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Introduction
Exposure to fine particulate matter (PM2.5) is recognized as 
a leading cause of mortality. The recently published Global 
Burden of Disease report estimated that in 2010, annual PM2.5 
accounted for 3.1 million deaths and around 3.1% of global 
disability-adjusted life years.1 Although chronic exposure to 

air pollution is associated with increased rates of mortality and 
morbidity for cardiovascular and respiratory disease,2 in 2013, 
the International Agency for Research on Cancer classified air 
pollution as a human carcinogen.3 The decision was based pri-
marily on the findings of several epidemiological studies that 
found positive associations with lung cancer.

There have been far fewer studies of associations between past 
exposures to PM2.5 and other sites of cancer. In Canada, recent work 
has suggested that female breast cancer and prostate cancer may 
be associated with traffic-related air pollution.4–8 As the risk factors 
of female breast cancer vary by menopausal status,9 epidemiologi-
cal studies of air pollution should investigate their possible modi-
fying effects. Hystad et al.6 observed stronger associations between 
exposure to ambient to PM2.5 air pollution and incident breast 
cancer among Canadian premenopausal women.7 These findings 
of stronger associations in younger women are consistent with a 
recent meta-analysis of the associations between environmental 
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Background: Air pollution has been classified as a human carcinogen based largely on epidemiological studies of lung cancer. 
Recent research suggests that exposure to ambient air pollution increases the risk of breast cancer.
Methods: Our aim was to characterize associations between residential exposure to ambient fine particulate matter (PM2.5) and the 
incidence of breast cancer in a cohort of 89,247 women enrolled in the Canadian National Breast Screening Study between 1980 
and 1985. Vital status and incident cancers were determined through record linkage to the national registry data through 2005. 
Individual-level estimates of exposures to PM2.5 at baseline were derived from satellite observations. Six thousand five hundred three 
incident breast cancers were identified during follow-up. We classified menopausal status using self-reported information collected 
at baseline and by attained age (50, 52, and 54 years) as women were followed-up. We computed hazard ratios (HRs) and their 95% 
confidence intervals (CI) using age as the time axis. Models were adjusted for several individual risk factors, including reproductive 
history, as well as census-based neighborhood-level characteristics.
Results: The median residential concentration of PM2.5 was 9.1 μg/m3. In models adjusted for personal and contextual risk factors, 
a 10-μg/m3 increase in PM2.5 was associated with an elevated risk of premenopausal (HR = 1.26; 95% CI = 0.99, 1.61) but not 
postmenopausal breast cancer (HR = 1.01; 95% CI = 0.94, 1.10). The elevated risk of premenopausal breast cancer from PM2.5 was 
only evident among those randomized to the screening arm of the study.
Conclusions: Our findings support the hypothesis that exposure to low concentrations of PM2.5 increase the risk of premenopausal 
breast cancer.

Keywords: Breast cancer, Canada, Cohort study, Fine particulate matter, Menopausal status, Screening

What this study adds
While the International Agency for Research on Cancer has clas-
sified air pollution as a carcinogen, the studies conducted to date 
have largely focused on lung cancer. Over the past few years, a 
small number of papers have emerged linking ambient air pol-
lution to an increased risk of female breast cancer. This study 
adds to this literature, and our design has notable strengths that 
include a prospective design, relatively large sample size, ability 
to control for other risk factors for breast cancer, and the use of 
remote sensing to assign air pollution concentrations. We found 
that exposure to air pollution was associated with an increased 
risk of premenopausal but not postmenopausal breast cancer. 
Also, our analyses suggest that future studies of air pollution 
and breast cancer may need to account for screening behaviors.

