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ABSTRACT OF THE THESIS 

 

Predicting air pollution exposure based on  

household characteristics, indoor and outdoor air quality sensors,  

and a land use regression model 

 

by 

 

Celeste J. Romano 

Master of Science in Epidemiology 

University of California, Los Angeles, 2019 

Professor Beate R. Ritz, Chair 

 

Air quality sensors enable the direct ascertainment of household air pollution measures but can 

usually only be utilized for short periods of time. With indoor and outdoor monitoring of PM2.5 

over an extended period, we investigated trends in hourly indoor and outdoor PM2.5 concentrations 

among pregnant women in Los Angeles County, CA as part of the PARENTs study. Linear mixed 

effects models were employed to predict hourly indoor PM2.5 concentrations using outdoor PM2.5 

concentrations, household characteristics, and resident activities. From 6:00 a.m. to 10:00 p.m., no 

air conditioning use and a gas oven were associated with higher indoor PM2.5 concentrations (9.71, 

95% CI: 1.75, 17.67; 8.21, 95% CI: 0.70, 15.73). From 10:00 p.m. to 6:00 a.m., only outdoor PM2.5 

concentrations were associated with indoor measures (0.29, 95% CI: 0.08, 0.50). Results 

strengthen our understanding of the relationship between hourly indoor and outdoor air pollution.
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Introduction 

 Outdoor air pollution has been linked to chronic health effects such as heart disease, lung 

disease and cancer, as well as adverse birth outcomes including low birth weight, pre-term birth 

and small gestational age births.1-5 While the impacts of outdoor air are well documented, the 

effects of exposure to indoor air pollution remain largely unexamined in the United States, and 

the relative contribution of indoor emission sources and outdoor pollution to indoor 

concentrations is not well understood. Indoor exposure is particularly important to consider as 

people in the U.S. spend 69% of their day, on average, in a residence, and approximately 87-89% 

of their time indoors (including in a residence, office or factory, bar or restaurant, or some other 

indoor location) in close proximity to particulate and gaseous air pollutants.6-8 This percentage 

remains relatively constant across people in California and different parts of the country, despite 

differences in climate and commute.6 Thus for many people indoor emission sources may be a 

major determinant of personal exposure, in addition to outdoor concentrations. 

Within the household, the concentrations of some pollutants have been shown to be two 

to five times higher than typical outdoor concentrations.8 Activities involving gas stoves or ovens 

may increase exposure to particles, NO2, and CO.6-12 Pan-frying, grilling, candle burning, 

smoking, and cleaning have also been identified as major particle sources; however, exposure 

due to such emissions can be reduced through the use of a forced-air stove hood, air 

conditioning, and air purifier, or by opening one or more windows.8-17 Beyond individual 

activities, the time of year and household characteristics such as the age and size of the residence 

affect particle penetration and infiltration from outdoor sources, as well as the concentration of 

particulates inside the home.9,11,17 What is not known is whether exposures from current indoor 

sources in high income countries are more or less toxic to pregnant women than outdoor air.  
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Air pollution exposure has been assessed through direct methods (personal monitoring 

and biomonitoring) and indirect methods (using monitoring stations and/or modelling 

approaches). Air quality sensors enable the direct ascertainment of personal measures and 

capture fluctuations due to varied particle sources and the movement of individuals but can 

usually only be utilized for short amounts of time (days or maximum weeks). Few studies have 

measured indoor and outdoor particulates simultaneously to distinguish between indoor and 

outdoor sources at the household level, and most are limited by sample size.18-22 The RIOPA 

study, though large in scope, was conducted in Los Angeles in 2005 and there is no recent 

update. With indoor and outdoor monitoring of particles over an extended period of time, here 

we aim to develop a prediction model for indoor air pollution based on outdoor air pollution, 

household characteristics, and residents’ activities among pregnant women in an urban setting. 

This paper first examines trends in hourly indoor and outdoor PM2.5 concentrations and estimates 

the contribution of hourly outdoor PM2.5 to indoor concentrations at the household level. Linear 

mixed effects models are then employed to identify major indoor particle sources contributing to 

hourly indoor concentrations. 

Methods 

Sample Population 

The PARENTs study (Imaging Innovations for Placental Assessment in Response to 

Environmental Pollution) is a cohort of pregnant women (n=161) who were recruited in prenatal 

care clinics at UCLA in Los Angeles. This study was designed to assess chronic exposure to 

ambient pollution in pregnancy and to also generate novel MRI tools for measuring placental 

structure/function. Data collection efforts began in 2016 and are ongoing. Participants are 

women ages 18 years or older, less than 16 weeks pregnant at enrollment date, and intending to 
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deliver at UCLA Medical Center in Westwood or Santa Monica. Informed consent was obtained 

from all participants. The study was approved by the University of California, Los Angeles 

Institutional Review Board.  

 This report includes participants who completed all study questionnaires as of June 4th, 

2019. Due to a delay in access to and distribution of low cost PurpleAir monitors, and the 

exclusion of units with no retrievable data, the complete sample of women with air pollution data 

includes 49 participants. Two participants moved during the study period and therefore 

contributed two sets of measurements. Women were excluded from the analytic sample if there 

was a smoker in the home or if they were missing outdoor PM2.5 measures. The final analytic 

sample included 41 participants. 

