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A bs tr ac t

Background

Air pollution has been associated with impaired health, including reduced lung func-
tion in adults. Moving to cleaner areas has been shown to attenuate adverse effects 
of air pollution on lung function in children but not in adults.

Methods

We conducted a prospective study of 9651 adults (18 to 60 years of age) randomly 
selected from population registries in 1990 and assessed in 1991, with 8047 partici-
pants reassessed in 2002. There was complete information on lung volumes and flows 
(e.g., forced vital capacity [FVC], forced expiratory volume in 1 second [FEV1], FEV1 
as a percentage of FVC, and forced expiratory flow between 25 and 75% of the FVC 
[FEF25–75]), smoking habits, and spatially resolved concentrations of particulate mat-
ter that was less than 10 μm in aerodynamic diameter (PM10) from a validated disper-
sion model assigned to residential addresses for 4742 participants at both the 1991 
and the 2002 assessments and in the intervening years.

Results

Overall exposure to individual home outdoor PM10 declined over the 11-year follow-up 
period (median, −5.3 μg per cubic meter; interquartile range, −7.5 to −4.2). In mixed-
model regression analyses, with adjustment for confounders, PM10 concentrations at 
baseline, and clustering within areas, there were significant negative associations 
between the decrease in PM10 and the rate of decline in FEV1 (P = 0.045), FEV1 as a 
percentage of FVC (P = 0.02), and FEF25–75 (P = 0.001). The net effect of a decline of 
10 μg of PM10 per cubic meter over an 11-year period was to reduce the annual rate 
of decline in FEV1 by 9% and of FEF25–75 by 16%. Cumulative exposure in the inter-
val between the two examinations showed similar associations.

Conclusions

Decreasing exposure to airborne particulates appears to attenuate the decline in lung 
function related to exposure to PM10. The effects are greater in tests reflecting small-
airway function.
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L ong-term exposure to air pollut-
ants, especially particulate air pollution, has 
been repeatedly associated with increased 

mortality1-5 and with decreased lung function.6-9 
Lung function is known to be one of the strongest 
determinants of cardiorespiratory health and lon-
gevity,10-13 although the causal pathway is poorly 
understood.14 According to a recent report, reduced 
exposure to concentrations of particulate matter 
that is less than 2.5 μm in aerodynamic diameter 
(PM2.5) was associated with a reduction in mor-
tality from all causes, from cardiovascular causes, 
and from lung cancer.15 Whereas the beneficial 
effects of smoking cessation on lung function are 
well established,16,17 there has been little investi-
gation of the effects of reductions in air pollution 
on lung function.18

A study in California showed that a pollutant-
related delay in lung development in children19 can 
be attenuated if children move to cleaner geo-
graphic areas.18 In adults in Switzerland, residence 
in more polluted areas has been associated with 
reduced lung function.6 However, it is not known 
whether the pollution-related effects are a result 
of lower achieved levels of lung function at the end 
of the growth period or whether air pollutants 
can accelerate a decline in lung function during 
adult life. One study that investigated the effect 
of air pollution on longitudinal change in lung 
function showed that a greater decline in the 
forced expiratory volume in 1 second (FEV1) in 
adults was associated with residence near major 
roads,8 indicating that there may be measurable 
effects during adult life.

The use of air-pollution measurements from a 
fixed monitoring site to characterize community 
exposure is being superseded by individual esti-
mates of exposure.20 Models of concentrations of 
pollutants according to residence now include in-
terpolation techniques4 and the use of geographic 
information system software.5 Individual estimates 
permit characterization of exposure differences 
across and within communities21 and should im-
prove the statistical power to detect pollution-
related effects.

The Swiss Cohort Study on Air Pollution and 
Lung Diseases in Adults (SAPALDIA) is a prospec-
tive study of a population sample of adults that 
was designed to investigate long-term health ef-
fects of air pollution. Levels of PM10 (particulate 
matter with an aerodynamic diameter <10 μm) 
have commonly been used to assess exposure to 
suspended particulate matter in the respirable 

range,22 and the baseline assessment of the 
SAPALDIA cohort in 1991 showed that average 
levels of forced vital capacity (FVC) were inversely 
associated with ambient levels of PM10 at central 
sites.6 We have now assigned individual estimates 
of ambient PM10 concentrations to each partici-
pant’s residence for each year from 1991 to 2002 
and hence can estimate exposure for each partici-
pant over the 11-year follow-up period. PM10 con-
centrations in ambient air have, on average, de-
clined in Switzerland during the past decade.23 In 
this article, we examine whether age-related de-
cline in lung function was smaller in participants 
who had a greater decline in exposure to PM10.