mailto:Paul.Villeneuve@carleton.ca
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tobacco smoke and breast cancer, where associations were noted 
in premenopasual but not in postmenopausal women.10 Despite 
this, increased air pollution risks of postmenopausal breast can-
cer have been observed among Montreal women7 and more 
recently among women enrolled in 15 European cohorts within 
the European study of cohorts for air pollution effects (ESCAPE) 
project.11 Analyses of the Danish Nurse Cohort,12 as well as the 
US Nurses’ Health Study,13 found no association between particu-
late matter air pollution and breast cancer. Similarly, longitudinal 
analyses of the Sister Study cohort found no association between 
PM2.5 air pollution and breast cancer; however, an increased risk 
was observed between NO2 and estrogen receptor (ER)(+)/pro-
gesterone receptor (PR)(+) breast cancer.14 Positive associations 
between particulate matter air pollution and breast cancer have 
also been observed for other size fractions such as PM10, PM2.5–<10, 
and ultrafine particles (UFPs).7,11 The excess risks found in some 
studies of breast cancer and air pollution are interesting in light of 
the finding of associations with occupationally generated carbon 
monoxide (occurring as combustion products) and polycyclic aro-
matic hydrocarbons from combustion of petroleum liquids, espe-
cially among cases with ER+/PR+ status, found in a case–control 
study of postmenopausal breast cancer in Montreal.15

The purpose of this study was to determine whether there 
was an association between past exposures to ambient PM2.5 
and the incidence of breast cancer in a cohort of approximately 
90,000 Canadian women with a 25-year follow-up interval. We 
have found previously in the same cohort associations between 
PM2.5 and mortality.16

Material and methods

Study population

Our study population included participants of the Canadian 
National Breast Screening Study, which was a randomized con-
trolled trial of screening for breast cancer.17–19 Briefly, the study 
included 89,835 women who were recruited from the general 
population between 1980 and 1985 and were between the ages 
of 40 and 59 years. Those who were between the ages of 40 and 
49 years were randomized to receive either annual mammography 
screening and a physical examination of the breasts or into the 
control group where they received a single physical examination of 
the breasts and annual follow-up through a mailed, self-adminis-
tered questionnaire. Those in the control group were taught breast 
self-examination and remained under the care of their family phy-
sician. At the time of the study, mammography was not available 
for screening; however, it could be used for diagnosis if women 
developed symptoms. Among those between the ages of 50 and 
59, for ethical reasons, it was determined that some screening for 
breast cancer should be provided, so these women were random-
ized into a group that received annual mammography and breast 
examination or into a control group that received annual breast 
examination alone. Women aged 50–59 years were also taught 
breast self-examination. A detailed breakdown of the numbers of 
women, by age, who were randomized into mammography and 
control groups has been published.19 The screening centers were 
located in teaching hospitals or in cancer centers across the coun-
try, and the study center was at the University of Toronto. Women 
were healthy and free of cancer at the time of enrollment.

A self-administered questionnaire was used to elicit informa-
tion on their demographic, reproductive, and lifestyle charac-
teristics. Women’s height, weight, and skinfold thickness were 
measured by a trained health professional, and body mass index 
(BMI) was calculated using these weight and height measure-
ments. We modeled BMI as a covariate using the cut points 
developed for the following categories: <20, 20 to 24, 25 to 29, 
and ≥30 kg/m2. Residential address information was obtained 
at baseline, and six-character, Canadian postal codes were col-
lected for all participants. In urban areas, six-character postal 
codes represent one block face between two intersecting streets.

The questionnaire comprised information on accepted risk fac-
tors. Women were asked whether they still had menstrual periods 
and, if so, to report the date of their last period and if their periods 
were regular. Women were asked to provide information on past 
pregnancies, including numbers of stillbirths, miscarriages, live 
births, and age when their first live child was born. Participants 
were asked whether any of their female relatives had breast can-
cer and to indicate their relationship to them. They were also 
asked about their history of oral contraceptive and estrogen use, 
as well as whether they had had any x-ray examination of their 
breasts. Women were also asked to describe their occupation in 
as much detail. From these details, occupations were classified 
into broadly based categories (homemaker, clerical, medicine and 
health, teaching, management of administration, sales, service, 
arts, retired, social sciences, teaching, unemployed, or other). We 
did not have information on the consumption of alcohol.

At the time of screening, women indicated in the interview 
whether they were postmenopausal, regardless of age. This 
information was not available in a time-dependent fashion 
throughout the follow-up period, and we thus used attained age 
as an indicator for menopausal status. Recent data published 
from the Canadian Longitudinal Study of Aging indicated that 
the median age of menopause among Canadian women was  
51 years of age.20 Therefore, we chose to conduct separate analy-
ses using ages 50, 52, and 54 years as plausible cutoffs for being 
menopausal. Thus, if a woman declared she was menopausal at the 
time of entry into the study, she remained in that category through-
out follow-up. If she was not menopausal at baseline, she would 
accumulate person-time in the premenopausal category until she 
attained one of these cutoffs. For incident breast cancers, we did 
not have any information on receptor status or other markers.

