
UCLA
UCLA Previously Published Works

Title
Exposure to outdoor ambient air toxics and risk of breast cancer: The multiethnic 
cohort

Permalink
https://escholarship.org/uc/item/8b1960kb

Authors
Heck, Julia E
He, Di
Wing, Sam E
et al.

Publication Date
2024-06-01

DOI
10.1016/j.ijheh.2024.114362

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial License, available at https://creativecommons.org/licenses/by-nc/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8b1960kb
https://escholarship.org/uc/item/8b1960kb#author
https://creativecommons.org/licenses/by-nc/4.0/
https://escholarship.org
http://www.cdlib.org/


International Journal of Hygiene and Environmental Health 259 (2024) 114362

Available online 4 April 2024
1438-4639/© 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Exposure to outdoor ambient air toxics and risk of breast cancer: The 
multiethnic cohort 

Julia E. Heck a,b,c,*, Di He a, Sam E. Wing a, Beate Ritz a, Chandra D. Carey b,c, Juan Yang d, 
Daniel O. Stram e, Loïc Le Marchand f, Sungshim Lani Park f, Iona Cheng d,g, Anna H. Wu e 

a Department of Epidemiology, School of Public Health, University of California, Los Angeles, CA, USA 
b College of Health and Public Service, University of North Texas, Denton, TX, USA 
c Center for Racial and Ethnic Equity in Health and Society, University of North Texas, Denton, TX, USA 
d Department of Epidemiology and Biostatistics, University of California, San Francisco, CA, USA 
e Department of Population and Public Health Sciences, Keck School of Medicine, University of Southern California, Los Angeles, CA, USA 
f Epidemiology Section, Population Sciences in the Pacific Program, University of Hawaii Cancer Center, Honolulu, HI, USA 
g University of California, San Francisco Helen Diller Family Comprehensive Cancer Center, San Francisco, CA, USA   

A R T I C L E  I N F O   

Keywords: 
Breast cancer 
1,1,2,2-tetrachloroethane 
Ethylene dichloride 
Vinyl chloride 
Benzene 
Ethylbenzene 
Toluene 
Naphthalene 
Acrolein 

A B S T R A C T   

Background: A growing literature has reported associations between traffic-related air pollution and breast 
cancer, however there are fewer investigations into specific ambient agents and any putative risk of breast cancer 
development, particularly studies occurring in populations residing in higher pollution areas such as Los Angeles. 
Objectives: To estimate breast cancer risks related to ambient air toxics exposure at residential addresses. 
Methods: We examined the relationships between ambient air toxics and breast cancer risk in the Multiethnic 
Cohort among 48,665 California female participants followed for cancer from 2003 through 2013. We obtained 
exposure data on chemicals acting as endocrine disruptors or mammary gland carcinogens from the National- 
Scale Air Toxics Assessment. Cox proportional hazards models were used to estimate breast cancer risk per 
one interquartile range (IQR) increase in air toxics exposure lagged by 5-years. Stratified analyses were con-
ducted by race, ethnicity, and hormone receptor types. 
Results: Among all women, increased risks of invasive breast cancer were observed with toxicants related to 
industries [1,1,2,2-tetrachloroethane (hazard ratio [HR] = 4.22, 95% confidence interval [95% CI] 3.18–5.60), 
ethylene dichloride (HR = 2.81, 95% CI 2.20–3.59), and vinyl chloride (HR = 2.27, 95% CI 1.81, 2.85); these 3 
agents were correlated (r2 = 0.45–0.77)]. Agents related to gasoline production or combustion were related to 
increased breast cancer risk [benzene (HR = 1.32, 95% CI 1.24, 1.41), ethylbenzene (HR = 1.20, 95% CI 
1.13–1.28), toluene (HR = 1.29, 95% CI 1.20–1.38), naphthalene (HR = 1.11, 95% CI 1.02–2.22), acrolein (HR 
= 2.26, 95% CI 1.92, 2.65)]. Higher hazard ratios were observed in African Americans and Whites compared to 
other racial and ethnic groups (p-heterogeneity <0.05 for traffic-related air toxics, acrolein, and vinyl acetate). 
Conclusions: Our findings suggest that specific toxic air pollutants may be associated with increase breast cancer 
risk.   

1. Introduction 

Breast cancer is the most common invasive malignancy in women 
worldwide. In recent years an expanding literature reported associations 
between breast cancer and several environmental exposures, notably 
polycyclic aromatic hydrocarbons (PAH), dioxins, and polychlorinated 
biphenyls (Rodgers et al., 2018; Terry et al., 2019). The breast cancer 
occupational literature has been limited because studies conducted in 

large occupational cohorts typically have few female exposed workers, 
leading to low statistical power to assess female cancers. Among the few 
published occupational studies, findings suggest possible links between 
breast cancer risk and exposure to trichloroethylene, toluene and ben-
zene while results for PAH have been mixed (Costantini et al., 2009; 
Glass et al., 2015; Pedersen et al., 2021a, 2021b; Peplonska et al., 2010; 
Petralia et al., 1998, 1999; Videnros et al., 2019). Methylene chloride 
and 1,1,1-trichloroethane exposures are understudied, but a Swedish 
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study using a job exposure matrix found no associations for these spe-
cific solvents but reported increased breast cancer risks with more than 
10 years of exposure to a group of chlorinated hydrocarbon solvents that 
included these chemicals (Videnros et al., 2020). As noted by the In-
ternational Agency for Research on Cancer (IARC), several agents are 
underexplored in relation to breast cancer, including vinyl chloride and 
1,3-butadiene (IARC, 2012). 