Me thods

Study design and population

The methods and selection of the study partici-
pants have been described in detail elsewhere.24,25 
The population was a random sample of adults 
recruited in 1990 with the use of population reg-
istries in eight areas of Switzerland. In 1991, health 
examinations were conducted in 9651 adults who 
were between 18 and 60 years of age and of whom 
51% were women; 8047 participants were reas-
sessed in 2002. Approval of the study was obtained 
from the Swiss Academy of Medical Sciences and 
the regional ethics committees, and written in-
formed consent was obtained from all participants. 
This analysis includes 4742 participants with com-
plete results of spirometry, residential history, 
smoking history, and PM10 data from both surveys 
and the intervening years (Fig. 1). The SAPALDIA 
team takes responsibility for this report from the 
study.

Assessment of Exposure to Air pollution

The assessment of exposure to PM10 for individ-
ual subjects was performed with the use of a dis-
persion model (PolluMap, version 2.0) that simu-
lated hourly concentrations of PM10 with a 200 m 
by 200 m spatial resolution for 1990 and for 200026 
(details are in the Supplementary Appendix, avail-
able with the full text of this article at www.nejm.
org). We estimated the annual average PM10 con-
centrations between 1990 and 2002 for each res-
idential address by developing an algorithm that 
allowed interpolation of modeled values on the ba-
sis of historical trends in central-site measurements 
between the two years. Thus, each subject was as-
signed an annual PM10 concentration every year 
between 1990 and 2002 according to his or her 
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residential history. For our exposure indexes, we 
used the difference in the annual average exposure 
between 2002 and 1991 and the “interval expo-
sure,” defined as the sum of the annual exposures 
for each subject for each year of follow-up between 
their examinations. Just as pack-years represents 
a cumulative exposure for tobacco smoke, with 
units of exposure multiplied by time, the units for 
interval exposure are micrograms per cubic me-
ter–years.

Smoking habits and other risk factors

Detailed information about current and past smok-
ing habits, exposure to environmental tobacco 

smoke, respiratory symptoms, occupational expo-
sure to dust or fumes, and other risk factors was 
gathered through questionnaires administered 
during interviews.27 Subjects classified as never 
having smoked had smoked fewer than 20 packs 
of cigarettes and less than 360 g of tobacco in 
their lifetime. Pack-years smoked before the first 
examination and those smoked between examina-
tions were assessed. Nonsmoking status was vali-
dated by measurement of the carbon monoxide 
concentration in exhaled breath (EC 50 Micro-
Smokerlyzer, Bedfont Scientific).

Pulmonary function and atopy

The same spirometers (SensorMedics 2200 SP, 
SensorMedics) were used in 1991 and 2002. Exper-
imental cross-comparisons of spirometer perfor-
mance were conducted before and after examina-
tion periods. (Spirometers were taken to one place 
and compared with one another; the same test sub-
jects were used.28,29) The protocol for the measure-
ment of expired volumes and flows was outlined 
in the European Community Respiratory Health 
Survey and complied with American Thoracic So-
ciety recommendations.27,30 FVC, FEV1, and forced 
expiratory flow between 25% and 75% of the FVC 
(FEF25–75) were recorded. The rate of change in lung 
function was defined as the difference in each vari-
able between the two examinations, divided by 
the follow-up time for the participant.

Skin-prick tests were conducted in 1991.24,27 
Participants were classified as having atopy if a 
wheal developed in response to one or more of the 
eight inhalant allergens tested (cat, timothy grass, 
parietaria, birch, house-dust mite, Alternaria tenuis, 
Cladosporium herbarum, and dog), with a mean diam-
eter at least 3 mm greater than the mean diam-
eter of the wheal for the negative control.

