Winter Outdoor 

PM2.5 
B 
Al 
Cr 
Mn 
Ni 
Zn 

0.70 0.12 
0.34 

0.20 
-0.03 
0.34 

0.29 
0.33 
0.46 
0.32 

0.51 
0.68 
0.33 
0.02 
0.34 

0.34 
0.47 
0.40 
0.07 
0.56 
0.45 

0.47 
0.63 
0.46 
0.13 
0.65 
0.69 
0.63 

0.56 
0.66 
0.37 
0.08 
0.58 
0.63 
0.70 

Ba 0.86 

Winter Personal 

PM2.5 
B 
Al 
Cr 
Mn 
Ni 

0.67 0.43 
0.40 

0.10 
0.06 
0.28 

0.36 
0.28 
0.39 
0.35 

0.48 
0.67 
0.24 
-0.04 
0.10 

0.40 
0.36 
0.34 
0.09 
0.31 
0.32 

0.35 
0.49 
0.33 
0.37 
0.51 
0.50 

0.18 
0.27 
0.15 
0.12 
0.38 
0.33 

Zn 
Ba 

0.27 0.34 
0.53 

Italic bold indicates p<0.05. 
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For most elements, positive correlations between PM2.5 and elemental concentrations were 
found, with correlations ranging from insignificant to relatively strong (0.01<rs<0.71) (Table 
13b).  In both seasons, PM2.5 and elemental levels tended to be more weakly correlated in 
personal microenvironments as compared to inside and outside the homes.  Lead and barium 
were generally more strongly correlated with PM2.5 as compared to other elements, especially in 
the summer.  Furthermore, in both seasons and in all three microenvironments, lead and barium 
were strongly correlated with one another. Since both lead and barium are associated with motor 
vehicles, these significant correlations suggest that motor vehicles are an important source of fine 
particles in personal, indoor, and outdoor microenvironments. In the winter, PM2.5 was most 
strongly correlated with boron in all three microenvironments.  The observed strong correlations 
might be attributed to local boron sources, as boron is produced domestically in the State of 
California, with four major companies centered in southern California (U.S. Geological Survey, 
2000). Lastly, for personal, indoor, and outdoor samples, chromium, aluminum, and manganese 
were insignificantly or weakly correlated with PM2.5 in both summer and winter seasons. This 
lack of correlation may be to actual lack of correlation and/or to due to the uncertainty in the 
elemental concentration measurements, especially when the analytical uncertainty associated 
with elemental analysis was high in relationship to the measured concentrations. 

Personal Exposures and Outdoor and Indoor Concentration Relationships 

The relationship between personal exposures and indoor and outdoor concentrations was 
examined to test the second hypothesis that the relationship between personal exposures and 
corresponding outdoor concentrations differs for each particulate component. To test this 
hypothesis, the personal, indoor, and outdoor relationships were examined initially by pollutant, 
with results compared across pollutants. 

Figure 17. Individual-specific Spearman Correlation Coefficients for PM2.5 
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PM2.5. The associations between personal PM2.5 exposures and corresponding outdoor home 
concentrations varied widely by individual (Figure 17), with the personal PM2.5 exposures for 
some but not all individuals being significantly associated with outdoor concentrations. Median 
correlation coefficients were found to equal 0.49 in the winter and 0.30 in the summer. The 
relatively weak associations between personal and outdoor PM2.5 concentrations in the summer 
were surprising, as these associations are typically strong due to increased ventilation during 
these months, as evidenced by the higher air exchange rates in the monitored Los Angeles homes 
and by results from similar studies conducted in Boston, MA (Rojas et al., 2000), and Baltimore, 
MD (Sarnat et al., 2000; Williams et al., 2000). Although not directly comparable, the observed 
personal-ambient associations in our study are also lower than that found in Fresno, CA in the 
spring (Evans et al., 2000), during which an R2 value of 0.70 for personal-ambient associations 
was found. These stronger associations in Fresno may be due to the fact that the Fresno 
participants, unlike those in our study, lived in a single retirement facility, thus minimizing 
individual-specific differences in indoor and outdoor exposures. The summer and winter median 
values in our study were, however, comparable to those in exposure studies conducted in the 
Western U.S. and Canada, including the study of individuals with COPD conducted in 
Vancouver, Canada (Ebelt et al., 2000) and in Seattle, WA (Liu et al., 2003). 

Individual-specific indoor-outdoor associations for PM2.5 followed a more commonly observed 
pattern, where associations were stronger in the summer as compared to winter months. Despite 
this, median correlation coefficients also tended to be low as compared to those from previous 
studies, especially in summer months.  Perhaps most surprising, however, was the fact that 
individual-specific correlations for personal and indoor comparisons were weak, which was 
unexpected since participants spent the majority of their time indoors at home. Reasons for these 
weak correlations are unknown but may be due in part of higher sampler error in the summer. 

