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ABSTRACT
We assessed whether long-term exposure to air pollution
is associated with all-cause and cause-speciﬁc mortality
during a period of declining particulate matter
concentrations.
Approximately 4800 women aged 55 years from
North Rhine-Westphalia, Germany, were followed for up
to 18 years. Exposure to air pollution was assessed in
two ways: (1) using the distance between the residential
address and the nearest major road, as calculated from
Geographic Information System data and (2) calculating
1-year average particulate matter concentrations below
10 mm (PM10) and nitrogen dioxide (NO2) levels using
data from the nearest air-monitoring station data to the
subjects’ residences. Ninety-two per cent of all subjects
lived in the same community during the entire follow-up
period. Associations between mortality and exposure
were assessed using Cox’s proportional hazards models,
including confounder adjustment.
Sixteen per cent of women passed away during the
follow-up period. An increase of 7 μg/m3 PM10 (IQR) was
associated with an increased HR for all-cause (HR 1.15,
95% CI (1.04 to 1.27)), cardiopulmonary (HR 1.39, 95%
CI (1.17 to 1.64)), and lung cancer mortality (HR 1.84,
95% CI (1.23 to 2.74)). An increase of 16 μg/m3 (IQR)
NO2 exposure was associated with all-cause (HR 1.18,
95% CI (1.07 to 1.30)) and cardiopulmonary mortality
(HR 1.55, 95% CI (1.30 to 1.84)). The association
between cardiopulmonary mortality and PM10 was
reduced for the extended follow-up period, during which
PM10 concentrations (but not NO2 concentrations) were
lower. Living close to a major road was associated with
an increased relative risk for all-cause, cardiopulmonary
and respiratory mortality. These associations were
temporally stable.
Long-term exposure to ambient PM10 and NO2 was
associated with increased mortality rates.

INTRODUCTION
The epidemiological evidence for the effects of longterm exposure to ambient air pollution on mortality
during adulthood comes from 5 American,1–5
2 Canadian,6 7 4 European8–11 and 3 recently
published Asian studies.12–14 In addition to these 12
prospective cohort studies, a recent systematic review
reporting on the effects of long-term exposure to
ambient air pollution on chronic diseases15 identiﬁed
20 case-control studies. A pooled relative risk (RR) of
1.06 (95% CI 1.03 to 1.10) for a 10 μg/m3 increase
in PM2.5 was reported for all-cause mortality, with
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What this study adds
▸ This study provided estimates for mortality
effects of long-term exposure to ambient air
pollution from Germany. These estimates
should be considered when re-evaluating
European guidelines for air quality standards.
▸ All-cause, cardiopulmonary and lung cancer
mortality increased with increasing exposure to
PM10.
▸ Increased NO2 exposure was associated with a
signiﬁcantly elevated hazard rate ratio for
all-cause and cardiopulmonary mortality.
▸ Living close to major roads was associated
with an increased relative risk for all-cause,
cardiopulmonary and respiratory mortality.

