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Abstract It has been observed that women living in urban

areas have a higher mammographic density (MD) compared

to women living in rural areas. This association might be

explained by regional differences in reproductive and life-

style factors or perhaps by variation in exposure to ambient

air pollution as air pollution particles have been described to

show estrogenic activity. We investigated the association

between degree of urbanization and MD, and aimed to

unravel the underlying etiology. 2,543 EPIC-NL participants

were studied, and general linear models were used. Urban-

ization was categorized into five categories according to the

number of addresses/km2. Information on reproductive and

lifestyle factors was obtained from the recruitment ques-

tionnaire. Air pollution exposure was estimated using land-

use regression models. MD was expressed as percent density

(PD) and dense area (DA), and was quantified using

Cumulus. Women living in extremely urbanized areas had a

higher PD (21.4 %, 95 % confidence interval (CI)

20.5–22.3 %) compared to women living in not urbanized

areas (16.1, 95 % CI 14.5–17.8 %, Ptrend \ 0.01).The

association persisted after adjustment for reproductive and

lifestyle factors as well as for individual exposure to air

pollution (adjusted PDextremely_urbanized = 22.1 %, 95 % CI

18.0–26.5 % versus adjusted PDnot_urbanized = 16.9 %,

95 % CI 13.0–21.2, Ptrend \ 0.01).The results for DA

showed close similarity to the results for PD. We found

evidence that degree of urbanization is associated with MD.

The association could not be explained by differences in

reproductive and lifestyle factors or by variation in air pol-

lution exposure.
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Abbreviations

ACR

BI-RADS

American College of Radiology Breast

Imaging-Reporting and Data System

BA Breast area

BMI Body mass index

CI Confidence interval

DA Dense area

EPIC European Prospective Investigation into

Cancer and Nutrition

ESCAPE European Study of Cohorts for Air Pollution

Effects

HRT Hormone replacement therapy

IQR Interquartile range

MD Mammographic density

NOx Nitrogen oxides

NO2 Nitrogen dioxide

OAC Oral contraceptive
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OR Odds ratio

PD Percent density

PM2.5 Particulate matter with an aerodynamic

diameter of less than 2.5 lm

PM2.5 abs Blackness of the PM2.5 exposed filter

PMcourse Particulate matter with an aerodynamic

diameter between 2.5 and 10 lm

PM10 Particulate matter with an aerodynamic

diameter of less than 10 lm

SES Socio-economic status

Introduction

It has been observed that women living in urban areas have

a higher mammographic density (MD) compared to women

living in rural areas [1, 2]. Perry et al. investigated the

association by comparing MD values of women living in

London with MD values of women living in rural areas

around London [1]. Viel et al. investigated this association

within the French national breast cancer screening program

[2]. Both studies observed more women in the highest MD

category in urban than in rural areas. The underlying cause

could not be elucidated, but MD risk factors might have

been responsible, because the two studies had only limited

data available on these factors (i.e., age, hormone

replacement therapy (HRT) use, and marital status).

MD is a well-known breast cancer risk factor [3] and is

thought to represent the estrogen exposure cumulative

during life [4]. Consequently, MD is associated with

reproductive factors, such as parity, menopausal status, and

HRT use [5–8]. In addition, associations with lifestyle

factors like smoking habits and alcohol consumption have

been observed [6, 7, 9]. Therefore, it might be that

observed associations between degree of urbanization and

MD are—at least partly—explained by variation in repro-

ductive and lifestyle factors. On the other hand, it is

hypothesized that degree of urbanization represents dif-

ferences in exposure to ambient air pollution [1, 2]. Air

pollution particles could possibly affect MD via the

estrogen-related pathway as Clemons et al. have demon-

strated that air pollution particles have estrogenic activity

[10].

The aim of this study was to investigate the association

between degree of urbanization and MD within the Dutch

screening population. Since we have information on many

MD risk factors, we could additionally examine to what

extent this relationship is explained by variation in well-

known MD risk factors. Furthermore, we examined whe-

ther variation in air pollution exposure could explain the

relationship under study.