Statistical analysis

Descriptive analyses of the lung-function variables, 
PM10, smoking status, and other covariates were 
performed initially. Subsequently, our main goal 
was to determine whether improvements in air 
quality or interval exposure were associated with 
reductions in the annual decline in lung function 
when controlling for air-pollution concentrations 
at baseline. Although interval exposure has some 
theoretical attractiveness, it was highly correlat-
ed with change in exposure (R2>0.9), which lim-
ited our ability to distinguish between them.

Mixed-model regression analyses of the effect 
of change in exposure and interval exposure to 
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8047 Were reassessed in 2002
7673 Provided data from an extensive questionnaire
6222 Provided spirometric results

9651 Participants were administered questionnaires in 1991
9050 Underwent spirometry

8881 Had complete data on expired volume and flow

283 Died
653 Moved abroad or were

untraceable
668 Refused the interview

5732 Had complete data on expired volume and flow in both
1991 and 2002

5725 Were assigned home outdoor concentrations for
PM10 in and between 1991 and 2002

5396 Had lived at the 2002 residential address for at least 1 yr

4742 Had complete data on all covariates, including smoking
histories and pack-year information, from both surveys
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Figure 1. Selection of Study Sample.

The 8047 participants in the 2002 assessment provided a self-completed 
screening questionnaire, the results of a questionnaire administered during 
an interview, the results of spirometry, a blood sample, or a combination  
of these items. Seventy-three participants who reported during the 1991  
or 2002 interview that they had never smoked or were former smokers but 
had expired carbon monoxide levels above 10 ppm at the same interview 
were excluded.



PM10 Exposure and lung function

n engl j med 357;23  www.nejm.org  december 6, 2007 2341

PM10 on the rate of change in lung function were 
adjusted for clustering of residuals within areas; 
the models were controlled for baseline PM10. Co-
variates selected a priori included age, age squared, 
sex, height, parental smoking status, seasonal ef-
fects (sine and cosine function of day of exami-
nation), level of education and change in level, 
nationality (Swiss or other), the presence or ab-
sence of occupational exposure to dust or fumes 

at both examinations, smoking status in 2002 
(never smoked, formerly smoked, currently smoke), 
pack-years up to and since 1991, cigarettes per day 
in both surveys, presence or absence of atopy, 
baseline body-mass index (BMI) and change in 
BMI, and the interaction between BMI at baseline 
and change in BMI. The covariates were included 
in all reported models except the model for sub-
jects who had never smoked, in which the smok-
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Figure 2. Home Outdoor Exposure to PM10.

Panel A shows the annual means of home outdoor exposure to particulate matter with an aerodynamic diameter of 
less than 10 μm (PM10) from 1991 to 2002 according to area of residence in 1991. Panel B shows the distribution of 
cumulative exposure to PM10 outside subjects’ residences (interval exposure) according to area of residence in 
1991. The box represents the interquartile range, the line inside the box the median, and the I bars the range of val-
ues for which the distance from the box does not exceed 1.5 times the interquartile range.
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Table 1. Characteristics of Participants.*

Participants
Nonparticipants

(N = 3309)‡ P Value§

Included  
in Analysis 
(N = 4742)

Excluded  
from Analysis

(N = 999)†

Included vs. 
Excluded
(N = 999)

Included vs. 
Nonparticipants

(N = 3309)

Female sex (%) 54.1 46.8 49.2 <0.001 <0.001

Age in 1991 (yr) 41.5±11.3 38.5±11.7 41.3±12.1 <0.001 0.42

Height (cm) 168.7±8.9 170.1±9.0 168.9±9.2 <0.001 0.35

BMI¶

In 1991 23.7±3.6 23.8±3.7 24.4±4.2 0.32 <0.001

Change 2.1±2.2 2.0±2.4 NA 0.18 <0.001

Smoking status (%)