little heterogeneity observed between the six studies
examined.15 The recently published results from a
Canadian study reported an even higher adjusted
hazard rate of 1.15 (95% CI 1.13 to 1.16), although
air pollution concentrations were low.7 The combined RR across three studies2 4 8 was null for PM10
and TSP (total suspended particulate matter). The
pooled RR for an increment of 10 μg/m3 NO2 was
1.00 (95% CI 0.99 to 1.02), but the heterogeneity
across studies was substantial. Of the three studies
which used ‘distance to major roads of less than
50 m’ as a proxy for exposure, two European studies
found an increased risk for all-cause mortality,10 16
but the American study reported null ﬁndings.17
Cardiopulmonary causes of fatalitiy were not associated to NO2 in four cohorts,4 9 17 18 however, positive associations were observed in a German cohort
of women.10 The pooled RR for the association
between cardiopulmonary causes of fatality and
PM2.5 across several publications6 11 16 19–21 was elevated (RR 1.14 (95% CI 1.09 to 1.18)).15 Suggestive
evidence for an increased risk of cardiopulmonary
causes of fatality attributable to living close to major
roads was found in a few studies.15 Lung cancer mortality was not linked to NO2 exposure as the pooled
RR for this association was null (RR 1.01 (95% CI
0.94 to 1.09)). Furthermore, substantial heterogeneity in the effect estimate was observed across the ﬁve
studies.15 Conversely, the risk of lung cancer mortality was consistently found to be associated with
PM2.5 (pooled RR: 1.21 (95% CI 1.1.0 to 1.32)),
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with little heterogeneity between studies. No clear association was
found between living close to a major road and lung cancer mortality when the results from three cohorts were compared.15
Despite their similar underlying study designs, the 13 prospective
cohort studies differed in their composition, size, space and timerelated settings, exposure assessments, follow-up duration,
outcome deﬁnitions and confounder control. Most of the cohorts
were population-based and used area-speciﬁc levels of air pollutants assessed by one or more routine monitoring stations or a
combination of urban background and local sources as the exposure. However, one study11 used a dispersion modelling technique,
and another used satellite observations7 to estimate the ambient
air concentrations at each subject’s address. The methodological
differences in the study designs of the 13 cohorts, the restricted
follow-up duration, the small size of the European studies compared with some of the much larger American studies (eg, the
American Cancer Society Study),2 and the lack of European data
suggest that more long-term European studies are required. The
German Women’s Health Study in North Rhine-Westphalia is one
of the nine cohorts assessing the effects of long-term exposure to
ambient air pollution on mortality worldwide. Results for the ﬁrst
follow-up period (up to 2003) were published previously.10
Because of the substantially longer follow-up period currently
available for this cohort, we are now able to report on causes of
fatality with long latency periods. Furthermore, as the number of
fatalities recorded in this cohort has doubled, we can also now
consider rarer causes of fatality in our analyses.

MATERIALS AND METHODS
Study population and study area
This study was designed as a follow-up of a series of crosssectional studies which examined the effect of air pollution on
the health of women. All the cross-sectional studies were performed in the 1980s and 1990s in North Rhine-Westphalia.10
This area includes the Ruhr area, which is one of Europe’s
largest industrial zones. Online supplementary ﬁgure 1 shows
the timing and number of participants recruited in each of the
cross-sectional studies, as well as the number of participants
who were successfully followed-up till 2008.
For each cross-sectional study, approximately 450 women in
their mid-50s with German nationality, living in a number of
industrial and two non-industrial reference areas (Borken,
Dülmen), were randomly selected and asked to participate. The
overall response rate for these cross-sectional studies was 70%.
Combined, these cohorts consisted of 4874 women, although
complete address information is only available for 4752
women. Geographically, this study population spans 10 areas in
seven cities. The ﬁrst follow-up period ended in 2003 and had a
median and maximum follow-up time of 12.9 years and
18.2 years, respectively.10 The second follow-up period ﬁnished
in October 2008, at which time information on vital status and
migration had been collected for all 4752 women included in
the current study.

Residential mobility, vital status and causes of fatality
Residential mobility, vital status and address information were
obtained for the 4752 women by contacting the residential
registration ofﬁces. Information as to whether the subject was
still living at the same address as during the baseline survey was
provided by the residential registration ofﬁces. These ofﬁces also
provided the new addresses of subjects who had moved, as well
as the location of fatality when appropriate. In total, 74.5% of
participants had not moved since recruitment, 17.5% had only
moved within the community at which they were initially
180

registered, and only 7.8% moved outside their community at
baseline. For those who had moved to a different community,
more than 150 local residential registration ofﬁces were
contacted in order to obtain information on the vital status of
participants. This procedure was repeated for subjects who had
moved several times. Of the 4752 women with complete
address information at baseline, only 10 could not be traced at
the time of follow-up. In total, 740 (16.0%) of the participants
had passed away by the end of 2008. Data on cause of fatality
were provided by the ‘North Rhine-Westphalia state agency for
data processing and statistics’. Only 15 of the 740 (2.0%) fatalities were due to unknown causes. For one woman, the date of
fatality could not be determined. Women who passed away
outside the State of North Rhine-Westphalia were more likely to
have an unknown cause of fatality. Causes of fatality were coded
according to the International Classiﬁcation of Diseases,
Ninth Revision (ICD-9), using the underlying causes of fatality
in part 1 of the death certiﬁcate. All-cause mortality and causespeciﬁc mortality (which includes cardiovascular (ICD-9 codes
400-440.9), pulmonary (ICD-9 codes 460-519.9), cardiopulmonary (ICD-9 codes 400-440.9 or 460-519.9), lung cancer
(ICD-9 code 162-162.9) and respiratory causes (ICD-9 codes
460-519.9)) were the primary outcomes of interest, as deﬁned
according to Gehring et al.10