Air Pollution Assessment 

Each participant was given one PurpleAir-II and one PurpleAir-I-Indoor Dual Laser Air 

Quality Sensor for measuring outdoor and indoor air pollution, respectively. PurpleAir-II and 

PurpleAir-I-Indoor sensors have previously been validated for PM2.5, for a concentration range 

between 0 to 250 µg/m3.23-24 Participants were instructed to place the indoor monitor in a living 

space other than the kitchen. Outdoor monitors were placed immediately outside the residence; 

they were, however, not permitted to be placed on a raised space such as a balcony. 

The sensors estimated total mass for PM2.5 using one second particle counts. Particle 

counts were averaged and uploaded to the PurpleAir cloud approximately every 80 seconds. Data 

was obtained from 51 indoor and 44 outdoor air monitors for a minimum seven-day period. 

Indoor and outdoor PM2.5 values were paired for each participant according to time stamps 

(HH:MM) from the monitor with the greatest number of readings (the reference monitor). If the 
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reference monitor time stamp did not correspond with any time stamp from the paired air 

monitor, the PM2.5 value from the closest preceding time stamp was used. When a monitor did 

not report PM2.5 values for >60 minutes, the values after 60 minutes were considered missing. 

24-hour PM2.5 averages were calculated for all indoor and outdoor monitors that had at a 

minimum 75% of a single day’s data available (i.e. a minimum of 18 out of 24 hours was 

required). Monthly PM2.5 averages were calculated for all indoor and outdoor monitors that had 

at a minimum 75% of a single month’s data available. 

An LUR model to estimate annual NO2 exposures was created for Los Angeles County as 

part of a study sponsored by the California Air Resources Board (CARB). Passive air samplers 

from Ogawa & Company USA, Inc. (Pompano Beach, FL) were deployed to 201 locations 

across the county during September 2006 and February 2007 for a two-week period. 

Measurements from 181 sites were available for analyses that averaged the concentration data 

from both seasons into an annual estimate. The final optimized model explained 86% of the 

variance in averaged NO2 concentrations. For a more detailed discussion of the model, see 

previous publications.25-27 NO2 exposure estimates reported in this study were based on 2016 

traffic volumes, truck routes and road networks, land use data, satellite-derived vegetation 

greenness and soil brightness, and truck route slope gradients. Although this data does not 

correspond with the PARENTs study period, the LUR model represents long-term spatial 

patterns that are expected to be persistent year-to-year regardless of changes in land use.28-29  

Exposure estimates were assigned by overlaying the coordinates of the home where the 

monitor was placed with the NO2 LUR surface. Using the annual, “unseasonalized” estimate, we 

created “seasonalized” estimates using measurement data from the closest CARB air monitoring 

station (Figure 1). As has been described previously, we multiplied the LUR estimates to 
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generate month-specific LUR values: first-month seasonalized NO2 average = LUR NO2 annual 

estimate × (first-month air monitoring station average NO2 / 2016 air monitoring station annual 

average NO2).30 These “seasonalized” LUR values were calculated for each month with 

PurpleAir PM2.5 measurements. 

Demographic and Household Characteristics 

Comprehensive questionnaires were administered during each trimester, and detailed 

demographic information and residential exposure history were obtained. Household activities 

and home features were assessed at the end of the third trimester to ensure responses captured 

exposure throughout the pregnancy. The following questions were included in this analysis: (a) 

What type of home do you live in? (b) How many rooms are in your home? (c) Have you heated 

your home during your pregnancy? What do you use to heat your home? (d) How many hours 

per day did you run your air conditioning at your home? (e) While you have been pregnant, how 

many hours per day have you left your windows open? (f) What do you use to heat your 

stove/oven? (g) While you have been pregnant, how much did you fry/sauté foods on average? 

(h) Do you have a fan above your stove that vents to the outdoors? If yes, how often do you use 

it? (i) Do you open a window to ventilate your kitchen while you cook? If yes, how often do you 

use it? Responses to the home environmental questionnaire were unique to each household; if 

participants moved during their pregnancy, characteristics of the household at which the monitor 

was placed were used. Four women who reported the presence of a household smoker were 

excluded. 
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Statistical Analysis 

 Statistical analyses were performed using the statistical language R (R Foundation for 

Statistical Computing, Vienna, Austria).31 Summary statistics were calculated for indoor and 

outdoor pollutant concentrations and questionnaire variables. Hourly measures of indoor PM2.5 

and outdoor PM2.5 were compared using R2 and averages were plotted alongside one another to 

identify periods of increasing and decreasing concentrations. 

Linear mixed effects models, using the lme function in R, were used to identify building 

characteristics, household appliances, and resident activities that contributed to hourly 

concentrations of indoor PM2.5. Models included a random intercept and random slope to account 

for different baseline pollution levels by subject and individual changes in pollution levels over 

time. Household characteristics and resident activities were included as fixed effects predictors. 

Model assumptions were verified. The 24-hour model included knots to capture previously 

identified changes in the rate of air pollution throughout the day: 1:00 a.m. to 6:00 a.m., 6:00 

a.m. to 9:00 a.m., 9:00 a.m. to 5:00 p.m., 5:00 p.m. to 10:00 p.m. and 10:00 p.m. to 1:00 a.m. 