Methods

Study population

The study was performed within the EPIC-NL study [11],

which is a Dutch cohort study that participates in the

European Prospective Investigation into Cancer and

Nutrition (EPIC) study [12, 13]. EPIC is a European-wide

cohort study designed to investigate the association

between nutrition and cancer. For this study, we used data

from a subcohort of EPIC-NL, which is the Prospect cohort

[14]. Prospect-EPIC participants were recruited through the

breast cancer screening program in Utrecht and vicinity.

This regional program is part of the national Dutch cancer

screening program. From 1993 to 1997, 17,357 individuals

aged 49–69 years were included when visiting the

screening program. The design of both EPIC and Prospect-

EPIC has been described in detail elsewhere [12, 14].

MD was not a standard measurement in the screening

program and therefore assessed for two subpopulations

(together n = 2,588) [15, 16]. The first subpopulation

comprised controls of a nested case-control study on age-

related changes in MD (n = 1,156) [15].This study inclu-

ded women without a history of (breast) cancer, except

non-melanoma skin cancer, and with at least 3 mammo-

graphic examinations available. The second population

comprised women of a 10 % random sample of the total

Prospect-EPIC cohort (n = 1,432) [16].

Women with missing postal code values were excluded

(n = 45), leaving 2,543 women for the analyses. All par-

ticipants gave written informed consent. The study was

approved by the Institutional Review board of the Uni-

versity Medical Center Utrecht.

Assessment of degree of urbanization

Data on degree of urbanization were derived from Statistics

Netherlands [17]. Since recruitment was between 1993 and

1997 with a mean of 1995, we obtained data from 1995.

Urbanization at a participant address was defined as the

number of addresses per km2 for every municipality and

was categorized according to the classification from Sta-

tistics Netherlands: not urbanized (0–499 addresses/km2),

hardly urbanized (500–999 addresses/km2), moderately

urbanized (1,000–1,499 addresses/km2), strongly urbanized

(1,500–2,499 addresses/km2), and extremely urbanized

([2,499 addresses/km2) [18].

Assessment of reproductive and lifestyle characteristics

Information on reproductive and lifestyle characteristics

was obtained from the recruitment questionnaire and

described in more detail under Statistical analysis.
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Neighborhood socio-economic status (SES) was defined as

the percentage high-income households (i.e., at or above

the national 80th percentile) per postal code. These data

were derived from Statistics Netherlands and were only

available for the year 2001 [17].

Assessment of air pollution exposure

Air pollution exposure was estimated using land-use

regression models from the European Study of Cohorts for

Air Pollution Effects (ESCAPE) [19, 20]. This technique

has been described in detail elsewhere [19, 20]. In brief,

nitrogen oxides (NOx), nitrogen dioxide (NO2), and par-

ticulate matter with an aerodynamic diameter of less than

10 lm (PM10) as well as less than 2.5 lm (PM2.5), and

blackness of the PM2.5 exposed filter (PM2.5 abs) were

measured during different seasons at several representative

measurement sites in the Netherlands and Belgium (n = 80

NOx and NO2 sites; n = 40 PM sites) between February

2009 and February 2010 [21, 22]. The amount of particu-

late matter with an aerodynamic diameter between 2.5 and

10 lm (PMcoarse) was calculated by subtracting PM10 from

PM2.5. For each air pollutant component, a land-use

regression model was developed. The mean annual con-

centration of the air pollutant component was used as the

dependent variable, and predictor variables collected using

geographic information systems for each monitoring site

were used as independent variables. These predictor vari-

ables were related to traffic intensity and extensiveness of

road network, as well as land use and population density.

The home address of each Prospect-EPIC participant (i.e.,

postal code and number) at recruitment was recoded into

standard Dutch geographic coordinates. The air pollution

exposure for each geographic coordinate in the Prospect-

EPIC cohort was estimated using land-use regression

models.