Estimation of exposure
We used NO2 and PM10 (derived from TSP as surrogates for air
pollution, as previously described elsewhere.9 One-year average
concentrations for each pollutant were calculated for the year of
the baseline examination (which was from 1985 to 1994; see
online supplementary ﬁgure 1) using continuous air pollution
measurements (half-hourly measurements for NO2 and 24 h
measurements for TSP). NO2 concentrations were measured by
means of chemiluminescence, and TSP levels were measured at
state routine monitoring sites by β absorption. PM10 was calculated as 0.71×TSP for all monitoring sites. The factor of 0.71
was derived from parallel measurements of PM10 and TSP at
seven monitoring sites in the study area. Further details are
available in Gehring et al.10 Since the same conversion factor
was used for all monitoring sites, the reported mortality effects
for PM10 are the same as that for TSP. Each participant’s exposure at enrolment was deﬁned as the annual average recorded at
the monitoring station closest to the residential address. Online
supplementary ﬁgure 2 shows the locations of the participants’
baseline addresses and the monitoring stations. The majority of
the subjects (65.2%) were living within a distance of less than
5 km from a monitoring site (see online supplementary
ﬁgure 2). Air pollution levels measured in Borken (which is
close and comparable with Dülmen) were used for Dülmen, as
no monitoring station data were available for this area. The
measurement of air pollution in Borken only began in 1990 and
1991 for NO2 and TSP, respectively. Therefore, air pollution
concentrations prior to these dates were imputed by adding an
‘average’ difference in air pollution levels between 1990 and
1991 and the respective year to NO2 and TSP concentrations
measured in 1990 and 1991. The ‘average’ difference was estimated by a linear regression model with air pollution concentration as the dependent variable, and year of measurement as the
independent variable. An autoregressive (AR(1)) correlation
between repeated measurements taken at the same site was calculated. Since 1998, PM10 is directly measured at several monitoring stations in the study area.
We were able to geo-code 4615 (97.1%) of the participants’
baseline addresses. The proximity of the home to major roads
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(deﬁned as roads with at least 10 000 cars/day) was calculated
for 4230 (91.7% of the geo-coded addresses) participants using
a geographic information system which incorporated trafﬁc
count data provided by the North Rhine-Westphalia State
Environment Agency. We were unable to calculate the distance
to a major road for participants with unknown addresses at the
time of enrolment, or for those living close to the German
border or the border of the State of North Rhine-Westphalia.
For these latter two cases, the buffer around the residential
address includes areas for which road network data are
unavailable.

Confounding variables
As part of the cross-sectional studies, all participants completed
a self-administered questionnaire on education, current symptoms/diseases, medication use, smoking, occupational exposures
and use of gas for cooking and/or water heating. In addition,
81% of the women underwent a physical examination that
included height and weight measurements, which were subsequently used to calculate body mass index (BMI). Confounder
variables were selected a priori, and are the same as those considered in Gehring et al. Socioeconomic status (SES) was
deﬁned as the maximum education level achieved by the study
participant or her partner, and was classiﬁed into three categories: low (compulsory school only), medium (lower and upper
secondary education), and high ( postsecondary education,
including university). Environmental tobacco smoke (ETS)
exposure at home and/or at the workplace was considered
passive smoking. Current smokers were classiﬁed into three categories according to the number of cigarettes smoked. Smokers
with missing information on the number of cigarettes smoked
were assigned to the highest category. Participants who provided
no information on smoking were classiﬁed into a separate category. BMI was classiﬁed as underweight/normal (<25 kg/m2),
overweight (25–30 kg/m2), and obese (≥30 kg/m2), according to
WHO classiﬁcations.22