Never smoked, 1991 47.9 41.8 38.5 <0.001

Never smoked, 2002 46.7 28.1 NA <0.001

Current smoker, 1991 29.7 31.3 39.6 0.32 <0.001

Current smoker, 2002 22.3 37.1 NA <0.001

No. of pack-years for current smokers in 2002 NA

Median 26.6 16.0 <0.001

Interquartile range 13.8 to 42.0 7.6 to 33.0

No. of cigarettes per day for current smokers in 1991 

Median 20 15 20 <0.001 0.004

Interquartile range 10 to 25 10 to 20 14 to 30

No. of cigarettes per day for current smokers in 2002 NA

Median 15 7 <0.001

Interquartile range 6 to 20 1 to 20

Father or mother smoked (%) 54.0 54.1 56.8 0.94 0.01

Workplace exposure to dust or fumes (%) 0.001

1991 30.0 30.9 33.6 0.59

2002 26.3 31.4 NA <0.001

Swiss nationality (%)‖ 87.5 85.5 74.7 0.09 <0.001

Further or professional education by 2002 (%) 27.7 32.5 NA 0.009

Educational level increased between surveys (%) 17.7 19.7 NA 0.14

Atopy in 1991 (%) 22.5 25.9 23.4 0.02 0.41

Exposure to ETS in those who had never smoked (%)

1991 26.7 36.1 32.4 <0.001 <0.001

2002 15.2 13.0 NA 0.37

Change in PM10 (µg/m3) NA

Median −5.3 −5.6 0.17

Interquartile range −7.5 to −4.1 −8.4 to −4.1

Interval PM10 (µg/m3-yr) NA

Median 238 260 0.003

Interquartile range 197 to 287 200 to 297

FVC in 1991 (ml)

Women 3818±612 3887±597 3689±659 0.02 <0.001

Men 5270±822 5314±806 5121±887 0.28 <0.001
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ing variables were replaced with variables for 
baseline exposure to environmental tobacco smoke 
and exposure to environmental tobacco smoke 
between surveys, including the number of hours 
exposed per day. To assess the linearity of the re-
lationship between the interval exposure to PM10 
and the annual rate of decline in lung function, 
the mixed model was refitted with the use of a 
penalized spline of interval exposure allowing up 
to 10 degrees of freedom for the curve (i.e., a pen-
alty was imposed on the spline coefficients to 
achieve a smooth fit).

Heterogeneity of effects across study areas was 
explored with the use of random slopes at the 
geographic-area level. Since the effect of interval 
exposure on the rate of decline in lung function 
may depend on the initial PM10 concentration, we 
examined interaction terms between baseline PM10 
concentration and interval exposure. Sensitivity 
analyses that were conducted included the compu-
tation of parsimonious models without covariates 
for socioeconomic characteristics and atopy and 
analyses restricted to participants who remained 
in the area of the 1991 assessment throughout the 
follow-up period. The potential bias from nonpar-

ticipation in the 2002 assessment was examined 
by fitting weighted regression models of the data, 
with weights that were inversely proportional to 
the probability of participating in the 2002 assess-
ment, given the baseline characteristics of the 
subjects. Potential modifications of effects accord-
ing to sex, presence or absence of asthma, and 
smoking status were also assessed with the use of 
interaction terms.

Analyses were conducted with the use of SAS 
9.1, Stata SE 8.2, and R 2.4 software. P values less 
than 0.05 and P values less than 0.10 were inter-
preted as statistically significant for main and in-
teraction effects, respectively.

R esult s

Of the participants, 87% were living in the same 
area in 2002 as they had been in 1991, and 54% 
had the same address. In general, home outdoor 
concentrations of PM10 declined (Fig. 2). The me-
dian decline between examinations was 5.3 μg per 
cubic meter (interquartile range, 4.1 to 7.5), and 
the decline was greatest for participants living in 
urban areas and least for those in alpine areas.26 

Table 1. (Continued.)

Participants
Nonparticipants

(N = 3309)‡ P Value§

Included  
in Analysis 
(N = 4742)

Excluded  
from Analysis

(N = 999)†
Excluded
(N = 999)

Nonparticipants
(N = 3309)

FEV1 in 1991 (ml)

Women 3060±542 3149±551 2959±581 0.001 <0.001

Men 4096±723 4167±704 3989±823 0.04 <0.001

FEV1 >70% of FVC in 1991 (%)

Women 92.7 94.2 88.7 0.32 <0.001

Men 86.1 89.3 81.3 0.10 <0.001

FEF25–75 in 1991 (ml/sec)

Women 3060±1004 3213±1045 2998±1043 0.003 0.06

Men 3776±1297 3923±1324 3731±1426 0.02 0.34

*	Plus–minus values are means ±SD. ETS denotes environmental tobacco smoke, FEF25–75 forced expiratory flow between 25% and 75% of 
forced vital capacity (FVC), FEV1 forced expiratory volume in 1 second, NA not available, and PM10 particulate matter with an aerodynamic 
diameter of less than 10 μg.

