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Abstract
To examine ambient air pollutants, specifically polycyclic aromatic hydrocarbons (PAHs), as a factor in the geographic vari-
ation of breast cancer incidence seen in the US, we conducted an ecological study involving counties throughout the US to 
examine breast cancer incidence in relation to PAH emissions in ambient air. Age-adjusted incidence rates of female breast 
cancer from the surveillance, epidemiology, and end results (SEER) program of the US National Cancer Institute were col-
lected and analyzed using SEER*Stat 8.3.2. PAH emissions data were obtained from the Environmental Protection Agency. 
Linear regression analysis was performed using SPSS 23 software for Windows to analyze the association between PAH 
emissions and breast cancer incidence, adjusting for potential confounders. Age-adjusted incidence rates of female breast 
cancer were found being significantly higher in more industrialized metropolitan SEER regions over the years of 1973–2013 
as compared to less industrialized regions. After adjusting for sex, race, education, socioeconomic status, obesity, and smok-
ing prevalence, PAH emission density was found to be significantly associated with female breast cancer incidence, with the 
adjusted β of 0.424 (95% CI 0.278, 0.570; p < 0.0001) for emissions from all sources and of 0.552 (95% CI 0.278, 0.826; 
p < 0.0001) for emissions from traffic source. This study suggests that PAH exposure from ambient air could play a role in 
the increased breast cancer risk among women living in urban areas of the US. Further research could provide insight into 
breast cancer etiology and prevention.
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Introduction

Breast cancer is among the most commonly diagnosed can-
cers as 1 in 8 women in the US will develop invasive breast 
cancer during her lifetime [1]. The pathogenesis of breast 
cancer is complex involving both genetic and environmental 
aspects. Well-established risk factors include later age at first 
birth, nulliparity, and first-degree family history of breast 
cancer [2]. However, these factors only account for less 
than half of all breast cancer cases in the US population [3]. 
Additional influences such as hormone replacement therapy, 
radiation, and chemical exposure as well as lifestyle fac-
tors including diet, alcohol consumption, physical activity, 
and personal behavior have been found to play a role in the 
development of breast cancer [4–6]. However, geographic 

variation in breast cancer incidence throughout the US exists 
after accounting for these known risk factors [7–9]. Higher 
incidence rates have been observed in certain geographical 
regions, particularly in urban and industrialized areas [10, 
11]. Multiple studies have proposed environmental pollut-
ants as a factor and provided evidence for the association 
[12–16]. Specifically, traffic-related air pollution has been 
shown to be associated with breast cancer as a key factor 
in the incidence difference between rural and metropolitan 
areas [17, 18].

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous 
contaminants in ambient air generated from the incomplete 
combustion of organic material and are released primarily 
from industrial process and motor vehicular traffic [19]. 
They consist of two or more fused aromatic rings made up 
of carbon and hydrogen atoms and are found in both gas and 
particulate phases in ambient air. The United States Envi-
ronmental Protection Agency (EPA) currently monitors 16 
PAHs due to health concerns as these have been found to be 
carcinogenic in experimental animal models while benzo[a]
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pyrene specifically has been classified as a Group 1 known 
human carcinogen [20]. PAHs have been shown to disrupt 
BRCA-1 expression in estrogen receptor-positive breast 
cancer cells suggesting their role in the etiology of spo-
radic breast cancer development [19]. Benzo[a]pyrene has 
also demonstrated an ability to induce mutations and DNA 
damage while repressing DNA mismatch repair enzymes in 
human breast cancer cells presenting a role in the initiation 
of carcinogenesis [21, 22]. Recent population studies have 
demonstrated that PAH exposure may be a risk factor and 
suggested additional mechanisms for its association in breast 
cancer development [15, 17].

To our knowledge, there are no data evaluating PAH 
exposure as a factor in the nationwide geographic variation 
in breast cancer incidence. To further assess this difference 
in incidence throughout the US in relation to air pollution, 
we examined the association between ambient air emissions 
of PAHs and the incidence of female breast cancer.

Methods

We conducted an ecological study involving counties 
throughout the US to examine breast cancer incidence in 
relation to PAH emissions in ambient air. County-level data 
on incidence rates of female breast cancer and PAH emis-
sions were obtained from national data sets and analyzed 
for the association.