Statistical analysis
Correlations are presented as Spearman’s rank-order correlation
coefﬁcients. Associations between mortality and exposure were
analysed using Cox’s proportional hazards models including
adjustment for potential confounders (age and smoking history).
Hypertension and asthma were included in some models as
potential confounders in sensitivity analyses. For participants
who passed away, the time in the study was calculated as the difference between the date of the baseline cross-sectional study
and the date of fatality. For those alive at the end of follow-up,
the time in the study was calculated as the difference between
the start and end of follow-up. For participants who moved
during follow-up and were subsequently lost, the time in the
study was calculated as the difference between the start of
follow-up and the last date when the vital status and place of
residence were known. For the Herne study area, no data on
moving was available beyond 2003. In the analysis of causespeciﬁc mortality, participants who passed away from causes
other than those analysed were excluded. We conducted sensitivity analyses to assess differences between movers and nonmovers, subjects recruited between 1985 and 1987, and those
recruited in 1990, and subjects included in the ﬁrst follow-up
(until 2003) and those also included in the second follow-up
(2004–2008). Results are presented as crude and adjusted HR
with 95% CI. Statistical analyses were calculated with the survival package of the R statistical program, V.2.13. Geographic

information system calculations were completed with Arcinfo
(ESRI Inc, Redlands, California, USA).

RESULTS
Description of the study population and exposure
Complete address information was available for 4752 participants. The 122 women without address information at baseline
did not substantially differ in sociodemographic and health characteristics from those with known baseline addresses (data not
shown). Table 1 shows the baseline characteristics of the study
participants. In total, 84% of women reported living 5 years or
longer at their current address. Seventy-ﬁve per cent of all participants had not moved since baseline and less than 8% had moved
outside their community during the entire follow-up (from baseline to 2008). The median and maximum lengths of follow-up
were 18.4 and 21.9 years, respectively. Sixteen per cent of the
cohort passed away (n=740) during follow-up (table 1).
Survivors were of higher SES compared with the deceased, and
had a lower prevalence of current smoking. Asthma, hypertension and obesity were less common in the survivors.
Furthermore, survivors tended to have homes further away from
major roads. Out of the 740 deceased women, 715 (96.6%)
passed away from natural causes, 1.4% passed away from unnatural causes, and the cause of fatality is unknown for 15 (2.0%)
women (see online supplementary table 1). One-third of the
deceased passed away from cardiovascular causes. Respiratory
causes (4.7%) and lung cancer mortality (5.5%) were uncommon. There was a considerable range in exposure to PM10 (34.8–
52.5 mg/m3) and NO2 (20–60 mg/m3) (see online supplementary
table 2). PM10 and NO2 were signiﬁcantly correlated
(Spearman’s correlation coefﬁcient r=0.5). A considerable
decrease, especially in PM10 concentrations, was observed after
1985.

Associations between mortality and air pollution exposure
Estimates for the associations between all-speciﬁc and causespeciﬁc mortality and long-term exposure to PM10 and NO2 are
shown in table 2. Higher NO2 annual averages signiﬁcantly
increased the risk of all-cause and cardiopulmonary mortality,
but not of lung cancer and respiratory mortality after adjustment
for educational level (SES) and smoking history. An
IQR-increment of 7 mg/m3 PM10 signiﬁcantly increased the risk
of all cause-speciﬁc death rates, except respiratory (table 2).
Additional adjustments for hypertension and asthma only marginally changed the results (data not shown), and all-effect estimates remained statistically signiﬁcant. All-cause and
cardiopulmonary mortality risks increased slightly when the
analysis was restricted to the 75% of study participants who
never moved during follow-up (see online supplementary ﬁgure 3;
The corresponding numbers for lung cancer and respiratory
mortality were too small to show stratiﬁed effect estimates with
sufﬁcient precision).
Across the whole population, hazards for all-cause and cardiopulmonary mortality were lower for women living farther than
50 m from a road to the nearest road with a median daily trafﬁc
volume above 5000 cars at enrolment (for ﬁgure 1, a 5000 car
cut-off was used instead of 10 000 in order to get sufﬁciently
large numbers) (ﬁgure 1). More pronounced effects for all-cause
and cardiopulmonary mortality were found among non-movers
(see online supplementary ﬁgure 3). No association between the
rate of mortality and the distance to the nearest major road was
observed for lung cancer, and this result was also not statistically
signiﬁcant for respiratory causes of fatality (data not shown).
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Table 1 Description of the study population: n=4752 woman aged 50–59 years recruited at the baseline investigation (from 1985 to 1994),
followed-up until 2008
Survivors (n=4012)

Deceased (n=740)