Ascertainment of vital status and cancer incidence

We ascertained vital status using a probabilistic record linkage to 
the Canadian Mortality Database21 until the end of 2005. This 
database provides data on all deaths occurring in Canada, as well 
as Canadian deaths that occur in approximately 20 US states. The 
accuracy of identifying deaths has been estimated to be approx-
imately 98%.22 Until 1999, the underlying cause of death was 
coded using the ninth revision of the International Classification 
of Diseases; from 2000 onward, the 10th revision was used.

Incident cases of cancer were identified through record link-
age to the Canadian Cancer Registry23 between 1968 and 2005. 
A small number of women were found to have had a previous 
history of breast cancer from the record linkage and therefore 
were excluded from further analyses. The date of diagnosis asso-
ciated with the first diagnosis of breast cancer was used to cen-
sor participants; secondary diagnoses of breast cancer were not 
considered in the analyses.

Exposure assessment

To assign exposure to PM2.5., we used satellite-based estimates 
of surface concentrations of PM2.5.

24 These satellite-based con-
centrations were derived from aerosol optical depth data from 
the Moderate Resolution Imaging Spectroradiometer (MODIS), 
Multiangle Imaging Spectroradiometer (MISR), and Sea-viewing 
Wide Field-of-view Sensor (SeaWiFS) instruments. Using satellite 
data collected from January 1, 1998, to December 31, 2006, long-
term average concentrations of PM2.5 were derived at a resolution 
of approximately 10 × 10 km. These estimates combined the values 
from models developed in 2010,25 with optimal estimation-based 
values developed in 201326 to produce an improved representation 
of PM2.5 with extended temporal range and greater accuracy than 
either of the earlier models. We used these multiyear, longer-term 
mean concentrations to overcome limitations and biases associ-
ated with persistent cloud cover or presence of forest fires or min-
eral dust, which prevent accurate sampling over shorter periods 
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of time. These measures cover nearly all of North America except 
for some coastal and mountain areas where retrieval of images 
is not possible. These satellite-based average concentrations of 
PM2.5 have been shown to correlate well with ground-based mea-
surements at fixed-site stations across North America (Pearson 
correlation coefficient r = 0.76, slope = 0.96, n = 974).24 Similar 
satellite-based exposure surfaces have been applied previously to 
examine the associations between long-term exposure to air pol-
lution and mortality.27–29 Residential measures of exposure were 
determined by mapping the geospatial coordinates of the centroid 
of each postal code to the PM2.5 surface.

Statistical methods

We excluded women who were diagnosed with an incident breast 
cancer before they enrolled in the study. This was done on the basis 
of information provided on the questionnaire, as well as those iden-
tified through the record linkage. We censored women at the earli-
est date of first diagnosis of breast cancer, death, or December 31, 
2005. We estimated associations between residential concentrations 
of PM2.5 and incident breast cancer using the Cox proportional haz-
ards model, with age as the time axis. The use of age as the time axis 
has the advantage that unlike using calendar time as the axis and 
adjusting parametrically for age, it does not assume a known func-
tional relationship between age and disease.30 Furthermore, given 
our interest in generating hazard ratios for time-dependent mea-
sures of menopause, this approach facilitated generating these esti-
mates. A continuous measure of PM2.5 was included in this model, 
and we verified the linear assumption using penalized splines on 
four degrees of freedom. As all analyses for PM2.5 were consistent 
with linearity (see results), we computed adjusted hazard ratios and 
their 95% confidence limits in relation to an increase of 10 μg/m3.

We fitted models that successively included covariates from 
previous models. First, we fitted a model that contained PM2.5 
only (model I) and then another model that also contained indi-
vidual-level factors for occupation, marital status, and attained 
education (model II). A third model included the covariates 
from the previous models, as well as body mass index and 
cigarette pack-years. Model IV included additional covariables 
representing reproductive factors (ever pregnant, oral contrac-
tive use, hormone replacement therapy, age at menarche), breast 
self-examination, and family history of breast cancer. Model 
V included the terms in Model IV, as well as contextual mea-
sures of neighborhood characteristics obtained from the 1991 
Canadian census data, namely median household income, pro-
portion of individuals with high-school education, percentage of 
low-income households, and unemployment rate. We followed 
this approach as it facilitated comparisons for previous risk esti-
mates for all-cause mortality generated in this cohort.16