Breast cancer incidence

Age-adjusted annual incidence rates of female breast can-
cer from the Surveillance, Epidemiology, and End Results 
(SEER) program of the US National Cancer Institute were 
collected and analyzed using SEER*Stat 8.3.2 [23]. The 
SEER 9 regions’ research data were utilized, which cover 
different regions of the US, including the states of Con-
necticut, Hawaii, Iowa, New Mexico, and Utah, as well as 
several metropolitan areas (San Francisco–Oakland, Atlanta, 
Detroit, and Seattle Puget Sound). Both region-level data 
and county-level data under each region were analyzed. 
There are a total of 200 counties. For our further analysis, we 
excluded Alameda, Contra Costa, Marin, San Francisco, and 
San Mateo counties in the San Francisco–Oakland region 
due to lack of data on PAH emissions from traffic sources. 
Additionally, Kalawao County of the Hawaii region was 
removed due to a possibly inaccurate breast cancer incidence 
data. The remaining 194 counties of the SEER regions were 
classified as metropolitan, micropolitan, and rural based on 
core population size as defined by the US Office of Man-
agement and Budget [24]. A metropolitan county contains 
a core urban area of 50,000 or more population, and a mic-
ropolitan county contains an urban core of at least 10,000 

(but less than 50,000) population. All other counties, not 
classified as metropolitan or micropolitan, are designated as 
rural. Age-adjusted annual incidence rates of female breast 
cancer for the years 1973–2013 were analyzed based on the 
2000 US standard population.

PAHs emissions

Data of PAH emissions from all emissions sectors as well as 
from traffic sources were collected from the 2008 National 
Emissions Inventory by the US EPA [25] for each of the 194 
counties as designated by the SEER program. The emis-
sions from motor vehicle traffic sources included on-road 
diesel and non-diesel vehicles. The PAHs measured include 
1-methylnaphthalene, 2-methylnaphthalene, 5-methyl-
chrysene, 7,12-dimethylbenz[a]anthracene, acenaphthene, 
acenaphthylene, anthracene, benz[a]anthracene, benzo(a)
fluoranthene, benzo[a]pyrene, benzo[b]fluoranthene, 
benzo[e]pyrene, benzo[g,h,i,]perylene, benzo[k]fluoran-
thene, benzofluoranthenes, chrysene, dibenzo[a,h]anthra-
cene, fluoranthene, fluorene, indeno[1,2,3-c,d]pyrene, per-
ylene, phenanthrene, and pyrene. Total emissions of these 
compounds were summated for each county. Land area was 
collected from the US Census [26] for the year of 2010. The 
PAH emission density for each county was calculated as 
total PAH emissions divided by land area.

Covariates

Certain covariates known to be associated with the develop-
ment of breast cancer were selected and controlled in order 
to better assess the relation between PAH emissions and the 
incidence of female breast cancer. These factors include 
sex, ethnicity, poverty, education, smoking, and obesity. 
The 2010 US Census [26] was used to obtain data on the 
demographic variables of the county, including percent-
age of females, percentage of non-Hispanic White persons, 
percentage of those living in poverty, and percentage of 
those with a high school education for the population of 
each county as designated by the SEER program [25]. Addi-
tionally, data on obesity and smoking prevalence for each 
county were obtained from the Institute for Health Metrics 
and Evaluation [27] for the year of 2011.

Statistical analysis

Data were analyzed using SPSS 23 for Windows to assess 
associations between PAH emissions and breast cancer inci-
dence rates. Linear regression analyses were conducted with 
breast cancer incidence being the dependent variable and 
PAH emission density being the independent. Multiple mod-
els were constructed to assess the association with and with-
out adjustment for the potential confounders: sex, ethnicity, 
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poverty, education, obesity, and smoking. The regression 
coefficient (β) for changes in breast cancer incidence in asso-
ciation with PAH emission density was obtained from the 
analysis. A p value of less than 0.05 was considered statisti-
cally significant.

Results

In this study, we examined the difference in female breast 
cancer incidence among multiple regions in the US and 
evaluated the role of PAHs in ambient air emissions in the 
variations in breast cancer incidence in these areas by ana-
lyzing the SEER 9 regions’ research data and air pollutant 
emission data from EPA.

Figure 1 presents the annual incidence rates of female 
breast cancer for the years of 1973–2013 in the 9 SEER 
regions. Apart from 1974, overall breast cancer incidence 
remained low during the early years from 1973 to 1983. 
Incidence rates began to rise in 1984 until leveling off in 
1988. Except for a peak around the year 2000, incidence 
rates have stayed fairly consistent in each region until 2013. 
There were statistically significant differences in breast can-
cer incidence among many of the regions from 1973 to 2013 
(Table 1). The more industrialized metropolitan regions, 
San Francisco–Oakland, Connecticut, Atlanta, Detroit, and 

Seattle, had a significantly higher incidence of female breast 
cancer, as compared to less industrialized regions, Hawaii, 
Iowa, New Mexico, and Utah. Large variations in PAH emis-
sion density were also seen among the SEER regions, with a 
much higher emission density in metropolitan regions than 
the less industrialized regions (Table 1).