Variable

n

%

n

%

Living at the current address for more than 5 years at recruitment
Socioeconomic status*
Low
Medium
High
Smoking status
Never-smoker without ETS
Never-smoker with ETS
Ex-smoker
Current smoker
<15 pack years
15–30 pack years
≥30 pack years
Use of gas for cooking/warm water
Occupational exposure†
Bronchial asthma‡
Hypertension‡
Chronic bronchitis§
Body mass index
<25 kg/m2
25–30 kg/m2
≥30 kg/m2
Distance from home to a major road
≤50 metres

3367/4006

84.0

579/738

78.5

1149/3964
1865/3964
950/3964

29.0
47.0
24.0

278/733
354/733
101/733

37.9
48.3
13.8

1555/3709
1258/3709
338/3709

41.9
33.9
9.1

206/696
212/696
47/696

29.6
30.5
6.8

215/3709
199/3709
144/3709
1702/3639
555/3690
124/3858
1150/3894
351/3921

5.8
5.4
3.9
46.8
15.0
3.2
29.5
9.0

60/696
87/696
84/696
347/691
120/702
50/719
289/725
91/723

8.6
12.5
12.1
50.2
17.1
7.0
39.9
12.6

1082/3320
1400/3320
838/3320

32.6
42.2
25.2

128/520
200/520
192/520

24.6
38.5
36.9

310/3900

7.9

84/715

11.7

*Defined by the maximum educational level of the study participant or their partner.
†To fumes, gases, dust, lead, cadmium, benzene, arsenic, heat or cold.
‡Physician diagnosis and/or current medication use.
§Physician diagnosis.
ETS, environmental tobacco smoke.

Table 2 Hazard rate ratios (95% CI) between all-cause, cardiopulmonary and lung cancer mortality, and an IQR* increase in air pollution
concentrations and distance to roads with >10 000 cars/day
All-cause (n†=740)

Cardiopulmonary (n†=268)

Lung cancer (n†=41)

Respiratory (n†=35)

RR

RR

(95% CI)

RR

(95% CI)

RR

(95% CI)

1.83)

1.00
1.91

(1.35 to 2.69)

1.00
0.61

(0.15 to 2.55)

1.00
2.93

(1.28 to 6.74)

1.38)
1.31)

1.66
1.43

(1.40 to 1.97)
(1.21 to 1.68)

1.75
1.93

(1.12 to 2.74)
(1.29 to 2.87)

1.29
1.02

(0.82 to 2.03)
(0.65 to 1.61)

1.79)

1.00
1.95

(1.37 to 2.77)

1.00
0.62

(0.15 to 2.60)

1.00
3.54

(1.49 to 8.40)

1.30)
1.27)

1.55
1.39

(1.30 to 1.84)
(1.17 to 1.64)

1.46
1.84

(0.92 to 2.32)
(1.23 to 2.74)

1.13
0.96

(0.71 to 1.80)
(0.60 to 1.53)

(95% CI)

Crude
Distance from home to a major road
>50 m
1.00
(1.16 to
≤50 m
1.46
1-year average
1.25
(1.14 to
NO2
1.19
(1.08 to
PM10‡
Adjusted for education and smoking status
Distance from home to a major road
>50 m
1.00
(1.12 to
≤50 m
1.42
1-year average
1.18
(1.07 to
NO2
1.15
(1.04 to
PM10‡

*IQRs were calculated from 1-year averages and rounded to 7 μg/m3 for PM10 and 16 μg/m3 for NO2.
†Number of fatalities.
‡Calculated as PM10=0.71×TSP.
RR, relative risk.

182

Heinrich J, et al. Occup Environ Med 2013;70:179–186. doi:10.1136/oemed-2012-100876

Downloaded from http://oem.bmj.com/ on February 6, 2015 - Published by group.bmj.com

Environment
Figure 1 Decreasing HR for mortality
with increasing distance of residential
address to major roads (>5000
vehicles/day) at baseline. Cox
proportional hazard models adjusted
for age, educational level and smoking
status.

Comparisons between mortality effects assessed at the ﬁrst
follow-up (up to 2003) and those assessed at the extended
follow-up (up to 2008)
We compared the mortality risks within the cohort at two time
periods: up to 2003 and from 2003 to 2008 (ﬁgure 2). The
effect estimates for the associations between all-cause and cardiopulmonary mortality and PM10 and NO2 were lower for the
extended follow-up. However, the effect estimates were greater
when considering the distance from a participant’s home to a
major road and the same two outcomes. The number of fatalities due to respiratory causes and lung cancer are too small to
allow a similar comparison.