Even less is known about breast cancer risk in relation to everyday 
life exposure to non-occupational levels of chemicals (ambient air ex-
posures). Yet, evidence for a role of ambient traffic-related air pollution 
in breast cancer risk has been increasing. Studies which relied upon well- 
validated methods for traffic pollution exposure assessment tended to 
find increases in breast cancer risk, including studies utilizing land-use 
regression to estimate exposure to nitrogen dioxide (NO2) or ambient 
fine particulate matter with diameter ≤2.5 μm (PM2.5) (Cheng et al., 
2020a; Crouse et al., 2010; Goldberg et al., 2017; Hystad et al., 2015; 
Smotherman et al., 2023) but results were not consistent (Hart et al., 
2016; Reding et al., 2015). 

There is some literature suggesting that residential exposure to 
higher ambient levels of antimony, benzene, benzidine, carbon tetra-
chloride, ethyl carbamate, ethylidene dichloride, arsenic, 4,4-methylene 
bis(2-chloroaniline), vinyl chloride, methylene chloride, biphenyl, 4- 
nitrophenol, cobalt, and cadmium may be related to breast cancer 
development (Garcia et al., 2015; Kresovich et al., 2019; Liu et al., 2015; 
Niehoff et al., 2019). Variation in risk by age at breast cancer diagnosis 
and/or estrogen receptor status was also observed. One study that found 
null associations for the ambient air toxics studied primarily enrolled 
premenopausal women, and likely had too short a follow-up period to 
observe associations (Hart et al., 2018). Several studies focused on 
White women, however residential segregation by race and ethnicity 
may lead to substantial variation in type and level of exposures and this 
may contribute to differences in findings across racial and ethnic groups 
(Quach et al., 2014). Here, we examine the relationships between breast 
cancer and ambient residential air pollution exposure to 15 human 
carcinogens, as identified by IARC (i.e. group 1, 2A, or 2B), mammary 
gland carcinogens (Rudel et al., 2007), or endocrine disruptors (The 
Endocrine Disruption Exchange, 2019) in a multiethnic cohort 
population. 

2. Material and methods 

The Multiethnic Cohort (MEC) is a large population-based prospec-
tive cohort and detailed study information was provided elsewhere 
(Cheng et al., 2020a; Kolonel et al., 2000). Briefly, the MEC study 
recruited participants from 1993 through 1996 among residents in 
Hawaii (HI) and California (CA); the current analysis focuses on Cali-
fornia participants. Participants filled out a 26-page mailed question-
naire at baseline and were followed for a diagnosis of incident invasive 
breast cancer, e.g. ductal carcinoma in situ was not included. We 
included cases with ICD codes identified by site equal to ‘C500’-‘C509’, 
excluding ICD-O-3 equal to 9050–9055, 9140, or 9590–9992. Breast 
cancer diagnoses were identified through linkage with the CA and HI 
cancer registries. The California and Hawaii Cancer Registries has been 
rated as Gold Certified by the North American Association of Cancer 
Registries, indicating >95% case ascertainment. 

Risk factors and lifestyle factors including demographics, anthro-
pometrics, smoking, medical history, family history of cancer, medica-
tion history, work history, physical activity, reproductive history, and 
dietary information were collected. Race and ethnicity were self- 
reported by participants. Residential addresses were collected (see 
previously published maps of residences (Cheng et al., 2020b)) and kept 
up-to-date by periodic mailings of newsletters, follow-up questionnaires 
and linkages to administrative data and registries (Cheng et al., 2020a). 
Addresses were routinely geocoded to latitude and longitude co-
ordinates (Cheng et al., 2020b). Deaths were ascertained using state 
death certificates and the National Death Index. 

For this study, eligible women included female California MEC par-
ticipants who completed a baseline questionnaire, with no breast cancer 
diagnosis prior to cohort entry with geocoded addresses (N = 57,999). 
We excluded women who did not have National Air Toxics Assessment 
(NATA) exposure estimates during the exposure window (1998–2003) 
when accounting for a 5-year exposure lagging (e.g. their breast cancer 
diagnosis occurred too early to be included; n = 7630), women with 
geocoded addresses on the boundary of census tracts/out of range dur-
ing their follow-up period (n = 1646), and Native Hawaiian participants 
(n = 58). This resulted in an analytic study population of 48,665 female 
participants for whom we could estimate exposures. This study popu-
lation was followed from 1998 to the earliest invasive breast cancer 
incidence, death, or the end of study (December 31, 2013), whichever 
came first. 

2.1. Exposure assessment 

The National Air Toxics Assessment (NATA) is an ongoing review of 
air toxics published by the United States Environmental Protection 
Agency (U.S. EPA, 2018). Approximately every 3 years, EPA compiles a 
national emissions inventory of air toxics sources, then models ambient 
concentration estimates using the Assessment System for Population 
Exposure Nationwide (ASPEN) model. The ASPEN Model combines es-
timates of toxic pollutant emissions with National Weather service data 
to estimate air toxic concentrations. They also estimate human expo-
sures with the Hazardous Air Pollutant Exposure Model (HAPEM), using 
estimated ambient concentrations (i.e., ASPEN model results) as input to 
the model. HAPEM models make use of census data, human activity 
patterns, ambient air quality levels, climate data and indoor/outdoor 
concentrations to generate an expected inhalation exposure concentra-
tion for humans. We utilized the HAPEM data for exposure assessment 
because it was available during the years of interest in this analysis. 