Figure 18. Individual-Specific Correlation Coefficients for Personal-Outdoor PM2.5 
Comparisons vs. the Coefficient of Variation in Outdoor Concentrations 
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It is possible that the observed lower individual-specific correlation coefficients were due to the 
low variability in outdoor concentrations during the seven-day monitoring periods for some 
individuals. However, as shown on Figure 18, the individual-specific correlation coefficients 
were not related to the variability in outdoor concentrations, suggesting that other factors impact 
the ability of outdoor concentrations to reflect personal PM2.5 exposures. 

Table 14. Results of Longitudinal Analysis for Comparisons of Outdoor, 
Home Indoor and Personal Particulate Levels 

Pollutant Comparison Season N Slope Std. 
Error Intercept Std. 

Error Crude R2 

PM2.5 

Personal vs. Outdoor 
Winter 

Summer 
82 
90 

0.51 
1.25 

0.13 
0.22 

13.2 
1.01 

3.51 
4.70 

0.19 
0.30 

Personal vs. Indoor 
Winter 

Summer 
80 
91 

0.98 
0.56 

0.08 
0.19 

2.51 
15.0 

1.75 
4.35 

0.63 
0.14 

Indoor vs. Outdoor 
Winter 

Summer 
83 
95 

0.42 
0.70 

0.08 
0.11 

11.3 
4.48* 

2.78 
2.29 

0.21 
0.34 

-NO3 

Personal vs. Outdoor 
Winter 

Summer 
89 
94 

0.35 
0.24 

0.03 
0.06 

0.12 
0.97 

0.14 
0.22 

0.61 
0.28 

Personal vs. Indoor 
Winter 

Summer 
90 
95 

0.91 
0.66 

0.07 
0.09 

0.22* 
0.53 

0.11 
0.19 

0.65 
0.46 

Indoor vs. Outdoor 
Winter 

Summer 
84 
93 

0.25 
0.27 

0.02 
0.05 

0.34* 
0.89 

0.16 
0.20 

0.60 
0.23 

EC 

Personal vs. Outdoor 
Winter 

Summer 
84 
82 

0.32 
0.60 

0.08 
0.08 

1.30 
0.23* 

0.23 
0.12 

0.17 
0.38 

Personal vs. Indoor 
Winter 

Summer 
80 
83 

0.71 
0.69 

0.11 
0.09 

0.70 
0.13 

0.22 
0.08 

0.36 
0.55 

Indoor vs. Outdoor 
Winter 

Summer 
82 
92 

0.38 
0.61 

0.06 
0.08 

0.87 
0.12 

0.19 
0.09 

0.45 
0.42 

PM10 

Personal vs. Outdoor Winter 84 0.15 0.15 29.6 7.16 0.00 

Personal vs. Indoor Winter 84 0.65 0.09 14.8 3.71 0.49 

Indoor vs. Outdoor Winter 87 0.13 0.13 26.8 6.84 0.01 

PM2.5-10 

Personal vs. Outdoor Winter 80 -0.02 0.11 15.0 3.10 0.01 

Personal vs. Indoor Winter 78 0.24* 0.14 12.5 2.63 0.06 

Indoor vs. Outdoor Winter 82 0.08 0.10 11.3 3.06 0.00 

Significant values (p < 0.05) in bold 
* p value < 0.10 
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When data were analyzed using repeated measures regression models, the relationships between 
personal exposures and indoor and outdoor home concentrations were found to follow similar 
patterns as has been observed in previous studies (Table 14).  For personal-outdoor and indoor-
outdoor comparisons for PM2.5, for example, the wintertime slope of the regression lines was 
substantially lower than one with a significant intercept, which is consistent with a low effective 
penetration efficiency and a significant contribution of indoor (or personal) pollutant sources, 
respectively. Both the low effective penetration efficiency and the higher indoor (or personal) 
source contribution are consistent with the lower air exchange rates found in the winter (Figure 
11). At these lower air exchange rates, particles penetrate less efficiently from outdoor to indoor 
environments, as reflected by the lower wintertime slopes for personal and outdoor PM2.5 and for 
indoor and outdoor PM2.5 comparisons (Sarnat et al., 2000). In addition, particles emitted from 
indoor sources have more time to accumulate when air exchange rates are low.  Consequently, 
the contribution of indoor particulate sources to indoor PM2.5 concentrations – and thus personal 
exposures – is generally higher in poorly ventilated environments, resulting in higher wintertime 
intercepts (Sarnat et al., 2000). 