†	Excluded participants had spirometry performed at both visits but were not included in the final analysis because of missing covariate data.
‡	Nonparticipants had spirometry performed in 1991 but either did not have spirometry performed in 2002 or did not participate in the 2002  

assessment.
§	P values are for the comparison between participants in the model and excluded participants and for the comparison between participants 

in the model and nonparticipants. P values were calculated with the use of Fisher’s exact test, t-test, or the Wilcoxon rank-sum test.
¶	The body-mass index (BMI) is the weight in kilograms divided by the square of the height in meters.
‖	Nationality was assessed with a questionnaire administered by the interviewer.
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The mean interval exposure over the 11-year fol-
low-up period was 238 μg per cubic meter–years 
(interquartile range, 197 to 287) (Table 1, and Ta-
ble E1 in the Supplementary Appendix).

Participants in the follow-up were more likely 
to be women and less likely to be smokers than 
were nonparticipants (i.e., those who underwent 
spirometry in 1991 but either did not undergo 
spirometry in 2002 or did not participate in the 
2002 assessment) (Table 1). Participants tended to 
gain weight, give up smoking, and reduce their 
exposure to dust or fumes at work and to envi-
ronmental tobacco smoke. 

Lung function declined least in those who had 
never smoked (Table E2 in the Supplementary Ap-
pendix). There was significant heterogeneity in 
the rate of decline of lung function across areas 
(P<0.001) (Tables E3 and E4 in the Supplementary 
Appendix).

In analyses of mixed models adjusted for co-
variates and baseline exposure, a decrease of 10 μg 
per cubic meter in the annual average PM10 con-
centration between examinations was associated 
with a 9% decrease in the annual rate of decline 
in FEV1 (i.e., by 3.1 ml; 95% confidence interval 
[CI], 0.03 to 6.2), a decrease of 0.06 (95% CI, 0.01 
to 0.12) in the annual rate of decline in FEV1 as a 
percentage of FVC, and a 16% decrease in the an-
nual rate of decline in FEF25–75 (i.e., by 11.3 ml per 
second; 95% CI, 4.3 to 18.2) (Table 2). A similar 
pattern was seen with interval exposure in mod-
els adjusted for baseline exposure, with signifi-
cant associations with a decline in FEV1 (P = 0.005) 
and in FEF25–75 (P = 0.01). A reduction in interval 
exposure of 109 μg per cubic meter–years (equiv-
alent to a reduction of 10 μg per cubic meter in the 
annual average during the mean follow-up time 
of 10.9 years) was associated with a reduction of 
6.9 ml (95% CI, 2.1 to 11.7) in the annual decline 
in FEV1 and a 22% reduction in the annual de-
cline in FEF25–75 (i.e., by 14.0 ml per second; 95% 
CI, 3.1 to 24.8) (Table 2). In assessing the linear-
ity of the dose–response curve, the mixed model 
was refitted with the use of a penalized spline of 
interval exposure. Generalized cross-validation 
essentially chose a linear fit (Fig. 3).

Observed associations between longitudinal 
changes in lung-function variables and exposure to 
PM10 did not vary significantly across study areas 
(Tables E5 and E6 in the Supplementary Appen-
dix). No significant modification according to 
baseline exposure was seen for FVC, FEV1, or FEV1 

as a percentage of FVC; however, a significant in-
teraction was seen for FEF25–75 (P = 0.04). In all 
cases, the signs of the interaction indicated that 
there was less improvement in decline in lung func-
tion for the same absolute reduction in interval 
exposure if the baseline exposure had been higher. 
For the significant association with FEF25–75, the 
model indicated that a reduction in interval expo-
sure of 109 μg per cubic meter–years would lower 
the annual rate of decline in this variable by 
13.5 ml per second if the assessment started from 
a baseline exposure of 30 μg per cubic meter, but 
by 22.4 ml per second if the assessment started 
from a baseline of 15 μg per cubic meter. No sig-
nificant interactions were found with sex, pres-
ence or absence of atopy, or smoking status.