Because of the expected latency period of breast cancer, we began by 
focusing on exposures modelled at the earliest time period that NATA 
estimates were available. EPA does not recommend combining NATA 
results across years because the modeling methods used to estimate 
exposures have been modified over the years. However, NATA 1999 and 
2002 data were compatible in the models they used for exposure 
assessment (HAPEM5), thus we relied solely on these two models for 
exposure assessment in this study. Geocoded addresses for 1998–2000 
and 2001–2003 were linked to the 1999 and 2002 NATA models ac-
cording to 2000 census tracts, respectively, as has been done elsewhere 
(Symanski et al., 2016). 

The 2002 NATA model provides estimates for 181 agents, from 
which we selected for inclusion in analyses agents identified as endo-
crine disruptors (The Endocrine Disruption Exchange, 2019), mammary 
gland carcinogens in animal bioassays (Rudel et al., 2007), or suspected 
or established carcinogens in humans (World Health Organization, 
2019). We excluded air toxics with zero-values in >80% of the study 
period (e.g. no related pollution sources within 50 km and/or back-
ground levels equal to zero) and/or when estimates needed to be 
imputed for >35% of subjects, leaving 57 chemicals. We then examined 
the distributions of the 57 chemicals in the Los Angeles (LA) air basin, 
and found that most (N = 41) were not widely used in LA or did not have 
meaningful exposure contrasts during the study period (as assessed by 
review of maps and emissions data) and were therefore excluded. 

2.2. Statistical analysis 

Air toxics that arise from the same sources can be highly correlated. 
We used Pearson correlations to describe the correlations among 
chemicals. Pollutants were grouped as traffic-related toxics (correlations 
r > 0.70) and industry-related toxics. For all reported chemicals, we also 
generated maps showing their geographic distribution in the greater LA 
area, using NATA 2002 exposure concentration data (Fig. 1). We tested 
for linearity and removed one pollutant, xylenes, that did not exhibit 
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Fig. 1. Exposure concentration of chemicals reported, the greater Los Angeles area, NATA 2002; (A) 1,3-butadiene, (B) Benzene, (C) Ethylbenzene, (D) Toluene, (E) 
1,1,2,2-tetrachloroethane, (F) Acetaldehyde, (G) Acrolein, (H) Acrylonitrile, (I) Ethylene dichloride, (J) Formaldehyde, (K) Methyl isobutyl ketone, (L) Naphthalene, 
(M) Trichloroethylene, (N) Vinyl acetate, (O) Vinyl chloride. 
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linearity. After these exclusions, the following 15 chemicals that are 
prevalent in the LA air basin remained for analyses: 1,1,2,2-tetrachloro-
ethane, ethylene dichloride, 1,3-butadiene, benzene, ethylbenzene, 
formaldehyde, toluene, acrylonitrile, acetaldehyde, acrolein, methyl 
isobutyl ketone, naphthalene, trichloroethylene, vinyl acetate, vinyl 
chloride. EPA provides a confidence rating for each chemical which we 
have included in Supplemental Table 1. 

We computed monthly estimates by dividing annual estimates into 
12 months; this allowed us to assign values based on the month and year 
at each residential address. The remaining chemicals had very few zero 
values (<1%). Time-dependent monthly average exposures were 
computed as a weighted mean of monthly exposure estimates for ad-
dresses in each participant’s residential history during the study dura-
tion until the event (breast cancer, censor, death, or end of study, 
whichever came first). 

We employed Cox proportional hazard models to assess time- 
dependent air toxics exposure and evaluated its effects on breast can-
cer risk per interquartile range (IQR) increase. We tested the propor-
tional hazards assumption by plotting the residuals against time for all 
covariates and found no violation of the assumption. Crude and adjusted 
hazard ratios were calculated using age as the time scale and age group 
at entry (5-year interval) as a stratum variable. Using the Cox model we 
generated risk-set based estimates through a counting process. 

We also accounted for clustering of subjects due to the assignment of 
exposure based on census tract by adding an ID statement with COVS 
(AGGREGATE) option in models. Potential confounding variables were 
chosen a priori based on our prior experience with MEC and air pollution 
research. A complete case analysis was conducted. All models were 
adjusted for race and ethnicity and additionally for body mass index 
((BMI) under <18.5 kg/m2), normal (18.5–24.9 kg/m2), overweight 
(25–29.9 kg/m2), obese (≥30 kg/m2)), family history of breast cancer 
(first degree relatives only; yes/no), age at first live birth (nulliparous, 
<20, 21–30, >30 years), age at menarche (≤12, 13–14, >14 years), 
number of children (0, 1, 2–3, 4+), menopausal status (self-reported at 
baseline; pre-menopause, natural menopause, oophorectomy, hysterec-
tomy), hormone replacement therapy (self-report; no estrogen use, past 
estrogen use, current estrogen use only, current estrogen use with past or 
current progesterone use), physical activity (none and quartiles of 
physical activity levels), energy intake (kilocalories per day; quintiles), 
alcohol use (non-drinker and drinker (>0 g/day)), smoking (never, 
former, and current), educational attainment (≤ high school graduate, 
some college, college graduate, graduate and professional school), and 
neighborhood socioeconomic status (at baseline and end of follow-up). 
A neighborhood socioeconomic status (nSES) composite measure was 
assigned based on census block group and categorized into quintiles 
based on the nSES distribution of Los Angeles County block groups 
(Cheng et al., 2020b). 

In order to compare to previous studies that employed the EPA 
ASPEN model, we generated results using that model. Findings were 
similar to the HAPEM5 model, thus we report the HAPEM5 results in 
main tables and also report estimated long-term mean inhalation 
exposure using ASPEN (Supplemental Table 2). 