Several 24-hour models with different covariate sets were considered and compared using 

information criteria. The final model selected included time, the season of the observation 

period, hourly outdoor PM2.5, home type, number of rooms, heat source, air conditioning use, 

general household window use, oven type, frying/sautéing, vent use while cooking, and window 

use while cooking.  

The 24-hour model was then compared to one generated for resting hours (10:00 p.m. to 

6:00 a.m.) and one for waking hours (6:00 a.m. to 10:00 p.m.) to validate that the model was 

adequately associating changes in indoor air quality with resident activities. Since hourly indoor 

and outdoor PM2.5 averages typically remained stable during the late evening and early morning, 
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knots were omitted from the resting hours model. In the waking hours model, knots 

corresponded with the following 24-hour model periods: 6:00 a.m. to 9:00 a.m., 9:00 a.m. to 5:00 

p.m., and 5:00 p.m. to 10:00 p.m. 95% confidence intervals for the regression coefficients were 

calculated using the nlme package in R, which extracts the fitted model parameter estimates.  

Results 

General Characteristics 

 Demographic data for the PurpleAir study sample are summarized in Table 1. Pollution 

measurement characteristics and household characteristics are presented in Tables 2 and 3, 

respectively. Due to the fact that participants were not permitted to place outdoor monitors on a 

raised space, the analytic sample excluded several women who reside in apartments and are 

lower income than other participants we recruited. 

 Households in the sample are predominantly high income and highly educated, with 88% 

earning more than $100,000 annually and 97% having completed at least a bachelor’s degree. 

85% of the participants were employed at the administration of the survey during the first 

trimester of their pregnancy. Though the distribution of household rooms ranged from two to 

thirteen, residences were large on average (mean=7.26, SD=2.51), and 66% of the sample lived 

in a house, townhome, duplex, or condominium. 

Summaries of pollutant concentrations are displayed in Table 4, along with R2 statistics 

for the comparison between hourly indoor and outdoor PM2.5. The 24-hour average of outdoor 

PM2.5 had both mean and median values above those of indoor PM2.5, yet the 90th percentile of 

the 24-hour indoor concentrations rose above the comparative outdoor value. The variance of 

indoor PM2.5 for 24-hour and monthly averages surpassed that of outdoor PM2.5, indicating 

greater sensitivity to time-varying sources. Within a one-day period, although outdoor 
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concentrations averaged above indoor concentrations, indoor PM2.5 also achieved levels well 

above outdoor PM2.5, with more than half of the included observations recording days with 

values that surged above 250 µg/m3 (data not shown). Despite relatively parallel trends in hourly 

concentrations (Figure 2), on average, hourly outdoor PM2.5 accounted for only 28% of the 

variation in hourly indoor PM2.5 concentrations (range=0.04%-80%). 

Annual NO2 estimates from the LUR model were more precise than PM2.5 measures, 

initially suggesting greater spatial homogeneity than PM2.5; however, the seasonalized values 

were 150% higher, on average, than the annual levels and exhibited more than two times the 

variation of monthly outdoor PM2.5 as measured by PurpleAir. Regardless of a participant’s 

location across the Los Angeles region, NO2 values peaked in the winter months and tended to 

reach a minimum value in late spring and early summer. Although correlations between NO2 and 

outdoor PM2.5 were low due to this variability, the LUR model prediction surface of NO2 overlaid 

with 24-hour outdoor PM2.5 averages illustrates the relationship between PM2.5, NO2, and traffic 

(Figure 3). Participants with higher PM2.5 and NO2 exposures are concentrated near Los Angeles 

freeways. 

It should be noted that fewer participants were included in the monthly average PM2.5 and 

the seasonalized NO2 calculations due to their limited observation periods (<75% of a month’s 

data was measured).  

Mixed Effects Models 

 Hourly averages were used to generate three multilevel linear mixed effects models, with 

the reference group serving as the least exposed population. In the 24-hour model, the time 

period from 5:00 p.m. to 10:00 p.m. appeared to have the strongest positive linear association 
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with indoor air pollution (0.53, 95% CI: 0.19, 0.86), while the period from 9:00 a.m. to 5:00 p.m. 

had a negative linear association (-0.33, 95% CI: -0.58, -0.07). No air conditioning use versus 

constant use and a gas (rather than electric) oven were associated with higher indoor PM2.5 

concentrations (9.71, 95% CI: 1.75, 17.67; 8.21, 95% CI: 0.70, 15.73), while effects for heat 

source, frying/sautéing, and vent and window use while cooking could not be identified. 

 As expected, in the resting hours model only hourly outdoor PM2.5 concentration 

remained a strong predictor (0.29, 95% CI: 0.08, 0.50). In the waking hours model, all predictors 

previously identified as valuable were predictive, and the 6:00 a.m. to 9:00 a.m. period also 

became strongly positively associated with hourly indoor PM2.5 (0.92, 95% CI: 0.30, 1.54). The 

estimates for frying/sautéing, although still possessing wide confidence intervals, moved further 

from the null in the waking hours model compared to the 24-hour model, suggesting there may 

be a short-term effect that cannot be captured over an extended period (4.52, 95% CI: -0.33, 

9.37; 4.42, 95% CI: -5.82, 14.66).      