Figure 19a. Indoor (Ci)/Outdoor (Co) and Personal/Outdoor PM2.5 Ratios vs. Air Exchange 
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The effect of air exchange rates on indoor concentrations is also illustrated in Figure 19a, in 
which the ratio of indoor-to-outdoor and personal-to-outdoor PM2.5 concentrations is plotted 
against air exchange rates. At relatively high air exchange rates of around 1.5 exchanges/hour 
and above, the indoor-outdoor and personal-outdoor ratios were generally close to one, which is 
consistent with indoor-outdoor penetration efficiencies close to one and a reduced influence of 
indoor sources. In contrast, at air exchange rates below 1 exchange/hour, indoor-outdoor and 
personal-outdoor ratios ranged widely with many values substantially greater than one, 
suggesting that indoor PM2.5 sources can impact indoor concentrations at these lower air 
exchange rates. Consistent with these findings, indoor/outdoor PM2.5 ratios for detached homes 
are shown to be near one when open windows are open more than 40% of the time (Figure 19b). 
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For attached homes, however, the results are less clear, with no relationship between 
indoor/outdoor ratios and home ventilation (Figure 19c). Reasons for this discrepancy are 
unknown but may be due to differences in the movement of particles from outdoor to indoor 
environments in apartments and other attached homes. Home ventilation was found to have a 
similar effect on the association between personal exposures and outdoor concentrations for 
individuals living in detached homes. Again, for other individuals, home ventilation had little or 
no effect on personal-outdoor associations. 

Figure 19b. Indoor-Outdoor PM2.5 Ratios vs. Open Window 
Frequency: Detached Homes 
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Figure 19c. Indoor-Outdoor PM2.5 Ratios vs. Open Window 
Frequency: Attached Homes 
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PM2.5-10 and PM10.  Individual specific associations between personal exposures and 
corresponding outdoor concentrations were weak for PM2.5-10, with individual-specific 
correlations much weaker than those observed for PM2.5 (Figure 20). The individual-specific 
correlations for PM10 generally fell between those for PM2.5 and PM2.5-10, which is expected 
since PM10 is the compilation of the two particulate measures. These associations are similar to 
the winter results from previous studies in Boston (Rojas-Bracho et al., 2001) and Baltimore 
(Sarnat et al., 2000). Since no information on the individual-specific associations are available 
for the summer months, the overall comparability of the PM10 and PM2.5-10 to earlier studies is 
not known. 

When data were analyzed longitudinally across participants, the relationships among the winter 
outdoor, indoor, and personal PM2.5-10 concentrations were weak, as shown by insignificant 
slopes and the near zero crude R2 values (Table 14). For PM10, winter personal-outdoor and 
indoor-outdoor associations were similarly insignificant; however, personal exposures and 
indoor concentrations were significantly associated, with a slope of 0.65, an intercept of 
approximately 15 ug/m3, and a crude R2 of 0.49 when personal exposures were regressed on 
indoor concentrations. Significant personal-indoor associations for PM10 in the winter may be 
due to the fact that PM2.5 comprises a significant fraction of PM10 and that individuals spent most 
of their time indoors. These associations did not change when analyses were conducted by 
inland or coastal location, which may be due to small number of inland homes. 

Figure 20. Individual-specific Spearman Correlation Coefficients 
for PM2.5, PM2.5-10, and PM10 during Wintertime 
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The impact of air exchange rates and open window use on indoor/outdoor ratios were difficult to 
examine due to the fact that PM10 concentrations were available only for the winter season. As 
shown on Figures 21a and b, however, the relationship between indoor/outdoor concentration 
ratios and home ventilation for PM10 was similar to that observed for PM2.5 for single family, 
detached homes. Indoor/outdoor concentrations ratios were generally below or near one at high 
ventilation conditions and were only above one when air exchange rates or open window 
frequencies were low, again illustrating that the contribution of indoor sources is only evident 
when ventilation is poor. Indoor/outdoor ratios lower than one and lower than that found for 
PM2.5 are consistent with the higher deposition rates for PM10 as compared to PM2.5. For 
attached homes, ventilation conditions appeared to have no effect on indoor/outdoor 
concentration ratios (figure not shown). As mentioned previously, this lack of association may 
result from inaccurate reporting of open window frequency or to differences in the movement of 
particles from outdoor to indoor environments in apartments and other attached homes. 

Figure 21. Winter Indoor/Outdoor PM10 Ratios vs. Home Ventilation: Detached Homes

 a. Air exchange rates  b. Open window frequency 
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-NO3 . For NO3
-, individual-specific correlation coefficients for all pair-wise comparisons were 

higher and less variable in the winter as compared to the summer (Figure 22a).  The variability 
was lower in both seasons for the personal-indoor associations as compared to the personal-
outdoor and indoor-outdoor associations; nonetheless, the season-specific median coefficients 
were similar for all pair-wise comparisons. Stronger winter- as compared to summer-time 