Exposure lagging was conducted by 5, 10 and 15 years but we only 
present 5-year lagged results due to sparse data when employing 10 and 
15-year lags. We conducted stratified analyses comparing associations 
by hormone receptor-positive (HR+) breast cancers [positive for estro-
gen receptors or progesterone receptors (ER + or PR+)] vs. hormone 
receptor-negative (HR-) breast cancers [negative for estrogen and pro-
gesterone receptors (ER- and PR-)]. We conducted stratified analyses by 
race and ethnicity and tested for heterogeneity in effects by racial and 
ethnic groups using a global simultaneous test based on the Wald test. 

In sensitivity analyses, we conducted stratified analyses by moving 
status (movers vs. non-movers during the follow-up period). Non- 
movers had one residential address across the study period, while 
movers had more than one address. We additionally examined results in 
non-smokers. We did an additional sensitivity analysis to adjust for 

traffic-related air pollution. Finally, because main results were done 
with a complete case analyses, we also conducted multiple imputation, 
conditional on age and ethnicity, to estimate covariates that were 
missing, and we reran analyses to determine if results changed. 

Spatial joining and mapping were done in ArcGIS 10.8 and data 
management and statistical analyses were done using SAS 9.4. 

3. Results 

Among the 48,665 female California MEC participants in our study, 
40.4% described themselves as Hispanic or Latino (hereafter, Latino), 
33.5% African Americans, 14.9% Whites, and 11.2% Japanese Ameri-
cans (Table 1). Fifty-three percent of the women had an education level 
of high school or lower. Only 10% of the sample was premenopausal at 
baseline. African American and Latino women were more likely to live in 
the lowest two quintiles of SES neighborhoods at baseline (66.2% and 
58.8% respectively) than White and Japanese American women (23.5% 
and 17.0%, respectively). 

Mean values of each agent are shown in Table 2 and Pearson cor-
relation coefficients between reported chemicals are shown in Supple-
mental Table 3. Maps indicated that industry-related toxics, while 
dispersed widely across the LA Basin, had higher modelled exposure 
concentrations in census tracts located in Torrance, Anaheim and Santa 
Ana while traffic-related air toxics were modelled as being higher close 
to freeways (Fig. 1). 

The results for breast cancer risk in all women combined and 
modelled air toxics exposure with 5-year exposure lagging are shown in 
Table 3. An increased risk of breast cancer was observed with increased 
exposure to most air toxics, with largest hazard ratios (HR > 2.0) for 
acrolein, 1,1,2,2-tetrachloroethane, ethylene dichloride, vinyl acetate, 
and vinyl chloride. All traffic-related pollutants also consistently 
exhibited positive associations with HRs ranging from 1.20 to 2.04. 

In analyses stratified by hormone receptor status (Table 4), point 
estimates were similar across hormone receptor status, with overlapping 
confidence intervals. 

Mean exposure values by racial and ethnic group are shown in 
Supplemental Table 4, and stratified results by racial and ethnic group 
are shown in Supplemental Table 5. For African American women, we 
could not model breast cancer risks with some of the industrial-related 
air toxics due to very homogenous exposure levels in areas where 
these women resided. Hazard ratios were similar across racial and ethnic 
groups with overlapping confidence intervals. We detected statistical 
evidence of heterogeneity in effects by race and ethnicity for pollutants 
including some traffic-related air toxics, 1,1,2,2-tetrachloroethane, 
ethylene dichloride, and vinyl acetate (all with P heterogeneity <0.01). 

The associations for air toxics with breast cancer risk were similar in 
movers and non-movers (Supplemental Table 6). In analyses in non- 
smokers, the sample size decreased by half (N = 688 breast cancer 
cases) yet most results did not change substantially (Supplemental 
Table 7). Among non-smokers, there were increases in the risk estimate 
for acrolein [hazard ratio (HR) = 2.08; 95% confidence interval (CI) 
1.69, 2.55), vinyl chloride (HR = 3.04, 95% CI 2.42, 3.81), and 
trichloroethylene (HR = 1.25, 95% CI 1.18, 1.32). 

The sensitivity analysis with adjustment for traffic pollution yielded 
results that were similar or slightly higher than main results (Supple-
mental Table 8). When we utilized multiple imputation for missing in-
formation in covariates, results were nearly identical to main findings 
(Supplemental Table 9). 

4. Discussion 

In this population-based cohort from the California MEC, we 
observed some notable increases in breast cancer risk with exposure to 
air toxics according to the NATA (HAPEM5 and ASPEN) models. Our 
findings of associations between traffic-related toxics and breast cancer 
are in line with most other studies on breast carcinogenicity of traffic 
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Table 1 
Characteristics of study population at baseline.  

Characteristics All Women (N =
48,665) 

African Americans (N =
16,296) 

Japanese Americans (N 
= 5446) 

Latinos (N =
19,669) 

Whites 
(7,254) 

n (%) n (%) n (%) n (%) n (%) 

Age at cohort entry 
45-49 6977 (14.3) 2741 (16.8) 718 (13.2) 2605 (13.2) 913 (12.6) 
50-54 7284 (15.0) 2596 (15.9) 686 (12.6) 3050 (15.5) 952 (13.1) 
55-59 9553 (19.6) 2486 (15.3) 847 (15.6) 4753 (24.2) 1467 (20.2) 
60-64 9164 (18.8) 2206 (13.5) 976 (17.9) 4516 (23.0) 1466 (20.2) 
65-69 8097 (16.6) 3094 (19.0) 979 (18.0) 2765 (14.1) 1259 (17.4) 
70+ 7590 (15.6) 3173 (19.5) 1240 (22.8) 1980 (10.1) 1197 (16.5) 