Sensitivity analysis for potential cohort effects
Sensitivity analyses for the subcohorts recruited in 1985–1987
(8 subcohorts) and in 1990 (8 subcohorts), were performed to
disentangle spatial differences from temporal changes of
ambient air pollution levels (table 3). We restricted the
follow-up for all subcohorts to 18 years in order to increase
comparability. The HR for PM10 in relation to all-cause and cardiopulmonary mortality were substantially lower for the 1990
subcohorts compared with the 1985 subcohorts, and were no
longer statistically signiﬁcant. For the two indicators of
trafﬁc-related air pollutants, NO2 and living close to busy roads,
the HRs were generally higher in the 1990 subcohorts than in
the 1985–1987 subcohorts. The sample sizes are too small for
lung cancer and respiratory mortality to allow any meaningful
comparisons.

DISCUSSION
Using the women’s cohort in North Rhine-Westphalia, we found
an association between increased all-cause mortality and longterm exposure to PM10 and NO2. In addition, we found an
inverse association between the distance of the residential
address to a major road and all-cause mortality. The same trends

were found for cardiopulmonary mortality. Furthermore, lung
cancer mortality was associated with increasing exposure to
PM10, but not NO2.

Comparisons with ﬁndings of other cohort studies
Our results on all-cause mortality and PM10 are consistent with
the ﬁndings of ﬁve other cohorts which used PM2.5 as their
exposure of interest, as well as7 15 with the extended follow-up
of the Harvard Six Cities Study.19 However, two other cohorts
have reported null ﬁndings for PM10. The association between
NO2 exposure and all-cause mortality that we observed has
10
been already documented. However, the other cohort reported
no associations between NO2 and mortality,15 except in two
Asian cohorts.12 14 Among the three studies which used distance
to roads as the metric of exposure, positive associations were
found for living within 50 m of a major road in a Dutch study
(RR: 1.05 (95% CI 0.93 to 1.78))16 and in the previously published ﬁrst follow-up of this current study.10 The results in an
American study were null.17
Our ﬁndings of a statistically signiﬁcant effect of PM10 exposure on cardiopulmonary mortality conﬁrms previous ﬁndings
reported in eight cohorts,7 9 12 14 16–19 as well as the ﬁndings
from the ﬁrst follow-up of this cohort.10 The pooled-effect estimate for NO2 and cardiopulmonary mortality, using data published up until 2007, was not signiﬁcantly different from 1.0.15
However, a recently published large study from Japan reported
signiﬁcantly increased risk for this association (adjusted HR 1.16
(95% CI 1.06 to 1.26 per increment of 10 mg/m3 of NO2)).12
Another recent and large cohort study from China also reported
signiﬁcantly increased risks for cardiopulmonary causes of fatality associated with NO2 exposure.14 These recently published
ﬁndings are consistent with the results of this study. There is also
suggestive evidence for increased cardiopulmonary and cardiovascular mortality risks associated with living close to busy
roads.15 23

Figure 2 Comparison of adjusted HR
for all-cause and cardiopulmonary
mortality between the ﬁrst (up to 2003)
and second follow-up (2004–2008),
excluding subjects who passed away
before 2004.
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Table 3 Sensitivity analysis comparing the adjusted (education, smoking status) hazard rate ratio* for the subcohorts recruited between 1985–
1987 and those recruited in 1990, restricted to a similar follow-up duration of 18 years
Recruitment 1985–1987
All-cause (n†=207)

Cardiopulmonary (n†=80)

Lung cancer (n†=20)

Respiratory (n†=9)

RR

RR

(95% CI)

RR

(95% CI)

RR

(95% CI)

1.00
1.20

–‡

–‡

1.00
3.12

(0.62 to 15.62)

(0.54 to 2.68)

1.58
2.49

(1.19 to 2.09)
(1.39 to 4.44)

1.25
1.97

(0.72 to 2.17)
(0.59 to 6.57)

1.15
1.34

(0.50 to 2.68)
(0.24 to 7.56)

(95% CI)

Distance from home to a major road
>50 m
1.00
(0.53 to 1.56)
≤50 m
0.91
1-year average
1.22
(1.04 to 1.43)
NO2
1.48
(1.08 to 2.04)
PM10§
Recruitment 1990
All-cause (n†=322)