Fig. 1  Geographic variation in 
the age-adjusted incidence rates 
(1/100,000) of female breast 
cancer among the 9 SEER 
regions from 1973 to 2013
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Table 1  Incidence of female breast cancer and PAH emission density 
in the 9 SEER regions

a The average annual age-adjusted incidence rate for the years of 
1973–2013
b Calculated as PAH emission amount (lb) divided by land area 
(square miles)

SEER region Incidence rate of breast can-
cer (95% CI) (1/100,000)a

PAH emissions 
density (lb/sq 
mile)b

Seattle 134.9 (134.0, 135.7) 15.09
Connecticut 132.6 (131.8, 133.4) 22.76
San Francisco 129.8 (129.0, 130.6) 47.60
Atlanta 126.4 (125.4, 127.5) 46.57
Detroit 125.0 (124.3, 125.8) 58.57
Iowa 118.9 (118.1, 119.8) 2.48
Hawaii 117.4 (116.0, 118.8) 4.12
Utah 108.9 (107.7, 110.1) 1.51
New Mexico 108.3 (107.1, 109.4) 1.06
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We then investigated the association between PAH emis-
sion density and breast cancer incidence in 194 counties of 
the SEER regions’ data. Linear regression analyses (Table 2) 
revealed a positive association between PAH emissions from 
all sources and breast cancer incidence with a regression 
coefficient β of 0.448 (95% CI 0.303, 0.594; p < 0.0001) in 
the unadjusted model (Model 1). After adjusting for possi-
ble demographic confounders including percentage of non-
Hispanic White, percentage of female, poverty status, and 
percentage of high school education (Model 2), the asso-
ciation between PAH emission density and breast cancer 
incidence remained statistically significant (β = 0.377; 95% 
CI 0.231, 0.522; p < 0.0001). After further adjustment for 
smoking and obesity prevalence (Model 3), the β was 0.424 
(95% CI 0.278, 0.570; p < 0.0001).

Since traffic is considered the major source of PAH 
emission, we further evaluated the association of PAH 
emissions from traffic sources with the incidence of breast 
cancer (Table 2). Linear regression analysis showed that 

the association of breast cancer incidence with PAH traffic 
emissions seemed stronger than PAH emissions from all 
sources. The β was 0.639 (95% CI 0.363, 0.914; p < .0001) 
in the unadjusted model, 0.476 (95% CI 0.206, 0.746; 
p = 0.001) after adjusting for demographic variables, and 
0.552 (95% CI 0.278, 0.826; p < 0.0001) after additionally 
adjusting for smoking and obesity prevalence.

We further classified the 194 counties of the SEER 
regions into metropolitan, micropolitan, and rural groups 
as designated by the US Office of Management and 
Budget. It can be seen that there has been a large differ-
ence in the annual age-adjusted incidence rate of female 
breast cancer over the time span of 1973–2013 among 
the three sub-groups, with a higher incidence seen in the 
metropolitan area compared to the micropolitan and rural 
areas (Fig. 2). Figure 3 shows scatter plots of the corre-
lation between PAH emission density and breast cancer 
incidence among the 194 counties sub-classified into met-
ropolitan, micropolitan, and rural groups.

Table 2  Linear regression analysis of the association between PAH emission density and breast cancer incidence among the counties of SEER 
regions (n = 194)

Model 1: unadjusted; Model 2: adjusted for sex (percentage of female), race (percentage of non-Hispanic White), poverty, and education level 
(percentage of high school graduate); Model 3: additionally adjusted for smoking and obesity prevalence

PAH emission den-
sity (lb/sq mile)

Annual incidence of female breast cancer (1/100,000)

Model 1 Model 2 Model 3

β (95% CI) p Value β (95% CI) p Value β (95% CI) p Value

Total PAHs 0.448 (0.303, 0.594) < 0.0001 0.377 (0.231, 0.522) < 0.0001 0.424 (0.278, 0.570) < 0.0001
Traffic PAHs 0.639 (0.363, 0.914) < 0.0001 0.476 (0.206, 0.746) 0.001 0.552 (0.278, 0.826) < 0.0001

Fig. 2  Average annual incidence 
of female breast cancer from 
1973 to 2013 among the 194 
counties in the SEER regions 
subdivided into metropolitan, 
micropolitan, and rural groups 
as designated by the US Office 
of Management and Budget

70

80

90

100

110

120

130

140

150

1973 1978 1983 1988 1993 1998 2003 2008 2013

In
ci

de
nc

e 
Ra

te
s o

f F
em

al
e 

Br
ea

st
 C

an
ce

r 
(1

/1
00

,0
00

)