Assessment of MD

The film-screen mammograms were digitized with a Canon

CFS300 scanner. The left mediolateral oblique view was

used for density assessment. MD was semi-automatically

quantified using Cumulus software (University of Toronto,

Canada). For each image, the pectoral muscle was manu-

ally masked out. Subsequently, the reader set a threshold to

outline the breast area (BA). A second threshold distin-

guished the dense area (DA) from the non-dense area. The

software program then determined the number of pixels

within the DA as well as within the total BA. Percent

density (PD) was calculated by dividing the DA by the total

BA multiplied by 100. For both studies, one reader asses-

sed all mammograms [16, 23]. The intraclass correlation

coefficients for the between-batch correlation for PD, DA,

and BA were, respectively, 0.96, 0.96, and 1.00 for the

study by Lokate et al. [23] and 0.91, 0.93, and 1.00 for the

10 % random sample [16].

Statistical analysis

To illustrate the MD distribution across degree of urbani-

zation levels, continuous PD measurements were catego-

rized. Categories were defined as to resemble the

distribution of the often used clinical American College of

Radiology Breast Imaging-Reporting and Data System

(ACR BI-RADS) density categories: 1 almost entirely

fatty, 2 scattered fibroglandular densities, 3 heteroge-

neously dense, and 4 extremely dense [24]. The distribu-

tion of the Breast Cancer Surveillance Consortium data

described by Kerlikowske was used (i.e., ACR BI-RADS

density distribution: 1 = 9.5 %; ACR 2 = 47.5 %; ACR

3 = 37.3 %; ACR 4 = 5.7 %) [25].

For the analysis of covariance, MD values (i.e., PD and

DA values) were transformed to make the distributions

normal via the equation: X0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xþ 0:5ð Þ
p

[26]. Degree of

urbanization and categorical confounders were included as

fixed factors and continuous confounders as covariates.

Model 1 was adjusted for subpopulation (population 1,

population 2), age (continuous, years), and body mass index

(BMI) (continuous, kg/m2). To determine to what extent the

association was explained by variation in reproductive and

lifestyle factors, we additionally adjusted for the following

factors (model 2): age at menarche (\12, 12–14, [14 years),

oral contraceptive (OAC) use (never, past, current), age at

first delivery (nulliparous, B25, [25 years), number of

children (continuous), breast feeding (never, ever), meno-

pausal status (premenopausal, perimenopausal, postmeno-

pausal B50 years, postmenopausal [50 years), HRT use

(never, past, current), physical activity (inactive, moderately

inactive, moderately active, active), smoking (never, past,

current), alcohol user (yes, no), alcohol use (continuous,

g/day), educational level (primary school, technical/profes-

sional school, secondary school, university degree), and

percentage high-income households at neighborhood level

(continuous). Women were considered premenopausal when

they had had at least 6 menstrual periods in the 12 months

prior to inclusion and were not currently using OAC or HRT.

Women without any menstrual periods during the last

12 months either natural or surgical were categorized as

postmenopausal. The perimenopausal category included

women who reported having had less than 6 menstrual cycles

during the last 12 months or women who used OAC or HRT

at the time of inclusion or when they had equivocal data. In

model 3, we additionally adjusted for environmental factors

(i.e., NO2, NOx, PM2.5, PM2.5 abs, PM10, and PMcoarse). The

effect of each air pollutant on the association under study was
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investigated as well as the combined effect of all air pollu-

tants together.

As the association between air pollution exposure and

MD has not been studied yet, we additionally assessed this

relationship using linear regression analysis. Each air pol-

lutant under study was analyzed per interquartile (IQR)

increase in exposure.

Sensitivity analyses were performed to assess robustness

of the association under study. First, results were stratified

by menopausal status at recruitment as estrogen levels

decrease after menopause, and it has been hypothesized

that an estrogen-related pathway might be involved in the

association under study [10, 27]. Since smoking behavior is

expected to be related to degree of urbanization [17] and

results are prone to residual confounding due to an

imprecise measurement of exposure to cigarette smoke, we

repeated the analyses in never smokers (n = 1,087).