Discussion 

 This study provides first a description of the indoor PM2.5, outdoor PM2.5, and NO2 LUR 

modeled concentrations for women in the PARENTs study monitored during pregnancy. Using 

hourly averages of indoor and outdoor PM2.5 concentrations from monitors placed directly at the 

residence, we found that the concentration of indoor pollutants varies widely throughout the day 

and, on average, 28% of this variation can be explained by outdoor pollution. Frequent air 

conditioning use was shown to be associated with lower indoor PM2.5 levels, likely due to the 

presence of an air filter. Gas ovens, in contrast, were identified as pollution emission sources 

(8.21, 95% CI: 0.70, 15.73). This study strengthens our understanding of the relationship 
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between indoor and outdoor air pollution, and how household appliances and activities 

contribute to higher (or lower) indoor PM2.5 concentrations. 

This work also revealed that 24-hour averages fail to capture the peaks in indoor air 

pollution that occur periodically throughout the day. It is not known whether fleeting spikes in 

PM2.5 concentrations have chronic health effects, but this question should be evaluated. It should 

also be noted that due to the placement of indoor PurpleAir monitors outside of the kitchen and 

most often in the bedroom, values obtained do not reflect peak emission levels while cooking 

except for apartments where the kitchen is part of the living room. Thus, the recorded household 

exposure values might underestimate personal exposures due to cooking exhaust. The resting 

hours model revealed that outdoor PM2.5 was the only strong predictor during the late evening 

and early morning. Thus, outdoor air pollution concentrations do serve as a valid indicator of 

indoor exposure while participants are sleeping.    

 Other studies have reported that activities such as using a vent/stove hood and opening 

the windows while cooking lower indoor air pollution levels. Neither of these predictors were 

formally statistically significant in our model, although their inclusion did contribute to the 

improvement in model fit. It is likely that the responses for these variables, which described 

average behaviors across the entire pregnancy, were too crude to capture the effects on shorter 

term air monitoring results. Future work should employ a log of daily cooking or other behaviors 

in order to gain a more detailed understanding of those behaviors that contribute to increasing 

pollution levels in the morning and evening when the participants are at home and active. 

Beyond cooking activities, the effect of different cleaning behaviors and sources, as well as 

candle usage, should be evaluated. While these factors were not examined in the present study, 
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they have previously been identified as important emission sources and may account for 

additional variation in the prediction models.  

This study benefitted from the direct measurement of indoor and outdoor PM2.5 

concentrations over a prolonged period, which will contribute to the development of an exposure 

measure that includes household air pollution, work and personal schedules, and commuting 

behaviors. Although air conditioning, general household window use, and oven type were 

associated with indoor levels, mismeasurement and unmeasured predictors may bias the effect of 

these factors away from the null. Similarly, mismeasurement and unmeasured predictors may 

mask the influence of heating source, frying/sautéing, and vent and window use while cooking 

on indoor measures. Furthermore, the relatively small sample size made our estimates unstable. 

Conclusion 

Household behaviors and characteristics can contribute to higher or lower levels of 

indoor air pollution, although much of the household PM2.5 concentrations can be explained by 

outdoor concentrations, particularly in the evening hours when residents are resting. As we 

continue to improve our understanding of the relationship between indoor and outdoor 

particulate concentrations, we should also begin to examine the health effects of exposures from 

current indoor sources.  
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Tables and Figures 
 
 

Figure 1. Locations of California Air Resources Board toxic air pollutant monitoring stations in the 
Los Angeles Basin, California  
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Table 1. Distribution of maternal characteristics in the PARENTs PurpleAir sample 

Characteristic 
Full sample 

(n=49) 

Analytic 

samplea (n=40) 

 
n % n % 

Age     
28 - 35 years 33 67 29 73 
35 - 42 years 16 33 11 28 

Maternal Race/Ethnicity     
Non-Hispanic White 26 53 21 53 
Non-Hispanic Black 2 4 1 3 
Hispanic 4 8 4 10 
Non-Hispanic Asian 17 35 14 35 

Maternal Education     
High school graduate or GED 1 2 0 0 
Some college 1 2 1 3 
Bachelor's degree (4 years) 17 35 13 33 
Master's degree 19 39 16 40 
Doctoral or Professional (MD, JD) degree 11 22 10 25 

Relationship with biologic father     

Married 44 90 38 95 
Not married and living together 2 4 1 3 
Not married and living apart 3 6 1 3 

Household Income     
< $20,000 1 2 0 0 
$20,000 - $39,999 2 4 0 0 
$40,000 - $59,999 2 4 2 5 
$60,000 - $100,000 3 6 3 8 
> $100,000 40 82 35 88 
Refused 1 2 0 0 

Maternal Employment Status     
Student 2 4 2 5 
Employed 42 86 34 85 
Unemployed 5 10 4 10 

a Excludes participants missing outdoor measures and those with a household smoker 
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Table 2. Homes and measurement characteristics of the PARENTs PurpleAir sample (n=51) 

n 
Type of 

home 

Duration 

[days] 

Number 

of rooms 

Mean 24Hr 

Indoor PM2.5 

Mean 24Hr 

Outdoor PM2.5 

NO2 [LUR 

model] 