Family history of breast cancer in mother or sisters 
Yes 4754 (10.6) 1703 (11.3) 525 (10.1) 1612 (9.1) 914 (13.3) 
No 40109 (89.4) 13329 (88.7) 4654 (89.9) 16181 (90.9) 5945 (86.7) 
Missing 3802 1264 267 1876 395 

Menopausal status 
Pre-Menopause 5390 (11.2) 1935 (12.0) 716 (13.2) 2023 (10.5) 716 (9.9) 
Natural Menopause 23563 (49.1) 6380 (39.6) 3087 (57.0) 10339 (53.6) 3757 (52.2) 
Surgical Menopause (oophorectomy with or without 
hysterectomy) 

7085 (14.8) 2856 (17.7) 687 (12.7) 2344 (12.2) 1198 (16.6) 

Other Surgery that causes periods to stop (hysterectomy, 
endometrial ablation) 

9533 (19.9) 4073 (25.3) 589 (10.9) 3589 (18.6) 1282 (17.8) 

Period stopped but reason unknown (including women with 
aged 65+ at baseline) 

2436 (5.1) 860 (5.3) 333 (6.2) 995 (5.2) 248 (3.4) 

Missing 658 192 34 379 53 
Age at menarche 
<12 22968 (48.1) 7886 (49.5) 2464 (45.9) 9027 (46.8) 3591 (50.1) 
13-14 18461 (38.7) 5974 (37.5) 2165 (40.4) 7495 (38.9) 2827 (39.4) 
>14 6320 (13.2) 2068 (13.0) 736 (13.7) 2761 (14.3) 755 (10.5) 
Missing 916 368 81 386 81 

Hormone replacement therapy use 
Never estrogen use, with or without past or current 
progesterone use 

26027 (57.0) 9278 (60.5) 2951 (55.9) 10644 (59.0) 3154 (45.0) 

Past estrogen use, with or without past progesterone use 8359 (18.3) 3116 (20.3) 680 (12.9) 3295 (18.3) 1268 (18.1) 
Current estrogen use alone 5741 (12.6) 1835 (12.0) 708 (13.4) 2048 (11.4) 1150 (16.4) 
Current estrogen use with progesterone - past or current 5543 (12.1) 1104 (7.2) 941 (17.8) 2060 (11.4) 1438 (20.5) 
Missing 2995 963 166 1622 244 

Age at first live birth 
No children 5544 (11.8) 2019 (12.9) 922 (17.3) 1555 (8.2) 1048 (14.7) 
15-20 17515 (37.1) 7315 (46.7) 386 (7.2) 7765 (40.7) 2049 (28.8) 
21-30 21332 (45.2) 5649 (36.0) 3452 (64.8) 8728 (45.8) 3503 (49.2) 
>30 2784 (5.9) 691 (4.4) 569 (10.7) 1010 (5.3) 514 (7.2) 
Missing 1490 622 117 611 140 

Parity 
0 children (nulliparous) 5418 (11.3) 1987 (12.4) 913 (16.9) 1484 (7.7) 1034 (14.4) 
1 child 5421 (11.3) 2536 (15.8) 642 (11.9) 1355 (7.0) 888 (12.4) 
2–3 children 18676 (39.0) 5883 (36.7) 3005 (55.6) 6315 (32.8) 3473 (48.4) 
4 or more children 18329 (38.3) 5612 (35.0) 845 (15.6) 10090 (52.4) 1782 (24.8) 
Missing 821 278 41 425 77 

Body mass index 
Underweight 711 (1.5) 130 (0.8) 321 (5.9) 132 (0.7) 128 (1.8) 
Normal 16565 (34.6) 3681 (23.3) 3756 (69.1) 5871 (30.2) 3257 (45.0) 
Overweight 17176 (35.9) 5938 (37.7) 1108 (20.4) 7858 (40.4) 2272 (31.4) 
Obese 13436 (28.1) 6024 (38.2) 250 (4.6) 5583 (28.7) 1579 (21.8) 
Missing 777 523 11 225 18 

Alcohol use 
Yes 17777 (38.2) 5896 (37.9) 1453 (27.8) 6703 (35.6) 3725 (54.1) 
No 28764 (61.8) 9670 (62.1) 3783 (72.3) 12149 (64.4) 3162 (45.9) 
Missing 2124 730 210 817 367 

Smoker 
Current smoker 6486 (13.7) 3036 (18.9) 478 (8.9) 1829 (9.8) 1143 (16.0) 
Former smoker 13669 (28.9) 5362 (33.4) 1252 (23.2) 4512 (24.1) 2543 (35.6) 
Never smoker 27151 (57.4) 7646 (47.7) 3663 (67.9) 12379 (66.1) 3463 (48.4) 
Missing 1359 252 53 949 105 

Physical activity, hours/day 
0 3718 (7.9) 799 (5.1) 120 (2.2) 2558 (13.7) 241 (3.4) 
Quartile 1, <0.4 8143 (17.4) 2830 (18.1) 775 (14.4) 3740 (20.0) 798 (11.2) 
Quartile 2, 0.4-<0.7 11707 (25.0) 4647 (29.7) 1410 (26.2) 4115 (22.0) 1535 (21.5) 
Quartile 3, 0.7-<1.2 10860 (23.2) 3784 (24.2) 1366 (25.4) 3888 (20.8) 1822 (25.5) 
Quartile 4, 1.2-<13.3 12423 (26.5) 3578 (22.9) 1704 (31.7) 4404 (23.5) 2737 (38.4) 
Missing 1814 658 71 964 121 