We conducted additional analyses to determine whether the 
associations between PM2.5 and incident breast cancer were 
modified by place of birth (in Canada or elsewhere), whether 
participants had moved after the annual screens had been com-
pleted (between 3 and 5 years after baseline interview), obesity  
(BMI > 30 kg/m2), residential mobility, and whether they had 
smoked cigarettes (tobacco). We inspected the estimates associ-
ated with these first-order interaction terms, as well as P values 
from likelihood ratio tests. Finally, we examined associations 
between air pollution and breast cancer separately for those who 
were randomized into: (i) the screened and (ii) non-screened arms 
of the study. This was done to evaluate whether earlier detection 
of breast cancers may impact the air pollution risk estimates.

Results
There were a total of 89,835 women in the Canadian National 
Breast Screening Study. We excluded 15 women who, based on 
the probabilistic record linkage, were diagnosed with an incident 
breast cancer before entry into the study. Residential measures of 

PM2.5 were assigned to 99.4% of subjects (n = 89,262). Estimates 
could not be assigned to 573 women due to errors in postal codes 
or because the remote sensing was unable to provide estimates of 
air pollution in some areas of Canada. Thus, there were a total of 
89,247 women in our analyses. In total, 9,419 women died during 
the 25-year follow-up and a total of 6503 women were diagnosed 
with breast cancer. To facilitate comparisons between models, anal-
yses were restricted to women who were not missing data for any 
of the key covariates. After applying these exclusions, hazard ratios 
were generated based on 6,427 incident breast cancers, and using 
an attained age of menopause of 52 years, 646 of these cases were 
premenopausal, while the remaining 5781 were postmenopausal.

Figures that depict participants’ places of residence at the time 
of enrollment and estimates of ambient PM2.5 determined from 
the satellite observations over the period 1998 to 2006 have been 
published previously.16 The median exposure to ambient PM2.5 
that was assigned to the residences at time of entry into the study 
using these exposure estimates was 9.1 μg/m3 (SD = 3.4 μg/m3), 
while the 25th and 75th percentiles were 6.4 and 12.4 μg/m3, 
respectively. Mean concentrations of PM2.5 at baseline were iden-
tical between the women who were randomized between the 
mammography screening and control groups (9.5 μg/m3).

Table 1 shows the distribution of selected sociodemographic 
characteristics of the participants, the number of incident cases 
of breast cancer, and mean concentrations of PM2.5. Women 
were initially screened between ages 40 and 59 years, with about 
equal numbers in each 5-year age group, except for 55 to 60 year 
(18.4%). Most women were born in Canada (82.2%), most were 
married (79.8%), about 26% had less than a high-school edu-
cation, and about 55% had college or higher education. There 
was little variation of concentrations of PM2.5 by age group or 
educational status. Women born outside of North America had 
higher concentrations as compared to those born in Canada or 
the United States, and women who were married or widowed had 
lower concentrations as compared to those in other categories.

Table 2 shows similar information for accepted or suspected risk 
factors for breast cancer. About 87% of the population had a body 
mass index under 30, 30% had a family history of breast cancer, 
59.3% started their periods after age 13 years, 27% took hormonal 
replacement therapy, 60% took oral contraceptive therapy, 88% 
were pregnant, and 49% smoked cigarettes. There was little varia-
tion in exposures to PM2.5 by categories of each of these risk factors.

Table 3 shows adjusted hazards ratios for each of the five mod-
els by menopausal status and for the entire cohort. There was no 
association between PM2.5 and incident breast cancer among post-
menopausal women as shown in the fully adjusted model (hazard 
ratio [HR] was 1.00; 95% confidence interval [CI] = 0.92, 1.09). 
Among premenopausal women (using 52 years of age as the cut-
off), there was evidence of some confounding by the contextual 
covariates, and the HR was 1.37 (95% CI = 1.09, 1.73) when 
adjusted for all personal variables (model IV) but decreased to 
1.27 (95% CI = 0.99, 1.63) when the contextual-wide variables 
were added (model V). The HR for all women combined was 
1.02 (95% CI = 0.95, 1.10; model IV).