Cardiopulmonary (n†=113)

Lung cancer (n†=16)

Respiratory (n†=21)

RR

RR

(95% CI)

RR

(95% CI)

RR

(95% CI)

1.00
1.81

(1.11 to 2.93)

1.00
2.91

(0.73 to 11.61)

1.00
1.21

(0.26 to 5.64)

1.50
0.85

(0.95 to 2.37)
(0.56 to 1.30)

0.39
0.64

(0.15 to 1.04)
(0.22 to 1.84)

1.37
0.95

(0.45 to 4.24)
(0.36 to 2.54)

(95% CI)

Distance from home to a major road
>50 m
1.00
(1.21 to 2.31)
≤50 m
1.67
1-year average
1.22
(0.98 to 1.61)
NO2
0.99
(0.77 to 1.27)
PM10§

*Calculated for an IQR increase: IQRs were calculated from 1-year averages and rounded to 7 μg/m3 for PM10 and 16 μg/m3 for NO2.
†Number of fatalities.
‡Not estimable.
§Calculated as PM10=0.71×TSP.
RR, relative risk.

Most previous cohort studies have used PM2.5 as an exposure
metric to investigate the long-term effects of ambient particulate
matter on lung cancer.7 15 19 Four cohorts found positive associations between exposure to PM10 or PM2.5 and lung cancer mortality,4 11 13 19 but not all estimates reached statistical signiﬁcance.
For PM2.5, the pooled-effect estimates of studies published before
2007 were statistically signiﬁcant, and there was little heterogeneity across studies.15 Our study adds substantial evidence to the
current body of knowledge regarding the effects of PM10 on lung
cancer, and is in line with the known adverse effects of PM2.5
exposure. Furthermore, our null ﬁnding regarding the effects of
NO2 exposure on lung cancer mortality is consistent with a previously published combined null estimate of 1.01 (95% CI 0.94 to
1.09), which is based on ﬁve other cohorts.16
Using NO2 and distance to major roads as surrogates for
exposure to trafﬁc sources, our study strengthens the evidence
that long-term exposure to particulate matter and trafﬁc-related
air pollution increase the risk of all-cause, cardiopulmonary and
lung cancer mortality. When comparing adverse health effects
of a ﬁxed site monitoring exposure strategy with a distance to
major road scenario, we have to consider that these assessments
capture within urban variation of ambient air pollutants differently. While the distance to a major road is a better method of
assessment than using data from a ﬁxed monitoring site, land
use regression models are superior to both exposure assessments
used in this paper.
Due to a long median follow-up of 18.4 years, we are able to
evaluate and quantify the mortality risks for diseases with long
latencies, such as lung cancer. Our study results and the ﬁndings
of other cohorts are strongly consistent, despite differences in
study design, study populations, sources of ambient air pollution, exposure assessments, climatic conditions and more
general differences regarding space and time, which highlights
184

the robustness of the association between long-term exposure to
ambient air pollution and mortality.