Energy intake, kcal/day 
Quintile 1, 417.4-<1158.5 9114 (19.6) 3797 (24.4) 977 (18.7) 3023 (16.0) 1317 (19.1) 
Quintile 2, 1158.5-<1539.8 9296 (20.0) 3146 (20.2) 1337 (25.5) 3159 (16.8) 1654 (24.0) 
Quintile 3, 1539.8-<1961.1 9334 (20.1) 2956 (19.0) 1325 (25.3) 3477 (18.4) 1576 (22.9) 
Quintile 4, 1961.1-<2633.8 9385 (20.2) 2885 (18.5) 1070 (20.4) 3964 (21.0) 1466 (21.3) 

(continued on next page) 
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pollution, for which point estimates ranged from 1.1 to 1.9; hence, our 
results are comparable with the literature (Cheng et al., 2020a; Crouse 
et al., 2010; Goldberg et al., 2017; Hystad et al., 2015). There is a more 
limited literature on these agents in the occupational literature repre-
senting studies primarily on benzene, with effect estimates ranging from 
30 to 90% breast cancer increases with occupational benzene exposure 
(Costantini et al., 2009; Petralia et al., 1998). Results are also in line 
with animal bioassays examining exposure due to inhalation or inges-
tion of traffic-related agents that reported associations with mammary 
tumors (Huff et al., 1989; Maltoni et al., 1985, 1997). In our study 
acrolein was moderately to strongly correlated with traffic pollutants, 
reflecting its use as an additive in gasoline (r2 = 0.71–0.89). Hence, the 
associations we observed may be due to its correlations with 
traffic-related agents in our study. At present there is a limited literature 
on the carcinogenicity of acrolein (IARC, 2021). 

Previous studies on ambient air toxics and breast cancer have 
included a variety of different agents, plausibly due to the types of in-
dustries that are located in different geographic regions. Hence, we were 
unable to examine certain agents of interest which were noted else-
where. The California Teachers’ Study (CTS), which also used NATA 
models (ASPEN) to estimate breast cancer risk, differed from our study 
both racially and geographically, as it included largely White women 
(89%) recruited across California with oversampling in rural areas; thus, 
agents they could study only partially overlap with our study. Yet, both 
California studies found increases in breast cancer risk with vinyl 
chloride. The CTS only examined one traffic-related pollutant, benzene; 
somewhat comparable to our findings, the CTS reported increases in risk 
with traffic-related pollutants but only for ER-/PR-tumors (benzene HR 
= 1.45; (Garcia et al., 2015). 

Our results support those from a nationwide US study, the Sister 
Study, which reported increases in breast cancer risk with ethylene 
dichloride (HR = 1.13) and toluene (HR = 1.13), although only in 
subgroups of women with high BMI and low physical activity. Overall 
the Sister study reported more null associations compared to our study, 
including for vinyl chloride (Niehoff et al., 2019). As we showed, dif-
ferences between the ASPEN and HAPEM5 models were small, thus the 
use of different models does not explain the differences in study findings. 
A possible reason for the discrepant findings across studies is the size of 
census tracts, which have a far larger geographic size in rural areas, up 
to 7992 square miles in rural California in comparison to Los Angeles 
County, where the census tracts were as small as 0.042 square miles in a 
2017 analysis (median census tract size in Los Angeles County = 0.459 
square miles) (McMillen and Powers, 2017). This would suggest studies 
with more rural participants are potentially subject to greater misclas-
sification of exposure. Further, the urban setting of our study with high 
traffic and industrial pollutant levels (vs. the Sister Study’s nationwide 

recruitment) as well as a higher pollution burden in neighborhoods with 
a high concentration of historically marginalized racial and ethnic 
groups— as reported elsewhere (Pastor et al., 2004)— would suggest 
that chemical exposure levels varied between our and the two previously 
published studies. In addition, the Sister Study included only women 
whose sisters had been diagnosed with breast cancer, suggesting 
different genetic risk in the populations. 

There was some heterogeneity of results by race and ethnicity, 
although confidence intervals often overlapped across groups. It is likely 
that differences observed by race and ethnicity reflect the varying 
pollution levels across neighborhoods of residence and not inherent 
differences by race and ethnicity in susceptibility to these air toxics. 
During the study period, African American participants lived primarily 
within the area bordered by the 10, 405, 105, and 110 freeways 
(Inglewood) with high levels of traffic related and specific agents 
compared to White participants (Cheng et al., 2020a; Cushing et al., 
2015; National Center for Biotechnology Information, 2021). Japanese 
American participants lived across Los Angeles but with larger numbers 
in northeast LA (Monterey Park) and in certain west side neighborhoods 
(Torrance and South Bay). Both White and Latino MEC participants 
resided across the LA basin, but Whites were slightly more likely to live 
west and Latinos east of downtown Los Angeles. The variation in effect 
estimates may at least partially reflect varying concentrations of expo-
sures in these distinct neighborhoods of residence. 

In California, the primary sources of 1,1,1,2-tetrachloroethane 
emissions are aircraft and aircraft parts manufacturing (CARB, 1997). 
A study in experimental animals reported increases in mammary gland 
fibroadenoma with 1,1,1,2-tetrachloroethane exposure. In humans, 1,1, 
1,2-tetrachloroethane accumulates in fat tissue; it appears to be geno-
toxic, but studies are limited. This toxicant is an understudied exposure: 
a 2014 IARC review was not able to identify any carcinogenicity studies 
in humans (IARC, 2014). 