-associations were somewhat unexpected, as sources of NO3  are located primarily outdoors (as 
-reflected by the higher outdoor concentrations) and infiltration of NO3  and other particles of 

outdoor origin is traditionally greatest in the summer months when air exchange rates are 
highest. 
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-Figure 22a. Individual-specific Spearman Correlation Coefficients for NO3 
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When data were analyzed longitudinally across participants, similar results were found (Table 
-14). For comparisons of personal NO3  exposures with outdoor and indoor concentrations, 

slopes and crude R2 values were generally higher in the winter as compared to summer, while the 
slopes of the regression of indoor on outdoor concentrations did not vary by season. These 
results are inconsistent with those for PM2.5 and with those from previous studies, which have 
found the slopes for personal-outdoor and indoor-outdoor associations to be greatest in the 
summer when homes tend to be well ventilated (Sarnat et al., 2000; Suh et al., 1994). Results 

-suggest that ventilation had little effect on the effective penetration efficiency of NO3 . 
Correspondingly, home ventilation conditions, measured as either air exchange rates or open 
window frequency, had generally no effect on the associations between indoor and outdoor and 
between personal and outdoor levels (Figures 22b and c). Several factors may contribute to these 
findings. Seasonal differences in the accuracy of the mini-sampler, for example, may contribute 
to observed higher winter associations, as the mini-PEM concentrations were higher than the 
reference sampler in the winter months (Figure 7). Since the mini-PEM was used to measure 

-personal, indoor, and outdoor NO3  concentrations, this factor alone is insufficient to explain the 
-observed results. Alternative explanations include greater volatilization or loss of NO3  in indoor 

-environments or during the hotter summer months or different NO3  formation and removal 
processes in outdoor and indoor microenvironments (Riley et al., 2002), as seasonal and micro-
environmental changes in temperature, relative humidity, sunlight, and aerosol and pollutant 

-composition may affect the volatility of NO3  (Hering and Cass, 1999). 

Intercepts for each of the pair-wise comparisons were generally insignificant in the winter and 
significant during the summer. These results indicate that the contributions of indoor and 

-personal NO3  sources were important only during the summer. Again, this could reflect greater 
formation of NO3  indoors in the summer months or greater loss of NO3  indoors in the winter 
months. In both seasons, indoor concentrations were consistently shown to be better indicators 
of personal exposures as compared to outdoor levels, which is not surprising given that 
individuals spent the majority of their time indoors at home. Similar results were found in both 
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the coastal and inland areas. The generalizability of these results to other studies and 
communities is not currently possible, as no other studies have been performed to date 

-characterizing the relationship between personal, indoor, outdoor NO3  concentrations. 

-Figure 22b. Indoor/Outdoor NO3  Ratios vs. Home Ventilation: Detached Homes 
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-Figure 22c. Indoor/Outdoor NO3  Ratios vs. Home Ventilation: Attached Homes 
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Elemental carbon. For elemental carbon, individual correlation coefficients were generally less 
variable in the summer as compared to winter (Figure 23), with season-specific median 
coefficients comparable for all pair-wise comparisons. This lack of variability in the correlation 
coefficients in the summer may be due to the fact that summertime elemental carbon 
concentrations were extremely low in all three microenvironments, with the lowest 
concentrations measured outdoors. For elemental carbon in the winter, the association between 
personal exposures and outdoor concentrations exhibited the greatest variability, suggesting that 
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the variability in the contribution of indoor elemental carbon sources to corresponding personal 
exposures was greater in the wintertime as well. 

Figure 23. Individual-specific Spearman Correlation Coefficients for EC 
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The longitudinal associations between personal exposures and indoor levels on corresponding 
outdoor concentrations were similar to those for PM2.5, where slopes were lower and intercepts 
were greater during the winter as compared to the summer (Table 14). Again, the seasonal 
differences may be attributed to seasonal differences in home ventilation conditions, where 
poorer ventilation conditions would result in lower effective penetration efficiencies and higher 
indoor source contributions in the winter. Consistent with this theory, significant intercepts were 
found for all of the wintertime associations, suggesting the greater influence of indoor EC 
sources in the winter. When examined explicitly, however, neither air exchange rates nor open 
window frequency (as continuous or categorical variables) were found to affect the association 
between indoor and outdoor elemental carbon concentrations or the association between personal 
exposures and outdoor elemental carbon concentrations. Reasons for this are unclear but may be 
related to measurement or reporting error of air exchange rates and open window frequency, 
respectively. Observed indoor-outdoor and personal-outdoor associations did not differ when 
data were analyzed by geographic location, although the observed relationships – as shown by 
the crude R2 values – were stronger in homes located in coastal as compared to inland areas. The 
generalizability of these results to other studies and communities is not currently possible, as 
studies characterizing the relationship between personal, indoor, outdoor EC concentrations are 
currently underway and have not yet been published in the peer-reviewed literature. 