Lastly, results were stratified by subpopulation in order to

determine whether both datasets showed similar results.

The back transformed means and confidence intervals

(CI) of density measures were calculated via the equation:

X0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xþ 0:5ð Þ
p

[26].

Two-tailed p values of \0.05 were considered as sta-

tistically significant. The statistical analyses were per-

formed using IBM SPSS Statistics version 20.

Results

In total, 2,543 women were included with a median age at

recruitment of 57 years (IQR = 52–62 years). Of these

women, 1,929 (75.9 %) were postmenopausal. The median

Table 1 Characteristics of EPIC-NL participants at recruitment for the upper and lower level of degree of urbanization (n = 2,543)

Overall Degree of urbanization

Not urbanized

(0–499 addresses/km2)

Extremely urbanized

([2,499 addresses/km2)

N (%) 2,543 (100) 174 (6.8) 799 (31.4)

Mammographic density risk factors

Age at mammography (years)a 57 (52;62) 56 (52;62) 57 (52;62)

BMI (kg/m2)a 25.4 (23;28) 25.3 (23;28) 25.4 (23;28)

Age at menarche (years)a 13 (12;14) 13 (12;14) 13 (12;14)

OAC use (% Current) 3.7 1.7 3.9

Parity (% Nulliparous) 11.3 6.9 16.6

Number of childrena,b 2 (2;3) 3 (2;3) 2 (2;3)

Breast feedingc (% Ever) 81.6 83.9 80.4

Menopausal status (% Post) 75.9 75.9 76.6

HRT use (% Current) 4.7 3.4 3.1

Physical activity (% Active) 40.1 39.1 40.3

Alcohol use (g/day)a 3.7 (0.4;13) 2.4 (0.3;11) 2.7 (0.2;12)

Smoking (% Current) 21.8 10.9 26.8

Educational level (% University degree) 16.6 17.8 16.6

% High-income households at neighborhood levela,c 24 (17;29) 26 (24;35) 16 (11;28)

Air pollution variablesd

NO2 27 (23;30) 0.76 20 (19;23) 31 (29;32)

NOx 37 (33;43) 0.60 28 (27;33) 43 (41;46)

PM2.5 17 (17;17) 0.22 17 (16;17) 17 (17;17)

PM2.5 abs 1.3 (1.2;1.5) 0.65 1.2 (1.1;1.3) 1.5 (1.4;1.6)

PM10 25 (24;26) 0.68 24 (24;25) 26 (26;26)

PMcoarse 8.3 (8.0;8.8) 0.36 7.7 (7.7;8.5) 8.5 (8.3;8.9)

BMI body mass index, OAC oral contraceptive, HRT hormone replacement therapy, NO2 nitrogen dioxide, NOx nitrogen oxides, PM fine particles
a Median (interquartile range)
b Including only parous women
c A high-income household is defined as a household with an income at or above the national 80th percentile
d Spearman correlation, median (interquartile range)
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PD was 20.7 % (IQR = 11.6–32.5 %) and the median DA

was 25.0 cm2 (IQR = 15.4–37.2 cm2).

Table 1 shows the characteristics of the study popula-

tion at recruitment for the upper and lower level of degree

of urbanization. Women living in extremely urbanized

areas were more frequently current OAC users and more

often nulliparous compared to women living in not

urbanized areas. In addition, they were more frequently

current smokers and lived in lower SES neighborhoods.

The median air pollution concentrations were higher in

extremely urbanized areas compared to not urbanized

areas, especially NO2 and NOx concentrations.

Figure 1 presents the results for PD values categorized

according to BI-RADS density-like categories. Women

living in extremely urbanized areas were more frequently

categorized into category 3 (heterogeneously dense) or 4

(extremely dense) (together 48.2 %) than women living in

not urbanized areas (28.2 %).