Vinyl chloride is primarily used in the manufacturing of polyvinyl 
chloride plastic and vinyl products. It is a colorless gas found near 
landfills, sewage treatment plants, and hazardous waste sites in Cali-
fornia. Knowledge of the human carcinogenicity of vinyl chloride stems 
largely from several large occupational cohort studies of polyvinyl 
chloride manufacturing workers, but these studies included few women. 
Hence, knowledge about a putative effect on breast cancer is lacking. 
Multiple animal studies have observed that inhalation of vinyl chloride 
increases the incidence of mammary tumors in mice, rats, and hamsters 
(IARC, 2012). Vinyl chloride is genotoxic, inducing unscheduled DNA 
synthesis, increasing the frequency of sister chromatid exchange in rat 
and human cells, and increasing the frequency of chromosomal aber-
rations and micronucleus formation. 

Human studies of the carcinogenicity of ethylene dichloride, 

Table 1 (continued ) 

Characteristics All Women (N =
48,665) 

African Americans (N =
16,296) 

Japanese Americans (N 
= 5446) 

Latinos (N =
19,669) 

Whites 
(7,254) 

n (%) n (%) n (%) n (%) n (%) 

Quintile 5, 2633.8-<7211.3 9412 (20.2) 2782 (17.9) 527 (10.1) 5229 (27.7) 874 (12.7) 
Missing 2124 730 210 817 367 

Education 
<High school 25474 (53.2) 6450 (40.2) 1919 (35.6) 14284 (74.2) 2821 (39.3) 
High school graduate 13836 (28.9) 6002 (37.4) 1959 (36.3) 3495 (18.2) 2380 (33.2) 
College 4478 (9.4) 1873 (11.7) 943 (17.5) 709 (3.7) 953 (13.3) 
Graduate school 4091 (8.5) 1727 (10.8) 572 (10.6) 771 (4.0) 1021 (14.2) 
Missing 786 244 53 410 79 

Baseline neighborhood SES 
Quintile 1 - Low 12157 (25.0) 5990 (36.8) 259 (4.8) 5384 (27.4) 524 (7.2) 
Quintile 2 12804 (26.3) 4790 (29.4) 661 (12.2) 6173 (31.4) 1180 (16.3) 
Quintile 3 9669 (19.9) 2567 (15.8) 1323 (24.3) 4191 (21.3) 1588 (21.9) 
Quintile 4 8471 (17.4) 2279 (14.0) 1679 (30.9) 2561 (13.0) 1952 (26.9) 
Quintile 5 - High 5553 (11.4) 668 (4.1) 1520 (27.9) 1357 (6.9) 2008 (27.7) 
Missing 11 2 4 3 2 

*Native Hawaiians (N = 58) not shown in Table 1 due to small sample size. 
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naphthalene, and vinyl acetate are lacking. The US EPA classifies 
ethylene dichloride as a probable human carcinogen, and naphthalene 
as a possible carcinogen; vinyl acetate has not been classified (U.S. EPA, 
2016a, b, c). Ethylene dichloride is used in production of vinyl chloride, 
as solvents in organic synthesis, and as an additive lead scavenger in 
leaded gasoline. Naphthalene is used in the production of phthalic an-
hydride and is in carbamate insecticides, surface active agents and 
resins, as a dye intermediate, as a synthetic tanning agent, as a moth 
repellent, and in other chemicals. Vinyl acetate is used in the production 
of polyvinyl acetate and polyvinyl alcohol, among other uses. 

Limitations of our study include that NATA models only provide air 
pollution estimates at the census tract level, limiting precision. It should 
be noted that the available chemicals are not exhaustive and its possible 
that the examined agents are correlated with other unmeasured chem-
ical exposures. A further limitation is that we were only able estimate 
exposures during the study period and therefore we may be missing 
important earlier life exposures. Further, we were not able to adjust for 
noise pollution. Our results may vary from similar studies due to the 
analytic strategy and the population studied. Although many of the 
studied agents were not strongly correlated, future analyses may 
consider the role of mixtures in disease risk. Strengths of this study 
include the prospective analysis, detailed questionnaire information 
allowing us to adjust for multiple covariates while maintaining statis-
tical power, and the detailed residential histories available for residents 
who lived in California during the study period. By utilizing an ongoing 
prospective multiethnic cohort with large sample size, we had the ability 
to stratify and compare results across racial and ethnic groups. 

5. Conclusions 

In summary, our findings show the importance of local industry 
related and traffic sources of air toxics in neighborhoods for breast 
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  Table 3 

Hazard ratios and 95% confidence intervals for the association between one 
interquartile range (IQR) increase in air toxic exposure and breast cancer risk, 
with 5-year exposure lagging, accounting for cluster effects (N = 48,665).  

Air Toxic Crude Hazard Ratio a,b Adjusted Hazard Ratio a,c 

N cases: 1520 N cases: 1261 

Traffic-related toxics 
1,3-butadiene d,e,f 1.13 (1.08, 1.18) 1.18 (1.13, 1.23) 
Acetaldehyde d,e 1.58 (1.38, 1.81) 1.95 (1.63, 2.33) 
Acrolein d 1.84 (1.60, 2.12) 2.26 (1.92, 2.65) 
Benzene d,e,f 1.23 (1.15, 1.30) 1.32 (1.24, 1.41) 
Ethylbenzene d,e 1.14 (1.08, 1.21) 1.20 (1.13, 1.28) 
Formaldehyde d,e 1.17 (1.09, 1.26) 1.28 (1.18, 1.39) 
Naphthalene e 1.02 (0.95, 1.09) 1.11 (1.02, 1.22) 
Toluene e 1.19 (1.12, 1.27) 1.29 (1.20, 1.38) 

Industry-related toxics 
1,1,2,2-tetrachloroethane 
d 

3.78 (2.81, 5.07) 4.22 (3.18, 5.60) 