Similar effects were observed when the analy-
sis was confined to subjects who never smoked, 
with significant associations for changes in the 
PM10 concentration with FEF25–75 (P = 0.03) and 
marginally significant associations, but with larger 
effect sizes, for the other lung-function variables 
(P<0.10). For interval exposure, the effect estimates 
were larger in subjects who never smoked for all 
measures of lung function except FEV1 as a per-
centage of FVC and were significant for FEV1 
(P = 0.006) and FEF25–75 (P = 0.047). The analysis 
that was weighted to account for nonparticipa-
tion had results that were similar to those of the 
main analysis (Table E7 in the Supplementary Ap-
pendix).

Discussion

Our data show that improvement in air quality may 
slow the annual rate of decline in lung function in 
adulthood. The finding suggests that important 
changes in the rate of decline in pulmonary func-
tion occur across the range of exposures seen in 
Switzerland, where particle concentrations are rela-
tively low. The old standard of the U.S. Environ-
mental Protection Agency for annual average PM10, 
for example, was 50 μg per cubic meter, and the 
new European Union limits for PM2.5 are consis-
tent with PM10 concentrations in the upper range 
of those shown in Figure 2, suggesting that fur-
ther reductions in these standards are likely to im-
prove pulmonary health. 

The strongest beneficial effects of a reduction 
in PM10 were in the small airways, with a reduc-
tion in interval exposure of 109 μg per cubic me-
ter–years associated with a 22% reduction in the 
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rate of decline of FEF25–75, but effects were also 
observed for FEV1. We also found evidence of some 
persistence of the effect of the baseline level of air 
pollution on the subsequent annual decline in flow 
rates. Subjects whose baseline level was higher had 
a smaller improvement in the rate of decline in 
FEF25–75 than did subjects whose baseline level of 
exposure was lower. This implies some long-last-
ing effect of historical exposure. Because of the 
high correlation (R2>0.9) between change in PM10 
and interval exposure, we were unable to single out 
one or the other as the superior measure.

The evidence of long-term effects on lung 
health of relatively low levels of exposure to air 
pollution has increased substantially during the 
past decade.15,31 Deposition and accumulation of 
particles in the airways are related to lung anato-
my and particle size,32,33 and the smaller compo-
nents of PM10 can penetrate the periphery of the 
lungs.14 Inhalation of smoke and other particu-
lates has been associated with increased airway 
and systemic inflammation,14,34 as well as with 
oxidative stress.35 Animals that were exposed to 
Boston air and were moved into filtered air had 
a continuous reduction in oxidative stress in the 
lung, measured by means of an in vivo chemilu-
minescence assay.36 An accelerated decline in lung 
function in persons with higher exposure to air 

pollution, as compared with persons with lower 
exposure, may represent a step toward increased 
mortality risk.37

Exposure to air pollution has been associated 
with smoking and other socioeconomic factors 
that are predictors of respiratory health.38 To ad-
dress possible confounding, our reported associa-
tions were adjusted for a wide range of factors. 
Since nonparticipants in the second survey dif-
fered in a range of characteristics from partici-
pants in both surveys, we conducted weighted 
analyses and found essentially identical results. 
Also, baseline lung function was not predictive of 
change in the exposure to PM10, suggesting that 
our exposure variable was not associated with 
baseline lung health. The strongest effects ob-
served were on lung flows, which are less com-
monly assessed than expired volumes in studies of 
respiratory health, because of greater intersubject 
variability.39 In longitudinal studies, variability is 
reduced because each subject serves as his or her 
own control. Nevertheless, our findings need to be 
repeated elsewhere or in another follow-up study.