Table 2 shows the association between degree of urbaniza-

tion and mean PD and mean DA. Women living in extremely

urbanized areas had a higher mean PD (21.4 %, 95 % CI

20.5–22.3 %) than women living in not urbanized areas

(16.1 %, 95 % CI 14.5–17.8 %). Although the Ptrend was sig-

nificant (Ptrend \0.01), no clear dose–response relationship

was found. The association persisted after adjustment for other

well-known MD risk factors as well as for individual exposure

to air pollution (adjusted PDextremely_urbanized = 22.1 %, 95 %

CI: 18.0–26.5 % versus adjusted PDnot_urbanized = 16.9 %
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Fig. 1 Distribution of BI-RADS density-like categories across

urbanization levels

Table 2 Mean percent density and mean absolute dense area (cm2) in relation to degree of urbanization (n = 2,543)

Degree of

urbanization

(addresses/

km2)

N Mean percent density (95 % CI) Mean absolute dense area (95 % CI)

Adjusted for

age & BMIa
Adjusted for

reproductive &

lifestyle factorsb

Adjusted for

environmental

factorsc

Adjusted for

age & BMIa
Adjusted for

reproductive &

lifestyle factorsb

Adjusted for

environmental

factorsc

Not urbanized

(0–499)

174 16.1 (14.5–17.8) 16.8 (13.1–21.0) 16.9 (13.0–21.2) 19.5 (17.4–21.6) 19.6 (15.0–24.9) 20.2 (15.3–25.8)

Hardly urbanized

(500–999)

517 20.5 (19.5–21.6) 21.9 (18.0–26.3) 21.9 (17.9–26.3) 26.0 (24.6–27.4) 26.9 (21.8–32.6) 27.2 (22.0–32.9)

Moderately

urbanized

(1,000–1,499)

636 19.4 (18.5–20.3) 20.4 (16.6–24.5) 20.2 (16.4–24.4) 24.3 (23.1–25.5) 25.0 (20.1–30.4) 24.7 (19.9–30.1)

Strongly

urbanized

(1,500–2,499)

417 20.3 (19.1–21.5) 21.3 (17.4–25.6) 21.4 (17.4–25.7) 25.1 (23.6–26.6) 25.9 (20.8–31.5) 25.9 (20.8–31.5)

Extremely

urbanized

([2,499)

799 21.4 (20.5–22.3) 22.1 (18.2–26.4) 22.1 (18.0–26.5) 26.3 (25.2–27.4) 26.7 (21.7–32.2) 26.2 (21.1–31.9)

Ptrend \0.01 \0.01 \0.01 \0.01 \0.01 0.01

CI confidence interval, BMI body mass index
a Adjusted for subpopulation (population 1, 2), age (cont), and BMI (cont)
b Adjusted as ‘adjusted for age & BMI’ model, and for age at menarche (\12, 12–14,[14 years), oral contraceptive use (never, past, current),

age at first delivery (nulliparous, B25 years, [25 years), number of children (cont), breast feeding (never, ever), menopausal status (pre-

menopausal, perimenopausal, postmenopausal B50 years, postmenopausal [50 years), hormone replacement therapy use (never, past, current),

physical activity (inactive, moderately inactive, moderately active, active), smoking (never, past, current), alcohol user (yes, no), alcohol use

(cont), educational level participant (primary school, technical/professional school, secondary school, university degree), and percentage high-

income households at neighborhood level (cont)
c Adjusted as ‘adjusted for reproductive & lifestyle factors’ model, and for nitrogen dioxide (NO2), nitrogen oxides (NOx), and fine particles

(PM2.5, PM2.5 abs, PM10, PMcoarse)
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(95 % CI 13.0–21.2), Ptrend \0.01). The results for mean DA

showed close similarity to the results for PD.

In Table 3, we also showed the main effects of each air

pollutant. High exposure to NO2 was statistically signifi-

cantly associated with high MD and this association was

explained by variation in degree of urbanization. High

exposure to PM2.5 abs and PM10 were borderline associated

with high MD. After adjustment, these relationships could

no longer be observed.