Source Contributions 

Due to the limited number of elements that were detected, traditional source apportionment and 
mass reconstruction methods could not be used to apportion PM2.5 into source types (Andrews, et 
al., 2000; Malm, et al., 1994; Yakovleva, et al., 1999).  As a result, other statistical tests were 
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used to determine the source contributions to PM2.5. These tests included single- and 
multivariate regression, longitudinal analysis, and the investigation of the enrichment factors. 

Unfortunately, results from these tests were difficult to interpret. For example, multiple 
regression techniques that allowed for repeated measures were used to estimate the contribution 
of various components to PM2.5 by season. As shown on Table 15, the meaning of the model 
coefficients were especially difficult to interpret, due in part to the uncertainty about the 
oxidation state and chemical form of the elements. For the elements, the slopes could not be 
used to infer information about possible chemical forms of the elements. For nitrate and 
elemental carbon, the slopes were likely affected by correlations among the different particulate 
components, since nitrate and elemental carbon slopes should otherwise have been close to one. 
Other tests yielded similarly confusing results. Possible explanations for the failure of these tests 
may include the small sample volumes used during sampling, the low number of detectable 
elements, and the narrow range of observed concentrations for some elements. 

Table 15.  Compositional Regression Models for PM2.5 

Summer Winter 
Indoor Outdoor Personal Indoor Outdoor Personal 

-*NH4NO3 1.94 2.32 3.70 2.16 0.92 1.74 
EC 2.97 1.08 
Al 19.0 33.0 
B 683.2 578.6 699.1 536.1 894.2 735.7 

Mn 1829.9 1117.6 
Ni 476.3 

Intercept 6.46 6.62 9.79 4.50 4.26 6.75 

RMSE** 5.47 5.32 12.45 7.42 3.78 8.22 
R2 0.54 0.67 0.21 0.62 0.81 0.67 

* NO3
- mass contributions were determined assuming that all NO3

- was in the form of NH4NO3. 
** RMSE = root mean square of error 
Bold indicates p < 0.05 

Indoor Concentration and Personal Exposure Factors 

Analysis of Variance (ANOVA) procedures and longitudinal regression analyses were performed 
to examine the effects of potential particle-emitting activities, geographical location, traffic, and 
population density on the exposure levels. 

Factors affecting outdoor concentrations . The geographic location of the homes were 
-generally found to be important predictors of their outdoor PM2.5 and NO3  concentrations (Table 

16a). Outdoor PM2.5 concentrations at homes located along the coast were approximately 6.5 
and 5.6 ug/m3 lower than those measured outside homes located in inland locations during the 
summer and winter, respectively. For NO3

-, outdoor concentrations were approximately 1.5 
ug/m3 lower for coastal homes in both seasons. As either continuous or categorical variables, 
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population density and distance from road were not found to impact winter outdoor PM2.5-10 or 
EC concentrations at the home in either season. Homes located in high population density areas 
were found to have 0.38 ug/m3 on average lower wintertime outdoor EC levels as compared to 
other homes. This result was surprising, since data from previous studies suggests the opposite 
to be true (Burton et al., 1996; Kinney et al., 2000). In addition, population density was an 
insignificant predictor of outdoor home concentrations for all other fine particulate parameters, 
suggesting that this effect may have no real physical meaning. Traffic was shown to contribute 

-to outdoor summer PM2.5, winter PM10, and summer NO3  concentrations; however, the effect of 
traffic was dependent on the definition of “high” traffic. For PM2.5 and NO3

-, the effect was 
present for individuals living within 100 meters of a major road, but disappeared when the 
definition was expanded to include homes located within 250 meters of the major roads. These 
findings are somewhat consistent with those from a study of fine and ultra-fine particle 
concentrations by a southern California highway, which showed that the effect of traffic on ultra-
fine particle concentrations dropped 100 meters from the highway (Zhu et al., 2002). In contrast, 
traffic was a significant predictor of winter PM10 concentrations only when the effect was seen 
for individuals living within 250 meters of the major road, but not present when the analysis was 
restricted to homes within 100 meters of the road. Reasons for this discrepancy are not clear, 
but may be related to the fact that few homes were located within 100 meters of a busy road, 
which provided limited power to examine the effect of road distance on fine particle 
concentrations. 

Table 16a. Factors Affecting Outdoor Particulate Concentrations 

Pollutant
Summer Winter 

N  Factor1 Estimate  SE t-stat  N  Factor1 Estimate  SE t-stat

 PM2.5  86 

Geography 
Traffic-250 
Traffic-100 
Pop. Dens.

 -6.46 
3.44 
5.86
 3.73 

2.54 
2.42 
2.19 
2.54 

-2.54
 0.18 
2.68

 1.47

 83 

Geography 
Traffic-250 
Traffic-100 
Pop. Dens.

 -5.64
 0.33
 1.04

 -0.58 

1.36 
1.71 
1.91 
1.74 

-4.15
 0.85
 0.54 
-0.34

 PM2.5-10  80 

Geography 
Traffic-250 
Traffic-100 
Pop. Dens.