Indoor to 

Outdoor R2 a 

1 Apartment 84 2 12.71 14.59 19.89 0.147 
2 Apartment 120 4 10.26 18.46 17.78 0.396 
3 Apartment 42 6 9.59  16.48  

4 Townhome 97 7 11.80 17.70 22.24 0.798 
5 Apartment 49 4 9.47 11.61 24.20 0.416 
6 Apartment 38 10 6.75  21.54  

7 House 82 10 12.75 15.16 16.25 0.007 
8 Apartment 138 4 15.31 17.07 20.88 0.491 
9 House 45 8 9.17 13.24 21.60 0.379 
10 House 106 10 23.46 18.48 19.01 0.005 
11 House 115 6 14.14 18.60 13.94 0.669 
12 House 111 9 10.28 14.76 16.73 0.730 
13 House 80 10 15.72 20.21 22.13 0.632 
14 House 133 10 18.81 24.88 19.28 0.107 
15 House 118 11 7.32 18.14 19.29 0.052 
16 Apartment 126 7 10.86 19.01 21.94 0.538 
17 House 122 10 23.84 13.50 19.95 0.080 
18 House 153 12 12.47 12.04 17.66 0.020 
19 Duplex 11 8 22.24  19.48  

20 Apartment 71 6 9.66  23.00  

21 House 100 8 15.77 20.14 17.60 0.509 
22 Apartment 85 3 3.17 9.98 19.14 0.016 
23 House 44 6 8.16 10.90 17.97 0.782 
24 Apartment 85 3 21.92  21.33  

25 House 159 9 20.03 13.18 19.08 0.031 
26 Townhome 15 7 9.89 18.33 18.79 0.011 
27 House 59 7 5.47 19.55 16.23 0.144 
28 Condo 20 9 10.29 13.57 18.71 0.062 
29 House 82 9 13.22 20.19 19.14 0.082 
30 Apartment 114 8 8.63  23.26  

31 Apartment 115 6 16.45 18.68 23.11 0.550 
32 Apartment 27 5 22.26 20.10 20.01 0.252 
33 House 74 6 14.73 18.95 17.83 0.490 
34 Apartment 83 9 1.47 16.42 16.51 0.170 
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Table 2. Homes and measurement characteristics of the PARENTs PurpleAir sample (n=51) 

n 
Type of 

home 

Duration 

[days] 

Number 

of rooms 

Mean 24Hr 

Indoor PM2.5 

Mean 24Hr 

Outdoor PM2.5 

NO2 [LUR 

model] 

Indoor to 

Outdoor R2 a 

35 Apartment 133 5 11.30 24.23 23.24 0.291 
36 Apartment 51 7 28.90 11.65 16.97 0.227 
37 Apartment 154 6 23.25 23.04 19.64 0.068 
38 House 71 8 16.08 18.45 20.79 0.186 
39 House 69 12 7.60 14.61 16.31 0.001 
40 House 130 8 5.67 15.21 16.74 0.231 
41 Duplex 66 3 15.44  18.59  

42 Apartment 121 6 8.86 10.12 18.86 0.611 
43 Duplex 50 7 13.06 12.71 19.80 0.714 
44 Apartment 38 4 7.67 15.05 16.75 0.470 
45 Apartment 57 6 8.76 7.49 22.10 0.393 
46 Duplex 74 6 5.89 8.71 19.60 0.001 
47 Condo 74 7 7.65 12.43 20.80 0.248 
48 House 141 13 4.29 11.94 13.11 0.003 
49 House 102 7 9.36 11.57 17.79 0.000 
50 House 141 10 4.11 11.36 17.99 0.338 
51 Condo 92 6 28.49 31.99 21.10 0.125 
a Calculated using hourly means 

 
 
 
  



 
 

16  

   

Table 3. Distribution of household characteristics and resident activities in the PARENTs 
PurpleAir sample 

Characteristic Full sample (n=51) Analytic samplea (n=41) 
 Mean SD Mean SD 

Home Rooms 7.26 2.51 7.44 2.55 
     
 n % n % 

Season     
Spring 7 14 6 15 
Summer 21 41 15 37 
Fall 13 25 11 27 
Winter 10 20 9 22 

Type     
House 22 43 20 49 
Apartment 20 39 14 34 
Townhome/Duplex/Condo 9 18 7 17 

Heat source     
No heater/did not use 26 51 18 44 
Gas 19 37 17 41 
Electric 6 12 6 15 

Air Conditioning Use     
Never 16 31 10 24 
Up to half the day 22 43 20 49 
All day or all night 8 16 6 15 
All the time 5 10 5 12 

General Household Window Use     
Never 7 14 5 12 
Up to half the day 23 45 19 46 
All day or all night 8 16 8 20 
All the time 12 24 9 22 
Don't know 1 2 0 0 

Stove/Oven Type     
Gas 46 90 37 90 
Electric 5 10 4 10 

Frying/Sautéing     
Never 12 24 10 24 
Less than 30 mins daily 36 71 29 71 
More than one hour per day 3 6 2 5 

Vent Use While Cooking     
Never 15 29 11 27 
Some of the time I cook 8 16 7 17 
Most of the time I cook 12 24 10 24 
Always when I cook 16 31 13 32 

Window Use While Cooking     
Never 11 22 8 20 
Some of the time I cook 7 14 7 17 
Most of the time I cook 11 22 8 20 
Always when I cook 22 43 18 44 

aExcludes participants missing outdoor measures and those with a household smoker 



 
 