Acrylonitrile e,f 1.01 (0.99, 1.04) 1.02 (0.99, 1.05) 
Ethylene dichloride d,f 2.47 (1.92, 3.17) 2.81 (2.20, 3.59) 
Methyl isobutyl ketone d 0.73 (0.67, 0.80) 0.74 (0.66, 0.82) 
Trichloroethylene e 1.06 (1.04, 1.09) 1.07 (1.04, 1.11) 
Vinyl acetate d,e 3.59 (2.87, 4.50) 5.27 (4.14, 6.73) 
Vinyl chloride d,f 2.13 (1.68, 2.70) 2.27 (1.81, 2.85)  

a Excluded air toxics with imputed estimates >35% or with zero-values >80%. 
b Covariates adjusted in the crude model: age at entry (as a strata variable, 5- 

year categories), race and ethnicity. 
c Covariates adjusted in the adjusted model: age at entry (as a strata variable, 

5-year categories), race and ethnicity, BMI, family history of breast cancer, age 
at first live birth, age at menarche, number of children, menopausal status, 
hormone replacement therapy, physical activity, energy intake, alcohol use, 
smoking, education and neighborhood SES (baseline and current). 

d Group 1, 2A, or 2B carcinogen. 
e Endocrine disruptor. 
f Mammary glad carcinogen in animal bioassays. 
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cancer risk. Individuals who have experienced historical environmental 
injustices due to the location of polluting sources appear to be at 
elevated risk of breast cancer. 
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Table 4 
Hazard ratios and 95% confidence intervals for the association between one 
interquartile range (IQR) increase in air toxic exposure and breast cancer risk 
stratified by breast cancer subtypes, with 5-year lagging and accounting for 
cluster effects (N = 48,559).  

Air Toxic HR- (ER- AND PR-) HR+ (ER + OR PR+) 

Crude 
Hazard 
Ratio a,b 

Adjusted 
Hazard 
Ratio a,c 

Crude 
Hazard 
Ratio a,b 

Adjusted 
Hazard 
Ratio a,c 

N cases: 
272 

N cases: 226 N cases: 
1142 

N cases: 952 

Traffic-related toxics 
1,3-butadiene 1.18 (1.09, 

1.27) 
1.24 (1.14, 
1.35) 

1.12 (1.07, 
1.17) 

1.17 (1.11, 
1.23) 

Acetaldehyde 1.62 (1.20, 
2.20) 

2.31 (1.58, 
3.37) 

1.54 (1.33, 
1.78) 

1.83 (1.50, 
2.22) 

Acrolein 1.85 (1.39, 
2.47) 

2.54 (1.85, 
3.47) 

1.80 (1.55, 
2.10) 

2.15 (1.80, 
2.57) 

Benzene 1.29 (1.15, 
1.44) 

1.42 (1.26, 
1.61) 

1.21 (1.14, 
1.29) 

1.30 (1.21, 
1.39) 

Ethylbenzene 1.17 (1.09, 
1.26) 

1.23 (1.14, 
1.33) 

1.14 (1.08, 
1.20) 

1.20 (1.13, 
1.27) 

Formaldehyde 1.19 (1.02, 
1.39) 

1.37 (1.16, 
1.62) 

1.17 (1.09, 
1.27) 

1.26 (1.15, 
1.39) 

Naphthalene 1.00 (0.84, 
1.18) 

1.19 (0.98, 
1.45) 

1.03 (0.95, 
1.12) 

1.11 (1.00, 
1.24) 

Toluene 1.28 (1.14, 
1.44) 

1.41 (1.24, 
1.61) 

1.17 (1.10, 
1.25) 

1.26 (1.16, 
1.36) 

Industry-related toxics 
1,1,2,2- 
tetrachloroethane 

4.35 (3.26, 
5.81) 

4.74 (3.57, 
6.30) 

3.66 (2.73, 
4.90) 

4.14 (3.12, 
5.50) 

Acrylonitrile 1.02 (0.98, 
1.07) 

1.02 (0.97, 
1.07) 

1.01 (0.99, 
1.04) 

1.02 (0.99, 
1.05) 

Ethylene 
dichloride 

2.51 (2.01, 
3.13) 

3.28 (2.54, 
4.24) 

2.56 (1.94, 
3.36) 

3.35 (2.38, 
4.71) 

Methyl isobutyl 
ketone 

0.69 (0.56, 
0.85) 

0.75 (0.59, 
0.96) 

0.75 (0.68, 
0.82) 

0.74 (0.66, 
0.83) 

Trichloroethylene 1.08 (1.04, 
1.11) 

1.08 (1.04, 
1.12) 

1.06 (1.03, 
1.09) 

1.07 (1.04, 
1.10) 

Vinyl acetate 4.03 (3.10, 
5.23) 

7.09 (5.18, 
9.70) 

3.36 (2.69, 
4.19) 

4.77 (3.70, 
6.15) 

Vinyl chloride 2.22 (1.73, 
2.85) 

2.41 (1.87, 
3.10) 

2.10 (1.66, 
2.65) 

2.24 (1.79, 
2.81)  

a Excluded air toxics with imputed estimates >35% or with zero-values >80%. 
b Covariates adjusted in the crude model: age at entry (as a strata variable, 5- 

year categories), race and ethnicity. 
c Covariates adjusted in model: age at entry (as a strata variable, 5-year cat-

egories), race and ethnicity, BMI, family history of breast cancer, age at first live 
birth, age at menarche, number of children, menopausal status, hormone 
replacement therapy, physical activity, energy intake, alcohol use, smoking, 
education and neighborhood SES (baseline and current). 
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