We were able to assign annual estimates of in-
dividual exposure to home outdoor PM10.26 The 
predictions of the dispersion model provide an 
improvement over predictions based on fixed 
monitors, because they capture within-area vari-

Table 2. Estimated Effect of Change in PM10 and of Interval Exposure to PM10 on Annual Change in Lung Function.*

Variable
No. of  

Participants
Decrease in PM10 of 10 µg/m3  

between 1991 and 2002
Decrease in Interval Exposure  

of 109 µg/m3-yr

Effect (95% CI) P Value Effect (95% CI) P Value

All participants 4742

FVC (ml) −0.2 (−4.3 to 3.9) 0.91 5.3 (−1.1 to 11.7) 0.10

FEV1 (ml) 3.1 (0.03 to 6.2) 0.045 6.9 (2.1 to 11.7) 0.005

FEV1 as a percentage of FVC 0.06 (0.01 to 0.12) 0.02 0.05 (−0.04 to 0.13) 0.27

FEF25–75 (ml/sec) 11.3 (4.3 to 18.2) 0.001 14.0 (3.1 to 24.8) 0.01

All participants who never smoked 2213

FVC (ml) 2.2 (−3.4 to 7.9) 0.43 9.9 (1.3 to 18.4) 0.02

FEV1 (ml) 4.2 (−0.3 to 8.5) 0.06 9.3 (2.6 to 16.0) 0.006

FEV1 as a percentage of FVC 0.05 (−0.03 to 0.13) 0.18 0.03 (−0.08 to 0.15) 0.59

FEF25–75 (ml/sec) 11.3 (1.4 to 21.2) 0.03 15.4 (0.2 to 30.6) 0.047

*	Estimates were made after controlling for baseline PM10, age, age squared, sex, height, parental smoking status, sine and cosine function  
of day of examination to control for seasonal effects, level of education in 1991, change in level of education, nationality, self-reported  
occupational exposure to dust or fumes in 1991 and in 2002, smoking status in 2002 (never smoked, former smoker, or current smoker), 
pack-years up to 1991, pack-years between 1991 and 2002, number of cigarettes per day in 1991 and in 2002, presence or absence of atopy, 
body-mass index (BMI) in 1991, change in BMI between 1991 and 2002, and clustering within area. FEF25–75 denotes forced expiratory flow 
between 25% and 75% of forced vital capacity (FVC), FEV1 forced expiratory volume in 1 second, and PM10 particulate matter with an aero-
dynamic diameter of less than 10 μg.
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ations in the exposure variable and increase the 
statistical power. We used PM10 outside individual 
residences to estimate exposure, since outdoor ex-
posures at home have been shown to be the most 
important factor in predicting individual exposure 
to particulate matter 40,41 and may be a surrogate 
of interrelated urban pollutants, including fine 
particles (i.e., PM2.5).22,42 PM2.5 makes up nearly 
80% of PM10 in most Swiss areas, and nearly 80% 
of PM2.5 readily infiltrates indoors.43‑45

In the 1991 SAPALDIA analysis, we found that 
an increase of 10 μg per cubic meter in PM10 was 
associated with a 3.4% decline in predicted FVC 
and with evidence of a negative effect on FEV1.6 
A negative association between FEV1 and long-
term exposure to PM10 has been reported in a 
cross-sectional analysis of the California Adventist 
Health Study cohort.9 However, our new results 
complement the intervention-like study of lung-
function development and air-pollution change 
in children in California,18 where beneficial ef-
fects of moving to cleaner areas were strongest 
for lung flow (i.e., FEF25–75 and peak flow). In our 
study, levels of PM10 decreased mostly as a result 
of air-quality interventions in Switzerland and 
Europe.

In conclusion, our findings provide further sup-
port for a causal role of exposure to air pollution 
in respiratory health. Relatively small reductions 
in exposure to PM10 have measurable benefits for 
lung function, suggesting that a decline in air 
pollution, even from low levels, may have positive 
consequences for public health.
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Figure 3. Estimated Effect of Interval Exposure between 1991 and 2002  
(Expressed as Mean Annual PM10) on Mean Annual Decline in FEV1.

The mixed model was refitted with a penalized spline and the use of gener-
alized cross-validation. Interval exposure has been converted to mean an-
nual exposure during the interval for ease of interpretation. PM10 denotes 
particulate matter with an aerodynamic diameter of less than 10 μm, and 
FEV1 forced expiratory volume in 1 second.
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