17 

 
 
 
 
  Table 4. Distribution of measured indoor and outdoor PM2.5 and LUR-derived NO2 concentrations at the household level 

     Percentiles 

Variable Participants Obs Mean Var Min 10 25 50 75 90 Max 

Indoor 24-Hr Average PM2.5 41 41 12.35 41.99 1.47 5.47 8.16 10.86 15.31 23.25 28.90 

Indoor Monthly Average PM2.5 37 91 12.75 79.55 1.63 4.40 7.47 11.26 16.34 19.59 58.33 

Outdoor 24-Hr Average PM2.5 41 41 15.92 23.90 7.49 10.90 12.04 15.05 18.60 20.21 31.99 

Outdoor Monthly Average PM2.5 37 88 15.76 32.84 5.87 9.51 12.03 15.36 18.33 21.95 39.58 

Annual NO2 [LUR Model] 41 41 19.13 5.90 13.11 16.31 17.78 19.14 20.80 22.13 24.20 

Seasonalized NO2 [LUR Model] 37 88 28.75 75.85 14.52 18.14 21.86 28.34 35.23 42.34 50.65 

% Hourly Indoor PM2.5 
explained by Outdoor PM2.5 41 41 28.00 6.72 0.04 0.45 5.18 18.61 49.02 66.85 79.83 
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Figure 2. Hourly indoor and outdoor PM2.5 concentrations, averaged over participants (n=41) 
 

 
 
 

  



 
 

19  

Figure 3. Model prediction surface of NO2 in Los Angeles County and surrounding region using the 
LUR method, with PurpleAir monitors in the analytic sample labeled by the quantile of outdoor PM2.5  
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Table 5: Linear mixed effects model results of household characteristics and resident activities that predict indoor PM2.5 concentrations   

 24 HOUR 10PM to 6AM 6AM to 10PM 

  β (95% CI) p value β (95% CI) p value β (95% CI) p value 

Intercept -7.3 (-21.61, 7.00) 0.32 -17.98 (-52.05, 16.08) 0.30 -9.65 (-22.91, 3.61) 0.15 

Hour - - 0.01 (-0.05, 0.07) 0.80 - - 

1:00 a.m. - 6:00 a.m. -0.25 (-0.71, 0.22) 0.30 - - - - 

6:00 a.m. - 9:00 a.m. 0.4 (-0.13, 0.92) 0.14 - - 0.92 (0.30, 1.54) 0.004 

9:00 a.m. - 5:00 p.m. -0.33 (-0.58, -0.07) 0.01 - - -0.45 (-0.67, -0.23) <.001 

5:00 p.m. - 10:00 p.m. 0.53 (0.19, 0.86) 0.002 - - 0.63 (0.36, 0.91) <.001 

10:00 p.m. - 1:00 a.m. -0.15 (-0.76, 0.45) 0.62 - - - - 

Season       

Summer -0.65 (-5.49, 4.18) 0.78 -5.2 (-16.90, 6.50) 0.36 1.08 (-3.42, 5.57) 0.62 

Fall -0.48 (-6.15, 5.19) 0.86 -8.73 (-22.36, 4.89) 0.19 1.75 (-3.53, 7.02) 0.49 

Winter -1.84 (-8.24, 4.56) 0.55 -6.38 (-21.79, 9.03) 0.39 -0.46 (-6.39, 5.47) 0.87 

Outdoor Hourly Mean 0.33 (0.18, 0.49) <.001 0.29 (0.08, 0.50) 0.01 0.24 (0.10, 0.39) <.001 

Home Type (ref=House)       

Apartment -1.63 (-6.88, 3.62) 0.52 3.05 (-9.56, 15.66) 0.62 -2.29 (-7.16, 2.59) 0.34 

Townhome/Duplex/Condo -1.42 (-7.32, 4.48) 0.62 -0.98 (-15.22, 13.27) 0.89 -2.14 (-7.62, 3.34) 0.42 

Total number of rooms -0.29 (-1.36, 0.79) 0.58 1.06 (-1.52, 3.64) 0.40 -0.48 (-1.48, 0.52) 0.32 

Heat Source (ref=No heat)       

Gas -0.42 (-5.22, 4.39) 0.86 3.64 (-7.92, 15.19) 0.52 -2.04 (-6.51, 2.42) 0.35 

Electricity 2.08 (-5.80, 9.95) 0.59 8.87 (-10.14, 27.88) 0.34 1.74 (-5.58, 9.05) 0.62 

Air Conditioning Use (ref=All the time)       

Never 9.71 (1.75, 17.67) 0.02 8.27 (-10.93, 27.47) 0.38 10.17 (2.78, 17.55) 0.01 

Up to half the day 7.12 (0.25, 13.99) 0.04 12.63 (-3.93, 29.19) 0.13 6.42 (0.05, 12.79) 0.05 

All day or all night 9.52 (1.28, 17.75) 0.03 17.29 (-2.50, 37.08) 0.08 8.96 (1.33, 16.58) 0.02 
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Table 5: Linear mixed effects model results of household characteristics and resident activities that predict indoor PM2.5 concentrations   

 24 HOUR 10PM to 6AM 6AM to 10PM 

  β (95% CI) p value β (95% CI) p value β (95% CI) p value 
 
Window Use (ref=All the time) 