To assess the robustness of the results, three sensitivity

analyses were performed. Firstly, we stratified the results

by menopausal status. Although the number of premeno-

pausal women is too low to test for heterogeneity

(n = 251), the results suggest the associations appear to be

more clearly present in postmenopausal women (data not

shown). In the second sensitivity analysis, results were

stratified by subpopulation, and in the third, the analyses

were repeated in never smokers. Although the smaller

sample size resulted in larger CIs, the results of both sen-

sitivity analyses did not alter our conclusions (data not

shown).

Discussion

The present study provides evidence that women living in

extremely urbanized areas have a higher mean PD than

women living in not urbanized areas. The association could

not be explained by differences in MD risk factors or by

variation in air pollution exposure. Although the Ptrend was

significant, no clear dose–response relationship was found.

Up to now, three studies have been conducted on the

association between urbanization and MD [1, 2, 28], and in

two of these a similar urbanization gradient in MD has

been observed [1, 2]. In line with our results, Perry et al.

observed more women in the highest MD category in

London compared to rural areas around London (odds ratio

(OR)urban_versus_rural = 1.32, 95 % CI 1.04–1.70) [1]. A

study conducted within the French national breast cancer

screening program found a weaker association, but still in

the same direction (ORurban_versus_rural = 1.07, 95 % CI

1.03–1.12) [2]. Aitken et al. performed a study within the

UK Age trial, which is a breast cancer screening trial for

women aged 40–48 years [28]. No association between

urbanization and MD was found, which might have been

caused by the limited variation in urbanization gradient

[28].

Although we adjusted for many well-known MD risk

factors as well as for exposure to air pollution, we were not

able to elucidate the underlying mechanism. We cannot

exclude that we underestimated the effect of air pollution

in this pathway, due to misclassification of air pollution

exposure. Misclassification might have been caused by the

fact that exposure to air pollution was based on 2009–2010

measurements, whereas MD was assessed on mammo-

grams which were taken on average 15 years earlier,

1993–1997. However, we expect this misclassification to

be limited as it has been observed that, although the

Table 3 Transformed percent densitya in relation to air pollution exposure (n = 2,543)

Exposure (increment)e Adjusted for

age & BMIb

b (95 % CI)

Adjusted for reproductive

& lifestyle factorsc

b (95 % CI)

Adjusted for

degree of urbanizationd

b (95 % CI)

Nitrogen dioxide (6.8 lg/m3) 0.12 (0.04–0.20) 0.10 (0.02–0.18) 0.01 (-0.11–0.12)

Oxides of nitrogen (10.8 lg/m3) 0.04 (-0.02–0.10) 0.03 (-0.03–0.09) -0.01 (-0.07–0.05)

Particulate matter B 2.5 lm (0.5 lg/m3) 0.02 (-0.02–0.07) 0.01 (-0.04–0.06) -0.01 (-0.06–0.04)

Particulate matter B 2.5 lm absorbance (0.2 9 10-5 m-1) 0.07 (0.00–0.13) 0.05 (-0.02–0.11) -0.02 (-0.09–0.06)

Particulate matter 2.5–10 lm (0.8 lg/m3) 0.01 (-0.05–0.08) 0.00 (-0.06–0.07) -0.03 (-0.10–0.03)

Particulate matter B 10 lm (1.6 lg/m3) 0.07 (0.00–0.15) 0.05 (-0.03–0.12) -0.04 (-0.13–0.05)

Values are change in transformed percent density per interquartile range increase in exposure

BMI body mass index, ß beta, CI confidence interval

a Percent density values were transformed via the equation X0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xþ 0:5ð Þ
p

b Adjusted for subpopulation (population 1, 2), age (cont), and BMI (cont)
c Adjusted as ‘adjusted for age & BMI’ model, and for age at menarche (\12, 12–14,[14 years), oral contraceptive use (never, past, current),

age at first delivery (nulliparous, B25 years, [25 years), number of children (cont), breast feeding (never, ever), menopausal status (pre-

menopausal, perimenopausal, postmenopausal B50 years, postmenopausal [50 years), hormone replacement therapy use (never, past, current),

physical activity (inactive, moderately inactive, moderately active, active), smoking (never, past, current), alcohol user (yes, no), alcohol use