Table 4 shows little variation in the hazard ratios according 
to the three definitions for premenopausal status; among pre-
menopausal women, the HRs varied between 1.27 and 1.37.

Findings from various stratified analyses are presented in 
Table 5. We found no statistical evidence of effect modification 
according to any of the other characteristics examined.

Figure 1 shows the fully adjusted (model V) response pattern 
of ambient concentrations of PM2.5 for the entire cohort. Hazard 
ratios (HR) in this analysis and other analyses (data not shown) 
were consistent with linearity. The adjusted hazard ratios in 
premenopausal and postmenopausal women, based on whether 
they were assigned to the screened or control arm of the study, 
are presented in Figure  2. The adjusted hazard ratio for a 10 
μg/m3 increase in PM2.5 for premenopausal breast cancer in the 
screened arm was 1.54 (95% CI =1.10, 2.15), and in the non-
screened arm, it was 0.99 (95% CI = 0.69, 1.42).
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Table 2

Mean concentrations of PM2.5
a across accepted or suspected risk factors for breast cancer

Risk Factor Value
Number and Percentage  

of Women
Incident Breast  

Cancers
Mean PM2.5  

(Interquartile Range)

Body mass index <18.5 1308 1.5 82 10.25 (7.60–13.10)
 18.5–24 51,294 57.5 3687 9.63 (6.60–12.60)
 25–29 24,786 27.8 1846 9.25 (6.20–12.20)
 30–34 7631 8.6 563 9.19 (6.20–12.20)
 35+ 3204 3.6 246 9.13 (6.10–12.20)
 Unknown 1024 1.2 79 11.46 (9.40–13.40)
Breast self-examination Yes 44,497 49.9 3404 9.34 (6.30–12.20)
 No 44,281 49.6 3066 9.64 (6.70–12.70)
 Unknown 469 0.5 33 10.18 (6.80–14.10)
Family history of breast cancer Yes 27,157 30.4 2383 9.39 (6.30–8.80)
 No 50,013 56.0 3326 9.61 (6.70–12.60)
 Uncertain 11,822 13.3 775 9.28 (6.10–12.30)
 Unknown 255 0.3 19 9.89 (5.50–14.10)
Age at menarche (in years) <12 14,991 16.8 1112 9.52 (6.40–12.60)
 12 20,686 23.2 1557 9.45 (6.40–12.20)
 13 25,986 29.1 1920 9.45 (6.30–12.30)
 14+ 26,978 30.2 1871 9.57 (6.70–12.40)
 Unknown 606 0.7 43 9.48 (6.10–13.00)
Hormonal replace therapy Yes 23,719 26.6 1721 9.58 (6.60–12.30)
 No 64,151 71.9 4683 9.47 (6.40–12.40)
 Unknown 1377 1.5 99 9.37 (5.20–13.38)
Oral contraceptive use Yes 53,330 59.8 3760 9.45 (6.30–12.30)
 No 35,751 40.1 2728 9.57 (6.80–12.40)
 Unknown 166 0.2 15 9.47 (5.40–12.70)
Smoking status Never 44,004 49.3 3109 9.47 (6.60–12.20)
 Ever 45,047 50.5 3383 9.52 (6.30–12.60)
 Unknown 196 0.2 11 10.55 (7.40–14.10)
Ever pregnant Yes 78,535 88.0 5543 9.42 (6.30–12.20)
 No 10,656 11.9 958 10.03 (7.20–13.20)
 Unknown 56 0.1 2 10.05 (5.70–14.60)
Total  89,247 100 6503 9.50 (6.40–12.40)

aPM
2.5

 concentrations were assigned to participants’ place of residence at baseline based on remote-sensing data collected between 1998 and 2006.

Table 1

Selected sociodemographic characteristics of the 89,247 participants of the Canadian National Breast Screening Study whose 
residential exposure to ambient PM2.5 could be determined

Characteristic Value
Number and Percentage  

of Women
Incident Breast  

Cancers
Mean PM2.5

a  
(Interquartile Range)