 4.61
 4.34

 -1.41
 -4.74 

4.33 
3.43 
4.14 
3.49

 1.06
 1.27 
-0.34 
-1.36

 PM10  85 

Geography 
Traffic-250 
Traffic-100 
Pop. Dens.

 -1.82
 5.85
 1.81

 -5.09 

3.60 
2.39 
3.29 
2.78 

-0.51 
2.45

 0.36 
-1.83

-NO3 85 

Geography 
Traffic-250 
Traffic-100 
Pop. Dens.

 -1.49
 0.76 
1.46
 0.31 

0.54 
0.52 
0.43 
0.59 

-2.78
 1.45
 3.36
 0.53

 88 

Geography 
Traffic-250 
Traffic-100 
Pop. Dens.

 -1.53
 0.00
 0.46

 -0.13 

0.44 
0.50 
0.54 
0.50 

-3.48
 0.01
 0.85 
-0.26

 EC2  91 

Geography 
Traffic-250 
Traffic-100 
Pop. Dens.

 -0.36
 0.22 
0.18

 -0.38 

0.22 
0.18 
0.20 
0.14 

-1.66
 1.27
 0.90 
-2.72 

1 All factors are categorical. Estimates for “geography” show concentration difference between coastal and inland 
homes. “Traffic-250” and “traffic-150” indicate concentration differences for homes with “high” and “low” traffic, 
with definitions of “high” traffic being those homes located less than 250 and 100 meters from busy roads, 
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respectively. “Population density” indicates concentration differences for homes located in areas with high (>3500 
persons/sq.mile) and low (<3500 persons/sq.mile) population densities. Significant factors in bold.
2 EC concentrations were not available from the SAM site during the summer season. 

Factors affecting indoor concentrations . Particle-generating activities were not found to be 
important contributors to indoor particulate concentrations, as cooking, cleaning and ETS were 
statistically insignificant predictors of indoor concentrations (Table 16b). This result was no 
doubt due to the fact that participants were relatively inactive, with little time spent participating 
in these activities. For indoor NO3

-, air exchange rates were found to be an important effect 
modifier, with its penetration efficiency increasing and the indoor source contribution decreasing 
with air exchange rates. For other particulate species, air exchange rates were neither a 
significant covariate nor an important effect modifier. These results may be due to the non-linear 
effect of air exchange rates on indoor concentrations. When air exchange rates are greater than 
one exchange/hour, as was the case in the monitored homes of our study, large changes in the 
measured air exchange rate correspond to only small changes in the home ventilation conditions 
and thus to only minimal effects on indoor concentrations. 

Other factors that were identified were important to specific particulate species during certain 
seasons. In the summer, few factors were important other than outdoor concentrations. For 
PM2.5, geographic location was found to be important in the summer, as indoor PM2.5 

concentrations were on average 9.6 (+1.3) mg/m3 lower in coastal residences as compared to 
those located inland. Population density, on the other hand, was an important determinant of 
wintertime indoor EC concentrations, where the indoor levels increased by 0.21 (+0.05) mg/m3 

with every 1000 persons per km2. For PM2.5-10 in the winter, no factor, including outdoor 
concentrations, were important predictors of indoor concentrations. This finding is consistent 
with the fact that sources of PM2.5-10 are located primarily indoors. 

Table 16b. Factors Affecting Indoor Particulate Concentrations1 

Pollutant  N  Factor 
Summer 

Estimate  SE  R2+  N  Factor 
Winter 

Estimate  SE  R2+

 PM2.5

 PM2.5-10

 48 
Intercept 
Outdoor 
Location

 14.3
 0.56

 -9.6

 1.9
 0.06
 1.3 

0.72  45 

45 

Intercept 
Outdoor

Intercept 
Outdoor
Intercept 

10.1
 0.30 

11.5
 0.004 
22.6

3.1 
0.09 

3.5 
0.12 
8.9 

0.12

0.01

 PM10

-NO3 40 

Intercept 
Outdoor 
AER2 

Co*AER4

 1.21
 0.04

 -0.07
 0.05 

0.27 
0.07 
0.08 
0.02 

0.39

 50 

42 

Outdoor

Intercept 
Outdoor 
AER2 

Co*AER4

 0.15 

0.88
 0.06

 -0.49
 0.14* 

0.19 

0.36 
0.07 
0.30 
0.07 

0.00

0.42

 EC  46 Outdoor  0.63 0.13 0.37  48 Outdoor 
PopDens1

 0.45
 0.21 

0.10 
0.05 0.69 

1 Significant factors in bold. 2 AER: air exchange rate 3 per 1000 persons/sq.mile 4 Interaction between outdoor 
concentration and air exchange rates, indicates influence of air exchange rates on penetration efficiency of outdoor particles 
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Table 16c. Factors affecting Personal Particulate Exposures* 