Strengths and limitations
This study has several strengths, but also limitations which need
to be cautiously considered before drawing conclusions.
The restriction of the study population to women with German
nationality has several strengths. Women are less exposed to air
pollutants at the workplace, and smoking was not very common in
women born between the middle of 1930 and the middle of
1935. Furthermore, women of this age were mostly working
within their homes during follow-up. Thus, potential mortality
effects due to ambient air pollutants were less likely diluted by air
pollution exposures at places other than the home. A further
major strength of this study is the low rate of moving. From all
4752 enrolled women, 92.2% lived in the same community until
the end of follow-up. Furthermore, more than 80% of the women
had already lived longer than 5 years at the same place of residence
at the time of enrolment. Therefore, we consider our exposure
assessment of ambient air pollution at the residential address at
enrolment to be well justiﬁed. Another major strength of this study
is the ability to adjust for individual level risk factors. This detailed
adjustment is usually not possible in larger cohort studies examining long-term effects. This strength helps compensate for the relatively small sample size of our study. Sensitivity analyses restricted
to non-moving women had only very limited impact on the effect
estimates. However, the restriction of this cohort to such a speciﬁc
population does weaken the generalisability of the study results
with respect to men.
Due to the fact that the cohort was enrolled over the period
of a decade, there are differences in the duration of follow-up
and also in the time-dependent composition and level of
ambient air pollution exposures.
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A major limitation of the exposure assessment is that two
non-industrial reference areas (Borken and Dülmen) had only
one central ﬁxed monitoring site located at Borken. Thus, the
data derived from this Borken site was also used for the Dülmen
region, despite the fact that the distance between Borken and
Dülmen is similar to the distance between the other areas.
Moreover, air pollution measurements only started in 1990/
1991, and we had to impute pollutant concentrations prior to
this date. Therefore, the exposure assessment in the nonindustrial reference areas is based on assumptions which may be
biased. During the study period of 1985 through 2008, a strong
decline of ambient particulate matter concentrations occurred in
the study area (see online supplementary ﬁgure 4), mostly due
to clean air actions within industries. Local trafﬁc also changed
with respect to trafﬁc volume, composition of car ﬂeets, number
of diesel cars, volume of inner-city trafﬁc due to increases in
bypasses and so on. Most of the temporal source and emission
level changes are difﬁcult to quantify. Findings based on estimates of air pollution concentrations at the time of enrolment
should be interpreted with caution, especially with respect to
health outcomes with long latency periods. The decreased
hazard rate ratio for PM10 observed during the second
follow-up (ﬁgure 2) could be attributed to the decreasing PM10
levels seen over time. Likewise, the similar effect sizes found for
the trafﬁc indicators may reﬂect the fact that no major temporal
trends in trafﬁc-related air pollutants occurred. Table 3
compares mortality risks between the subcohorts recruited in
1985–1987 and 1990. For the 1990 subcohort, no increased
risks were found for PM10, but positive associations were found
for living close to busy roads. We speculate that air pollutants
originating from motor vehicle trafﬁc dominate air quality and,
consequently, potential mortality risks. Our exposure assessment
approach, which included urban background levels derived from
ﬁxed monitoring sites and local trafﬁc-related pollution estimated using distance to major roads, is a major strength of this
study. However, recently developed land use regression models
are better at capturing spatial variations in exposure than using
an exposure assessment based solely on ﬁxed monitoring sites.
Several studies have shown the importance of within-urban variation, in particular for ﬁne particulate matter, which are not
always captured by ﬁxed monitoring sites.17 This limitation
needs to be considered when effect estimates based on ﬁxed
monitoring sites are compared with those calculated using distance to roads as the exposure.
The study population consists of women living in a number of
industrial and non-industrial cities in the Ruhr area. Cities were
chosen to represent a large range in air pollution concentrations.
One potential limitation of this design might be that women from
industrial zones differ from women living in non-industrial zones,
not only in terms of air pollution concentrations (which is the case
in the current study for NO2 and proximity to roads, but not for
PM10), but also with respect to socioeconomic and lifestyle factors
that are associated with mortality. We controlled for confounding
by socioeconomic factors by adjusting for education and also for
occupational exposures. However, no detailed information on lifestyle factors, such as diet, is available. Therefore, we cannot completely rule out the possibility that our results may be affected by
residual confounding attributable to other lifestyle factors that are
risk factors for cardiovascular disease or lung cancer, and which
may vary by study area. However, a sensitivity analysis with additional adjustment for BMI categories only slightly attenuated the
mortality effect estimates, which remained statistically signiﬁcant.
The assessment of cause of fatality using ofﬁcial death certiﬁcates could be considered a limitation, as using only this method

to assign cause of fatality is often criticised.24–27 However, the
degree of error is greatest when the causes of fatality are coded
in great detail (such as for rare cancer locations and other rare
diseases), and is likely to be a major limitation in our study
which used highly aggregated classiﬁcations. Using death certiﬁcates to assign lung cancer mortality was judged as sufﬁciently
sensitive and speciﬁc in the USA.28
A further strength of this study is the low rate of loss of
follow-up. On average, almost all women could be tracked over
a period of 18.4 years.

CONCLUSION
The association between cardiopulmonary mortality and PM10
was less pronounced in this extended follow-up study compared
with that previously reported during the ﬁrst follow-up of
cohorts, possibly due to lower PM10 concentrations in general,
as well as smaller differences in air pollution concentrations
across the study areas over time. This convergence effect was
less pronounced for NO2. Living close to major roads was associated with increased RRs for all-cause and cardiopulmonary
mortality, and this result was temporally stable.
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