Age at entry (y) 40–45 26,455 29.6 1677 9.44 (6.60–12.20)
 45–50 23,644 26.5 1728 9.48 (6.40–12.30)
 50–55 22,684 25.4 1735 9.55 (6.40–12.60)
 55–60 16,464 18.5 1363 9.55 (6.30–12.70)
Birthplace     Canada 73,397 82.2 5422 9.34 (6.40–12.20)
     United Kingdom 6854 7.7 494 10.45 (6.30–14.30)
     European (excluding UK) 5137 5.8 342 10.27 (7.10–13.20)
     United States 1757 2.0 122 9.73 (5.80–14.00)
     Other 2102 2.4 123 9.80 (6.00–13.50)
Marital status     Never married 5696 6.4 494 10.39 (7.60–13.10)
     Married 71,188 79.8 5180 9.35 (6.30–12.20)
     Divorced 5790 6.5 367 10.00 (6.30–13.10)
     Separated 2759 3.1 192 10.27 (7.10–13.10)
     Widowed 3709 4.2 257 9.56 (6.50–12.70)
     Unknown 105 0.1 13 10.48 (5.70–14.40)
Education Less than high school 23,292 26.1 1569 9.47 (7.10–12.20)
 Completed high school 11,118 12.5 788 9.97 (7.00–13.00)
 Trade\vocational school 5001 5.6 362 9.24 (6.10–12.20)
 College\business 30,849 34.6 2269 9.25 (6.10–12.20)
 University 18,916 21.2 1504 9.72 (6.30–12.80)
 Unknown 71 0.1 11 9.59 (7.60–12.20)
Total

 
89,247 100 6503 9.50 (6.40–12.40)

aPM
2.5

 concentrations were assigned to participants’ place of residence at baseline based on remote-sensing data collected between 1998 and 2006.
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Discussion

In this cohort study of approximately 88,000 Canadian women, 
we found excess risks of breast cancer in premenopausal women 
that were positively associated with satellite measurements 
of PM2.5 at a resolution of approximately 10 × 10 km, at their 

residences at time of enrollment. The magnitude of this asso-
ciation was approximately a 26% increased risk per 10 μg/m3 
increase of PM2.5. This increase was only evident among those 
women who were randomized into the screening arm of the 
study. We found no evidence of associations among postmeno-
pausal women.

In a number case–control studies, increased risks of breast can-
cer have been reported among those with higher exposures to 
traffic-related air pollution.4,6,7 In the Sister Study,14 associations 
were found for PM2.5 and nitrogen dioxide (NO2), a marker for 
traffic-related air pollution, among cases with positive estrogen 
receptor and positive progesterone receptor (ER+/PR+) status. No 
association was found among cases with negative estrogen receptor 
and negative progesterone receptor status ER(-)/PR(-). Recently, we 
showed in another population-based case–control study conducted 
in Montreal no evidence of associations for UFPs across all subjects 
but found slightly higher associations among cases with positive 
estrogen and progesterone receptor status.7

Comparison of the present results with findings of other studies 
is complicated by different exposure metrics used to represent the 
complex mixture that is air pollution. In our study, we estimated 
national, spatially resolved concentrations of PM2.5, but in other 
studies, other pollutants, notably NO2 and UFPs, were measured 
and at other resolutions. NO2 measured at local scales, such as at 
street level (e.g., Crouse et al.4,31), is an accepted marker for traf-
fic-related air pollution,32,33 whereas the sources for fine particu-
lates include combustion of fossil fuels, other industrial processes, 
resuspended dusts, soils, crustal materials from farming, wear of 
roads and tires, pollen, and also mold spores, and so forth. UFPs, 
such as used in a case-control study in Montreal,7,34 are second-
ary particles that form through other processes, and while related 
to combustion sources, notably mobile diesel sources, appear to 
have a spatial distributions that is different from NO2, at least in 
Montreal, and vary considerably.

Another complication is that pre- and postmenopausal 
breast cancer likely reflect different diseases with differing, 
albeit overlapping, etiologies. In some studies, no distinction 
is made between these types of breast cancer. In addition, there 
may be subtypes of breast cancer, perhaps characterized by 
morphology but also receptor status in which risks may differ. 
For example, in a population-based case–control study con-
ducted in Montreal between 2008 and 2011, we did not find 
evidence of associations for ultrafine particles (UFPs) across 
all subjects but found slightly higher associations among cases 
with positive estrogen and progesterone receptor status.7

The positive associations we observed between ambient 
PM2.5 and premenopausal breast cancer were only appar-
ent among those women who were randomly assigned to the 
screening group. We were surprised by this result, given the 
absence of a positive association with post-menopausal breast 
cancer and given that women’s self-reported indication of 
breast self-examination did not substantially alter the risk esti-
mates. These findings should be interpreted cautiously as the 
study had limited statistical power to evaluate effect modifi-
cation due to the relatively small number of premenopausal 
breast cancers. In particular, the P value associated with the 
first-order interaction term to test for effect modification was 
0.08. Our finding of a stronger association between air pol-
lution and premenopausal breast cancer among women with 
mammography screening differs from the finding of Hystad et 
al.6 who found attenuated risk estimates. More work is needed 
to better understand the role of screening on associations 
between air pollution and breast cancer.