(cont), educational level participant (primary school, technical/professional school, secondary school, university degree), and percentage high-

income households at neighborhood level (cont)
d Adjusted as ‘adjusted for reproductive & lifestyle factors’ model, and for degree of urbanization
e The increment is the interquartile range of the exposure’s distribution
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absolute air pollution concentrations have changed over

time, the spatial air pollution contrasts remain rather stable

[29–32]. In the Netherlands, a small decreasing trend in

NO2 concentrations has been observed between 1999 and

2007 [33]. Nevertheless, Eeftens et al. found evidence that

NO2 measurements conducted in 2007 showed high

agreement with NO2 measurements taken in 1999–2000

(i.e., absolute concentrations, R2 = 0.86) [32]. In addition,

the land-use regression model that was developed using

measurements from the year 2007 (i.e., NO2 concentrations

and predictor variables) was able to predict NO2 mea-

surements for the years 1999–2000 well (R2 = 0.77).

The limited influence of air pollution exposure on the

association under study might also be explained by the fact

that other environmental factors, besides air pollutants,

play a more important role. For example, organochlorine

pollutants (i.e., industrial chemicals) are described to have

estrogenic properties and organochlorine concentrations

have been observed to be higher in urban than in rural areas

[34–36]. However, one should note that no conclusive

evidence has been found for an association between orga-

nochlorine concentrations and breast cancer risk [37].

Unfortunately, we could not study the influence of orga-

nochlorine or other persistent organic pollutants, because

these data were not available.

The present study has some strengths and limitations

that need to be addressed. A possible limitation of the study

is the small study area (2,400 km2) and thus limited vari-

ation in degree of urbanization. Although the variation

within the region studied, or within the Netherlands, may

be limited compared to other regions in the world, it still

allowed us to observe an urbanization gradient in MD. In a

region with larger variation, one would expect to find an

even stronger association. Another possible limitation is

that we assessed lifestyle habits only at recruitment,

whereas it might be that lifestyle factors have lifetime

cumulative effects or influence MD mainly in early life.

Furthermore, air pollution exposure was estimated for the

home address at recruitment, but we do not know how long

a participant had already lived at her recruitment address.

This might have caused misclassification of lifestyle fac-

tors and air pollution exposure leading to residual con-

founding. One of the major strengths of our study is the

availability of extensive information on MD risk factors,

including data on air pollution exposure. Another strength

of the study is its size. With 2,543 participants, our study is

one of the largest studies conducted so far on this topic.

Despite the fact that we measured many MD risk fac-

tors, any difference in those could not explain the associ-

ation between degree of urbanization and MD.

Nevertheless, from a national health perspective, it is cru-

cial to be aware of regional variation in MD whatever the

cause of this variation may be. MD is an important breast

cancer risk factor [3]. We observed a mean PD difference

between extremely urbanized and not urbanized areas of

5 %. A study by Boyd et al. showed that every 1 %

increase in density, leads to a 2 % increase in the relative

risk to develop breast cancer, which translates to a 10 %

increase in relative risk of breast cancer in case of an

increase of 5 % in PD [38]. The direct relationship between

degree of urbanization and breast cancer risk has already

been studied and some studies observed a higher breast

cancer incidence in urban areas compared to rural areas

[39, 40].Besides this, high MD strongly decreases mam-

mographic tumor detectability, which leads to more missed

cases [25, 41]. This dual effect of MD on cancer incidence

and sensitivity of mammography, results in lower breast

cancer screening performance in these women compared to

women with fatty breasts.

In conclusion, the results of this study showed that

women living in extremely urbanized areas had a higher

MD than women living in not urbanized areas which could

not be explained by other MD risk factors or by differences

in air pollution exposure.
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