Never 1.46 (-7.84, 10.76) 0.74 -6.37 (-28.82, 16.08) 0.56 2.63 (-6.00, 11.27) 0.53 

Up to half the day 5.24 (0.26, 10.23) 0.04 6.54 (-5.51, 18.58) 0.27 5.23 (0.59, 9.86) 0.03 

All day or all night 0.62 (-5.21, 6.45) 0.83 0.55 (-13.47, 14.57) 0.93 1.86 (-3.56, 7.28) 0.48 

Oven Type (ref=Electric)       

Gas 8.21 (0.70, 15.73) 0.03 5.03 (-12.96, 23.01) 0.56 9.75 (2.79, 16.70) 0.009 

Frying/Sautéing (ref=Never)       

Less than 30 mins daily 3.34 (-1.89, 8.56) 0.20 4.97 (-7.59, 17.52) 0.42 4.52 (-0.33, 9.37) 0.07 

More than one hour per day 4.19 (-6.83, 15.22) 0.43 4.35 (-22.31, 31.01) 0.74 4.42 (-5.82, 14.66) 0.38 

Vent Use While Cooking (ref=Always)       

Never -1.63 (-6.59, 3.33) 0.50 1.03 (-10.74, 12.80) 0.86 -3.14 (-7.72, 1.45) 0.17 

Some of the time I cook -2.99 (-9.51, 3.54) 0.35 -8.17 (-23.94, 7.61) 0.29 -2.7 (-8.76, 3.36) 0.36 

Most of the time I cook 0.4 (-4.58, 5.37) 0.87 -0.87 (-12.82, 11.07) 0.88 -0.55 (-5.14, 4.04) 0.80 

Window Use While Cooking (ref=Always)       

Never 0.46 (-5.53, 6.45) 0.87 -1.06 (-15.38, 13.25) 0.88 3.14 (-2.41, 8.70) 0.25 

Some of the time I cook 1.3 (-4.53, 7.14) 0.64 5.29 (-8.59, 19.17) 0.43 1.51 (-3.89, 6.90) 0.56 

Most of the time I cook -2.45 (-7.33, 2.43) 0.30 -1.65 (-13.41, 10.11) 0.77 -1.4 (-5.93, 3.13) 0.52 

  



 
 

22 

References 

1. Cohen AJ, Brauer M, Burnett R, Anderson HR, Frostad J, Estep K, et al. Estimates and 25-

year trends of the global burden of disease attributable to ambient air pollution: an analysis of 

data from the Global Burden of Diseases Study 2015. The Lancet 2017;389(10082):1907-

1918. 

2. Raaschou-Nielsen O, Andersen ZJ, Beelen R, Samoli E, Stafoggia M, Weinmayr G, et al. Air 

pollution and lung cancer incidence in 17 European cohorts: prospective analyses from the 

European Study of Cohorts for Air Pollution Effects (ESCAPE). The Lancet Oncology 

2013;14(9): 813-822. 

3. IARC. 2013. IARC Scientific Publication No. 161. Air Pollution and Cancer. Press W Ed. 

Geneva: World Health Organization.  

4. Klepac P, Locatelli I, Korošec S, Künzli I, Kukec A. Ambient air pollution and pregnancy 

outcomes: A comprehensive review and identification of environmental public health 

challenges. Environmental research 2018;167:144-159. 

5. World Health Organization. 2016. Preventing disease through healthy environments: a 

global assessment of the burden of disease from environmental risks. Press W Ed. Geneva: 

World Health Organization. 

6. Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, et al. The National 

Human Activity Pattern Survey (NHAPS): a resource for assessing exposure to 

environmental pollutants. Journal of Exposure Science and Environmental Epidemiology 

2001;11:231–252. 



 
 

23  

7. US Environmental Protection Agency. 1987. The total exposure assessment methodology 

(TEAM) study: Summary and analysis. EPA/600/6-87/002a. Washington, DC. Accessed 

May 26, 2019. 

8. Habre R, Coull B, Moshier E, Godbold J, Grunin A, Nath A, et al. Sources of indoor air 

pollution in New York City residences of asthmatic children. Journal of Exposure Science 

and Environmental Epidemiology 2014;24:269–278. 

9. US Environmental Protection Agency. 1987. The total exposure assessment methodology 

(TEAM) study: Summary and analysis. EPA/600/6-87/002a. Washington, DC. Accessed 

May 26, 2019. 

10. Allen R, Larson T, Sheppard L, Wallace L, Liu L-J S. Use of real-time light scattering data to 

estimate the contribution of infiltrated and indoor-generated particles to indoor air. 

Environmental Science and Technology 2003;37(16):3484-3492. 

11. Abt E, Suh H, Allen G, Koutrakis P. Characterization of indoor particle sources: A study 

conducted in the metropolitan Boston area. Environmental Health Perspectives 

2000;108(1):35-4. 

12. Singer, Brett C., Delp, William W., Lorenzetti, David M., & Maddalena, Randy L. Pollutant 

Concentrations and Emission Rates from Scripted Natural Gas Cooking Burner Use in Nine 

Northern California Homes. United States. doi:10.2172/1420274. 

13. Le S, Yu S, Kim S. Evaluation of potential average daily doses (ADDs) of PM2.5 for 

homemakers conducting pan-frying inside ordinary homes under four ventilation conditions. 