Although we adjusted for most accepted and suspected risk fac-
tors, residual confounding effects may have occurred because not 
all risk factors were measured (e.g., alcohol consumption, X- or 
gamma-radiation, dieldrin, digoxin, ethylene oxide, polychlorinated 
biphenyls, or shift work).35 From the ones that we did measure, 
there were no notable differences in concentrations of PM2.5, thus 
suggesting that any residual confounding would likely be minor.

Table 3

Adjusted hazard ratios of incident breast cancer in relation to an 
increase of 10 μg/m3 of PM2.5,

a by menopausal status defined at age 
52 years, Canadian National Breast Screening Study, 1982–2005

Hazard Ratio (95% CI)

Regression model
Premenopausal  

(n = 646)
Postmenopausal  

(n = 5781)
All Breast Cancers  

(n = 6427)

Model I 1.35 (1.08–1.70) 1.00 (0.93–1.08) 1.03 (0.96–1.11)
Model II 1.36 (1.08–1.71) 0.98 (0.91–1.06) 1.01 (0.94–1.09)
Model III 1.37 (1.09–1.72) 0.98 (0.91–1.06) 1.01 (0.94–1.09)
Model IV 1.37 (1.09–1.73) 0.99 (0.92–1.06) 1.02 (0.95–1.10)
Model V 1.26 (0.99–1.61) 1.00 (0.92–1.09) 1.01 (0.94–1.10)

Model I, unadjusted model; Model II, adjusted for occupation, marital status, attained education; 
Model III, includes terms in Model II and further adjustment for body mass index and cigarette 
pack-years; Model IV, includes terms in Model II and further adjustment for ever pregnant, oral 
contractive use, hormone replacement therapy, age at menarche, breast self-examination, and 
family history of breast cancer; Model V, includes terms in Model IV and further adjustment for 
contextual measures (median income, proportion with high school education, percentage of low 
income households, and unemployment rate).
aPM

2.5
 concentrations were assigned to participants’ place of residence at baseline based on 

remote-sensing data collected between 1998 and 2006.

Table 4

Adjusted hazard ratios (HRs) of incident breast cancer in relation 
to an increase of 10 μg/m3 of PM2.5

a by varying definitions of age of 
menopause, Canadian National Breast Screening Study, 1982–2005

Age at Menopause 
(years)

Premenopausal Postmenopausal

Breast  
Cancers HRb 95% CI

Breast  
Cancers HR 95% CI

    50 467 1.34 1.02–1.76 5960 1.01 0.93–1.09
    52 646 1.37 1.09–1.73 5781 0.99 0.92–1.06
    54 855 1.27 1.04–1.55 5572 0.99 0.92–1.07

aPM
2.5

 concentrations were assigned to participants’ place of residence at baseline based on 
remote-sensing data collected between 1998 and 2006.
bUsing model IV, which included age, occupation, marital status, attained education, ever pregnant, 
Breast self examination (BSE), oral contraceptive (OC) use, Hormone replacement therapy (HRT), 
family history of breast cancer (BC) and age at menarche.