Pollutant
Summer Winter 

N  Factor Estimate  SE  R2+  N  Factor Estimate  SE  R2+

 Intercept  10.16  5.57  Intercept 1.36 2.29 
FiCi  0.71  0.27  FiCi  1.05 0.09 

PM2.5  74  FoCo

 Fsmoke

 1.19
 -5.91

 1.51 
29.45 0.17  74  FoCo

 Fsmoke

 1.33
 2.82

1.33 
1.44 

0.70

 Fclean  3.30  2.87  Fclean  -1.18 1.03 
Fcook  -0.72  2.20 Fcook 0.78 1.36

 Intercept  10.57 3.45 
FiCi  0.23 0.13 

PM2.5-10  73  FoCo

 Fsmoke

 0.78
 0.31

1.09 
1.90 0.09

 Fclean  -1.76 1.88 
Fcook  1.39 1.38

 Intercept  11.92 4.50 
FiCi  0.66 0.09 

PM10  79  FoCo

 Fsmoke

 0.94
 3.28

1.0 
2.61 0.50

 Fclean  -2.44 1.87 
Fcook  2.26 2.39

 Intercept  0.53 0.21 Intercept  0.13 0.13 
FiCi  0.72 0.11 FiCi  0.83 0.08 

-NO3 91  FoCo

 Fsmoke

 0.18
 0.18

0.34 
0.96 0.47  80  FoCo

 Fsmoke

 2.26
 -0.05

0.38 
0.12 0.75

 Fclean  -0.05 0.10 Fclean  -0.02 0.08 
Fcook  -0.03 0.07 Fcook  -0.08 0.09

 Intercept  0.10 0.09 Intercept  0.72  0.24
 FiCi  0.69 0.09 FiCi  0.74  0.13

 EC  79  FoCo

 Fsmoke

 1.91
 0.56

0.95 
0.96 0.59  72  FoCo

 Fsmoke

 0.94
 0.12

 0.78
 0.15  0.41 

Fclean  0.08 0.08 Fclean  -0.01  0.09
 Fcook  0.00 0.06 Fcook  -0.03  0.13

* Bold values indicate factors significant at 0.05 level; italic values represent those factors significant at 0.10 level. 
+ Crude R2 value 

Factors affecting personal exposures. Microenvironmental models were constructed to 
evaluate the importance of indoor and outdoor concentrations to personal exposures (Table 16c). 
In general, especially in the winter, time-weighted indoor exposures (FiCi), were better predictors 
of personal PM2.5 exposures as compared to time-weighted outdoor levels (FoCo). For summer 
PM2.5, the intercepts of the personal exposure models were comparable to those for the indoor 
models, suggesting that the contribution of indoor and personal sources to indoor concentrations 
and personal exposures were the same. Microenvironmental models explained more than 40% of 
the variability in personal exposures for all particulate measures and seasons with the exception 
of wintertime PM2.5-10 and summertime PM2.5, indicating that these models were generally 
appropriate methods to estimate personal exposures. The poor model performance for 
summertime personal PM2.5 exposures was unexpected, as our previous Baltimore study showed 
that microenvironmental models were able to explain a large fraction of the variability in 
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 summertime PM2.5 exposures (Chang et al., 2002). This poor model performance may be 
explained by increased measurement error in the summer PM2.5 samples, as reflected by the 

-greater variability in blank values, or by increased volatilization of NO3  from the PM2.5 filters 
during the summer months, with the degree of volatilization differing by sample type. 

Several factors were identified that were important predictors of personal particulate exposures. 
During the winter, personal exposures to PM2.5 were 6.9 (+2.3) mg/m3 lower for people living in 
coastal areas as compared to inland areas. ETS exposures were also found to be important 
contributors to personal PM2.5 exposures. Staying in an ETS-exposed microenvironment for 1 
hour elevated 24-hr personal PM2.5 exposures by 2.9 (+1.4) mg/m3, which was comparable to the 
results from our previous Boston and Baltimore studies (Rojas et al., 2000; Chang et al., 2002). 

-In addition, in the summer, the personal NO3  exposures for participants living in homes within 
100 meters of a major road were on average 0.58 (+0.23) mg/m3 higher than participants living 
farther away from major roads. As was the case with indoor concentrations, few particle-
generating activities were found to contribute to personal exposures, which again might be 
attributed to the fact that participants were relatively inactive and spent little time participating in 
these activities during the study period. 

CONCLUSIONS 

Two newly developed small speciation monitors to measure nitrate and EC concentrations were 
validated in the field. For EC, the mini-sampler performed extremely well, as its measurements 
agreed well with those of the reference method and showed high precision. Although winter 

-NO3  concentrations measured by the mini-sampler were higher than the reference sampler, the 
high precision of the mini-sampler and its strong association with the reference method made it a 
suitable measurement method for this and future studies. The ability of ICP-MS techniques to 
determine elemental concentrations from PM2.5 filters was limited given the low sampling 
volumes used in this study. Only eight elements were detected consistently, with many of these 
elements of limited utility for source attribution. Further studies should be conducted to 
determine whether ICP-MS is an appropriate method for elemental analysis of PM2.5 filters at 
higher air sampling volumes. 