International Journal of Environmental Research and Public Health 2017;14(1):78. 



 
 

24  

14. Holm SM, Balmes J, Gillette D, Hartin K, Seto E, Lindeman D, et al. Cooking behaviors are 

related to household particulate matter exposure in children with asthma in the urban East 

Bay Area of Northern California. PLoS ONE 2018;13(6): e0197199. 

15. Abdullahi KL, Delgado-Saborit JM, Harrison RM. Emissions and indoor concentrations of 

particulate matter and its specific chemical components from cooking: A review. 

Atmospheric Environment 2013;260-294. 

16. Isaxon C, et al. Contribution of indoor-generated particles to residential exposure. 

Atmospheric Environment 2014;106, 458-466. 

17. Tang CH, Garshick E, Grady S, Coull B, Schwartz J, Koutrakis P. Development of a 

modeling approach to estimate indoor-to-outdoor sulfur ratios and predict indoor PM2.5 and 

black carbon concentrations for Eastern Massachusetts households. Journal of Exposure 

Science and Environmental Epidemiology 2018;28:125-130. 

18. Wallace L, Williams R. Use of personal-indoor-outdoor sulfur concentrations to estimate the 

infiltration factor and outdoor exposure factor for individual homes and persons. 

Environmental Science and Technology 2005;36(6):1707-1714. 

19. Weisel CP, Zhang J, Turpin BJ, Morandi MT, Colome S, Stock TH, Spektor DM, Korn L, 

Winer AM, Kwon J, Meng QY, Zhang L, Harrington R, Liu W, Reff A, Lee JH, Alimokhtari 

S, Mohan K, Shendell D, Jones J, Farrar L, Maberti S, Fan T. Relationships of indoor, 

outdoor, and personal air (RIOPA). Part I. Collection methods and descriptive 

analyses. Research Report – Health Effects Institute. 2005a:1–127. 

20. Weisel CP, Zhang J, Turpin BJ, Morandi MT, Colome S, Stock TH, Spektor DM, Korn L, 

Winer A, Alimokhtari S, Kwon J, Mohan K, Harrington R, Giovanetti R, Cui W, Afshar M, 

Maberti S, Shendell D. Relationship of indoor, outdoor and personal air (RIOPA) study: 



 
 

25  

study design, methods and quality assurance/control results. Journal of Exposure Analysis 

and Environmental Epidemiology 2005b;15:123–137. 

21. Stranger M, Potgieter-Vermaak SS, Van Grieken RV. Particulate matter and gaseous 

pollutants in residences in Antwerp, Belgium. Science of the Total Envuronment 

2009;407(3):1182-1192. 

22. Reisen F, Powell JC, Dennekamp M, Johnston FH, Wheeler AJ. Is remaining indoors an 

effective way of reducing exposure to fine particulate matter during biomass burning events? 

Journal of the Air & Waste Management Association 2019;69(5):611-622. 

23. South Coast Air Quality Management District. Purple Air PA-II: Summary report. 

http://www.aqmd.gov/docs/default-source/aq-spec/summary/purpleair-pa-ii---summary-

report.pdf?sfvrsn=10. Accessed May 23, 2019. 

24. South Coast Air Quality Management District. Field evaluation: PurpleAir PA-I indoor PM 

sensor. http://www.aqmd.gov/docs/default-source/aq-spec/field-evaluations/purple-air-pa-i-

indoor---field-evaluation.pdf?sfvrsn=13. Accessed May 23, 2019. 

25. Su JG, Jerrett M, Beckerman B, Wilhelm M, Ghosh JK, Ritz B. Predicting traffic-related air 

pollution in Los Angeles using a distance decay regression selection strategy. Environmental 

Res. 2009;109(6):657-670. 

26. Singer BC, Hudgson AT, Hotchi T, Kim JJ. Passive measurement of nitrogen oxides to 

assess traffic-related pollutant exposure for the East Bay Children’s Respiratory Health 

Study. Atmospheric Environment 2004;38(3):393-403. 

27. Ritz B, Turner M, Ghosh JK, et al. Traffic-Related Air Pollution and Asthma in Economically 

Disadvantaged and High Traffic Density Neighborhoods in Los Angeles County, California. 

Los Angeles, CA; 2009. https://www.arb.ca.gov/research/single-project.php?row_id=64715. 



 
 

26  

28. Henderson SB, Beckerman B, Jerrett M, et al. Application of land use regression to estimate 

long-term concentrations of traffic-related nitrogen oxides and fine particulate 

matter. Environ Sci Technol. 2007;41(7):2422–2428. 

29. Hoek G, Beelen R, de Hoogh K, et al. A review of land-use regression models to assess 

spatial variation of outdoor air pollution. Atmos Environ. 2008;42(33):7561–7578. 

30. Ghosh JK, Wilhelm M, Su Jason, Goldberg D, Cockburn M, Jerrett M, Ritz B. Assessing the 

influence of traffic-related air pollution on risk of term low birth weight on the basis of land-

use-based regression models and measures of air toxics. American Journal of Epidemiology 

2012;175(12):1262-1274. 

31. Team RC. R: A language and environment for statistical computing. [Internet]. Vienna, 

Austria: R Foundation for Statistical Computing; 2017. Available: https://www.R-

project.org/  

 

 

 

 