Table 5

Adjusted hazard ratios (HRs) and 95% CIs for the incidence of 
breast cancer in relation to an increase of 10 μg/m3 increase in 
PM2.5

a by various factors, Canadian National Breast Screening 
Study 1982–2005

 

Breast Cancer

Incident Cases HRb and 95% CI

Overall 6427 1.02 (0.95–1.10)
Canadian born 5357 0.96 (0.82–1.13)
Non-Canadian born 1070 1.05 (0.97–1.14)
Obese (BMI ≥ 30) 801 1.02 (0.94–1.10)
Non-obese (BMI < 30) 5548 1.09 (1.02–1.18)
Mover 1168 1.04 (0.88–1.23)
Non-Mover 5259 1.02 (0.94–1.10)
Never Smoker 3072 1.05 (0.95–1.15)
Ever Smoker 3346 1.00 (0.90–1.11)

aPM
2.5

 concentrations were assigned to participants’ place of residence at baseline based on 
remote-sensing data collected between 1998 and 2006.
bUsing model IV, which included age, occupation, marital status, attained education, ever pregnant, 
Breast self examination (BSE), oral contraceptive (OC) use, Hormone replacement therapy (HRT), 
family history of breast cancer (BC) and age at menarche.
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This study has a number of other strengths. First, we had a 
large number of cases of incident breast cancer, thereby pro-
viding sufficient statistical power to estimate response patterns. 
Second, the use of remote sensing–derived estimates of PM2.5 
allows us to assign exposure to virtually the entire cohort. 
Previous methods that relied on fixed-site measures of traffic- 
related pollution are limited in that they are restricted to urban 
areas where monitoring systems are in place. Another important 

strength of our study was the availability of individual-level risk 
factors that allowed us to adjust for smoking behaviors and obe-
sity. Third, we were able to adjust for contextual effects through 
the use of small-area data obtained from the Canadian census.

A limitation of the study is that because we did not have direct 
contact with participants after the first six years of following, we 
could not unambiguously assign menopausal status using other 
information, such as the WHO criteria for menopausal status 

Figure 1. The association between the incidence of pre- and post-menopausal breast cancer and concentrations of PM2.5* using a penalized spline on 
4 degrees of freedom, adjusted for age, personal, and ecological covariates. The response function is centred on a concentration of 10 μg/m3 (approximately 
the mean). The maximum likelihood estimate is shown as the solid line, and the broken lines represent the upper and lower pointwise 95% confidence limits. 
*PM2.5 concentrations were assigned to participants’ place of residence at baseline based on remote-sensing data collected between 1998 and 2006. PM2.5, 
fine particulate matter.
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that accounts for hormone replacement therapy, hysterectomy, 
and bilateral oophorectomy).36,37 As the hazard ratios did not 
vary dramatically according to three different age cutoffs to clas-
sify women as postmenopausal, this may not be an important 
limitation.

Another limitation of our study is the inevitability of some 
exposure misclassification introduced by relying on assigning 
exposure to the place of residence at time of entry. Given the 
length of the follow-up interval, many subjects likely would have 
moved. Under a classical error model assumption, this would 
introduce nondifferential exposure measurement error that 
would serve to understate any true association. Our sensitiv-
ity analysis that examined risk differences between those who 
moved within the first 3 to 5 years of follow-up and those who 
did not found they were similar. Approximately 19% of individ-
uals had moved during this time frame. This suggests that resi-
dential mobility is unlikely to greatly influence the risk estimates.

In addition to misclassification of exposure due to residential 
mobility, errors in measurement may have also been introduced 
from the assignment of PM2.5 concentrations using remote sensing 
data collected from 1998 onwards. As the diagnosis of premeno-
pausal breast cancer would have generally occurred at an earlier 
stage of the follow-up period than for postmenopausal breast can-
cer, this potential exposure misclassification would have a greater 
impact on air pollution risks for premenopausal women. Assuming 
this exposure measurement error to be nondifferential between 
those who develop and do not develop breast cancer, this suggest 
that our risk estimate among those who were diagnosed with pre-
menopausal breast cancer are attenuated to a greater degree than 
those diagnosed in postmenopausal women. Given the lack of 
PM2.5 monitoring in Canada before 1990, it is difficult to evaluate 
the extent of these biases as it is not possible to describe the spatial 
and temporal changes in PM2.5 concentration during the first 10 
years of follow-up of this cohort. However, recent modeling sug-
gests that overall Canadian concentrations of PM2.5 have changed 
very little since 1990. Specifically, Brauer et al.38 estimated that the 
population-weighted estimates of PM2.5 in Canada in 1990, 2000, 
and 2010 were 11.25, 10.47, and 11.89 μg/m3, respectively.

In summary, our findings suggest that ambient exposure to 
PM2.5 increases the risk of developing premenopausal breast 

cancer. Additionally, it suggests that low levels of air pollution, 
observed in Canadian studies, are relevant from a population 
health perspective.
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