Participants were relatively inactive during the study period. In both seasons, subjects spent the 
overwhelming majority of their time indoors at their homes, with subjects spending on average 
approximately 90% of their time inside their homes. Subjects only spent on average less than 
5% of their time in all other microenvironments, with the exception of indoor, non-home 
microenvironments in which subjects spent an approximate average of 6% of their time in both 
seasons. Furthermore, participants performed few activities that are known to generate particles, 
such as cooking or cleaning, with the fraction of time spent performing these activities near zero 
in both seasons. Air exchange rates and open window usage were significantly higher in the 
summer as compared to winter months; however, even in the winter a large fraction of homes 
reported having their windows open for a large part of the monitoring day. These results indicate 
that homes were generally well ventilated in both seasons, with air exchange rates higher than 
those observed in eastern U.S. communities. 
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-Significant seasonal differences were found for PM2.5, NO3  and EC concentrations in each of the 
three microenvironments, with the exception of outdoor NO3

-, for which no seasonal difference 
was observed. Personal PM2.5 exposures were higher than corresponding indoor and outdoor 

-concentrations in both seasons. The same pattern was not observed for the NO3  and EC. 
-Outdoor NO3  concentrations were significantly higher than corresponding indoor and personal 

-levels in both seasons, which reflect the fact that motor vehicles are the major NO3  source. EC 
showed a similar pattern to that for NO3

-; however, this pattern was less distinct. In addition, 
personal, indoor, and outdoor concentrations of the eight detectable elements (Al, B, Ba, Cr, Mn, 
Ni, Pb, Zn) varied seasonally and by element. As compared to other elements, Al (a element 
related to crustal materials) showed the highest concentrations across the three sample types and 
both seasons. 

Personal exposures were significantly correlated with both indoor and outdoor concentrations for 
PM2.5, NO3

-, and EC in both seasons. Similarly, correlations between indoor and outdoor 
concentrations for all three particulate measures were significant. These correlations, however, 
generally varied by season and by particulate measure. In addition, although the individual-
specific correlations tended to be lower than those observed in previous studies, longitudinal 
analyses demonstrated that the reported relationships between personal exposures and 
indoor/outdoor concentrations were consistent with those observed in previous studies. For 
PM2.5 and EC, for example, the effective penetration efficiency and the indoor source 
contribution varied by season, with a greater effective penetration efficiency in the summer and a 
greater indoor pollutant source contribution in the winter. In addition, indoor concentrations of 
all three particulate measures were more strongly associated with personal exposures as 
compared to outdoor concentrations, which may be attributed to the facts that individuals spent 

-most of their time indoors at home. The average contribution of NO3  and EC to PM2.5 varied by 
-season and by sample type. For all of the personal, indoor, and outdoor samples, both NO3  and 

EC comprised a relatively small proportion of the overall PM2.5 mass, demonstrating the need to 
measure concentrations of other particle components to account for more of the PM2.5 mass. 

Except for Al, significant positive correlations between personal exposures and indoor and 
outdoor concentrations were found for each detectable element in both seasons. Associations 
were strongest for Ba and Ni and were weakest for Al, but differed by season and by element and 
from those observed for PM2.5. Despite this, significant positive correlations between PM2.5 and 
elemental concentrations were found, with associations between PM2.5 and elemental levels 
strongest for indoor and outdoor samples. For personal, indoor, and outdoor samples, Pb and Ba 
were generally more strongly correlated with PM2.5 in the summer, while B had the strongest 
wintertime correlations with PM2.5. 

RECOMMENDATIONS 

Further research should be conducted to develop methods able to measure elemental 
concentrations from PM2.5 filters at the low sampling air volumes used in this study, which are 
typical of other exposure assessment studies. In addition, further research should be conducted 
to identify factors causing the associations between personal exposures and outdoor PM2.5 
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concentrations to be lower than those found in the eastern U.S. In particular, research should 
focus on whether the loss of nitrate and other semi-volatile particles from the personal, indoor, 
and outdoor PM2.5 filters may affect measured correlations. Additional work should also focus 
on characterizing the personal, indoor and outdoor associations observed for elemental carbon 
and nitrate in other areas in the U.S. and for other sensitive populations to determine the 
generalizability of results from our study. Research investigating the contribution of various 
sources to PM2.5, elemental carbon and nitrate exposures is also needed; however, such research 
should be conducted using more active study populations and not those that have serious pre-
existing disease, as was the case with our COPD study population. 
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