Year of Diagnosis

Metropolitan Micropolitan Rural



Medical Oncology (2018) 35:88 

1 3

Page 5 of 7 88

Discussion

The pathogenesis of breast cancer is known to be multi-
factorial with established risk factors including age, family 
history, parity, age at menstruation, and age at menopause, 
accounting for less than half of breast cancer cases [2, 4, 
28]. Lifestyle factors such as diet, alcohol consumption, 
physical activity, and personal behavior have been impli-
cated, but these additional factors cannot fully explain the 

geographic variation in breast cancer incidence seen in the 
US [5–9, 29]. Our study was conducted to analyze the asso-
ciation between environmental pollutants and breast cancer 
in the US to examine the role of PAHs in ambient air in 
the geographic variation in female breast cancer incidence. 
Our results support the findings of previous epidemiologic 
studies on the positive association between PAH exposure 
and breast cancer risk in women [12–14, 16, 17]. Traffic is 
a major source of PAH exposure in ambient air. Consistent 

Fig. 3  The association between 
PAH emissions density and 
incidence rates of female breast 
cancer among 194 counties in 
the SEER regions categorized 
as metropolitan, micropolitan, 
or rural. (A) PAH emissions 
from all sources; (B) PAH emis-
sions from traffic source
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with several studies [13, 16, 17], we found that PAH emis-
sions specifically from motor vehicle traffic to be signifi-
cantly associated with increased incidence of female breast 
cancer throughout the US.

As with previous studies, we observed a significant 
difference in breast cancer incidence geographically [15, 
30]. Our study showed a consistently higher average inci-
dence in regions designated as metropolitan from the years 
1973–2013. These regions are known to be more industri-
alized and more heavily polluted than the micropolitan or 
rural regions analyzed. PAHs are ubiquitous contaminants 
in ambient air released through industrial process, motor 
vehicle traffic, residential heating, waste incineration, and 
natural sources [19]. The industrialized metropolitan areas 
were observed to have higher levels of PAH emission density 
and a higher incidence of female breast cancer when com-
pared to the other regions. A population-based, case–control 
study conducted in New York found a similar association 
between early life exposure to total suspended particles, 
a proxy measure of PAH exposure, and an increased risk 
of breast cancer [12]. Additional studies in Montreal and 
Long Island, New York, observed an association between 
breast cancer incidence and PAH emissions specifically from 
vehicular traffic emissions [13, 17]. Several studies have 
proposed mechanisms of action for the role of PAH expo-
sure in breast cancer development using in vitro, animal, 
and human models. These studies have demonstrated PAHs 
to be associated with PAH–DNA adducts, gene-specific 
promoter methylation, and altered Ah receptor signaling in 
breast tumors and potential mechanisms [19, 22, 31]. PAH 
exposure has been shown to increase cytochrome P4501A1 
activation of chemical carcinogens with additional effects on 
COMT target genes [32]. Benzo[a]pyrene in particular is a 
group 1 known human carcinogen which has been shown to 
prevent BMP2-mediated differentiation of human mammary 
epithelial stem cells promoting the development of breast 
cancer [33]. Additionally, the lipophilic nature of aromatic 
compounds such as PAHs increases the amount of depo-
sition in breast tissue further increasing the risk of breast 
cancer development [34]. Serologic studies have also found 
increased titers of antibodies against PAHs in patients with 
breast cancer [35].

This ecological study by analyzing county-level data on 
breast cancer incidence and emissions of PAHs provides 
more insight on the role of ambient air PAHs in the increased 
incidence of female breast cancer in the more industrialized 
urban areas. However, due to the limitations of an ecological 
study, we are unable to establish a causal relationship. Expo-
sure to PAHs cannot be assessed at the individual level, and 
the potential confounding variables such as genetic back-
ground, socioeconomic status, and lifestyle factors, could not 
be controlled at individual levels when analyzing the asso-
ciation between PAH emissions and breast cancer incidence. 

As a result, we cannot rule out the effect of other factors 
playing a role in the differences in incidence between met-
ropolitan, micropolitan, and rural areas. While our sample 
size was relatively large with 194 counties throughout the 
country, it is possible that these regions are not an accurate 
representation of urban and rural areas in the US as a whole. 
Finally, the National Emissions Inventory is based on volun-
tary reporting by states which potentially allows for incon-
sistencies in data collection state by state. Recent studies 
have shown geographic variation in breast cancer incidence 
to exist after accounting for known risk factors [9]. Thus, our 
current findings, together with previous studies [13–15, 18, 
36] suggest that environmental air pollutants in the form of 
PAHs may contribute to these regional differences in breast 
cancer incidence.

Conclusions

Our study demonstrates an association between PAH emis-
sions in ambient air and female breast cancer, which sug-
gests PAH exposure to be a factor in the regional variation 
in breast cancer incidence seen in the US. Additional epi-
demiologic studies are needed to better evaluate the role of 
potentially carcinogenic air pollutants and the risk of breast 
cancer specifically in the metropolitan areas with higher 
emissions. Further research could provide insight into breast 
cancer etiology and prevention.
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