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ABSTRACT. The Air Pollution and Health: a European Approach (APHEA) project is a coor
dinated study of the short-term effects of air pollution on mortality and hospital admissions. 
Five West European cities (i.e., London, Amsterdam, Rotterdam, Paris, Milano) contributed 
several years of hospital admissions data for all respiratory causes. In the current study, the 
authors describe the results obtained from the quantitative pooling (meta-analysis) of local 
analyses. The diagnostic group was defined by ICD 460-519. The age groups studied were 
15-64 y (i.e., adults) and 65+ y (elderly). The air pollutants studied were sulfur dioxide; par
ticles (i.e., Black Smoke or total suspended particles); ozone; and nitrogen dioxide. The pol
lutants were obtained from existing fixed-site monitors in a standardized manner. We used 
Poisson models and standardized confounder models to examine the associations between 
daily hospital admissions and air pollution. We conducted quantitative pooling by calculat
ing the weighted means of local regression coefficients. We used a fixed-effects model when 
no heterogeneity could be detected; otherwise, we used a random-effects model. When pos
sible, the authors investigated the factors correlated with heterogeneity. The most consistent 
and strong finding was a significant increase of daily admissions for respiratory diseases 
(adults and elderly) with elevated levels of ozone. This finding was stronger in the elderly, 
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had a rather immediate effect (same or next day), and was homogeneous over cities. The 
elderly were affected more during the warm season. The Sulfur dioxide daily mean was avail
able in all cities, and it was not associated consistently with an adverse effect. Effects were 
present in areas in which more than one station was used in the assessment of daily expo
sure. Some significant associations were observed, although no conclusion that related to an 
overall particle effect could be drawn. The effect of Black Smoke was significantly stronger 
with high nitrogen dioxide levels on the same day, but nitrogen dioxide itself was not asso
ciated with admissions. The ozone results were in good agreement with the results of simi
lar U.S. studies. The coherence of the results of this study and other results gained under dif
ferent conditions strengthens the argument for causality. 

THERE IS INCREASING INTEREST in the use of hos
pital admission data in studies of short-term effects of 
air pollution on health. This reflects the improved avail
ability of admission data from routine systems and the 
possibility that, as a health outcome, admissions may 
offer some advantages over mortality data. Advantages 
include the likelihood that the diagnosis will be more 
accurate, the possibility that admission may be a more 
sensitive indicator of pollution effects, and the avail
ability (for respiratory disease) of information on chil
dren and young adults. On the other hand, this source 
of data may be influenced by access to the health-care 
system and behavioral patterns. 

. Th� respiratory disease group mainly comprises 
infections of the lung or obstructive airways disease, 
either in acute form (asthma) or chronic form (chronic 
obstructive pulmonary disease [COP D]). As age 
increases, there is more overlap between COPD and 
asthma clinically, and it has been demonstrated that 
European doctors differ substantially in their diagnoses 
of these two conditions.1 In all groups, infection is one 
of the major reasons for an exacerbation of airways dis
ea.se. From this it follows that in a European study it 
might be better to study time series of all re�piratory 
diagnoses than individual diagnoses; also, higher num
bers give more statistical power. A possible disadvan
tage is the biasing of effect sizes to the null, if a rele
vant fraction of the admissions were insensitive to air 
pollution. \.. 

From what is known about toxicity of the air pollu
tants studied in Europe, it is possible that ambient con
centrations might affect the respiratory system.2 Where
as healthy people are unlikely to experience anything 
more than minor effects on the airways that are not 
associated with symptoms, subjects with preexisting 
disease could experience a worsening of symptoms that 
might precipitate an admission to hospital-or even 
death. 

To date, most studies of respiratory hospital admis
sion have been done in North America, where associa
tions have been reported for particles and ozone, and to 
a lesser degree for sulfur dioxide (S02).4-1° Fewer stud
ies have been reported from Europe, and with the 
exception of the study by Walters et al., 11 most 
researchers have focused on specific respiratory causes. 

The Air Pollution and Health: a European Approach 
(APHEA) study is a Europe-wide collaborative effort to 
investigate the short-term effects of air pollution and to 
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standardize the methods for analyzi ng epidemiological 
time series of counts. The health endpoints were total 
mortality, selected cause specific mortality, and respira
tory emergency hospital admissions; details are 
described elsewhere.12 A unique feature is the use of 
standardized methods of data selection and an alys is for 
each center (see Katsouyanni et al.13 for details). In this 
article, we present a quantitative summary of the respi
ratory hospital admissions results from five APHEA 
cities (i.e., London, Amsterdam, Rotterdam, Paris, and 
Milano). Results of admission time series of specific res
piratory subgroups (i.e., COPD, asthma) are presented 
elsewhere.14, 16 

Material and Method 

Material. Selected respiratory causes were defined by 
International Classification of Diseases ( ICD9)-460-519. 
Except for asthma, these causes apply mainly to adults. 
They were analyzed separately for adults (i.e., 15-64 y 
of age) and thE? elderly (i .e., 65 y and above). 

We obtained daily admission data from routine regis
ters in all cities. The registration covered all hospitals in 
London, the Netherlands, and Milano, as well as hospi
tals selected for admitting short-stay patients in Paris. 
Registration was almost complete in the Netherlands, 
92% in Milano, and 90% in Paris, and registration rose 
from 73% to 95% during the study per iod in London. 
The diagnosis by which the cases used here were select
ed was defined as the diagnosis at or after discharge 
(i.e., when all examination results were evaluated). 

An overview of the data available for meta-analysis is 
provided in Table 1. When possible, we used daily 
counts of emergency admissions because this is likely 
to be a more sensitive iodicator than general admis
sions. We were unable to differentiate between emer
gency and nonemergency admissions in Paris and 
Milano. 

The pollutants studied were those generally available 
in European cities: sulfur dioxide (S02); nitrogen diox
ide (N02); ozone (03); and indicators of particulate 
matter, Black Smoke (BS), and total suspended particu
lates (TSPs). The levels of 502 and N02 were obtained 
as a daily mean and a 1-h maximum, particles were 
obtained as a daily mean, and 03 was obtained as a 
daily 8-h maximum (9 A.M.-5 P.M.) and a 1-h maximum. 
(Table 1 ). 

Each center performed the Poisson time series regres
sions of their data individually. This approach was nee-
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Table 1.-Summary Data: Admissions for Respiratory Causes (ICD 460-519) and Air Pollution Measurements 

Mean daily admissions 

Country City Years Co ld season Warm season Comments 

United Kingdom London 1 987- 1 99 1  3 6 . 3  30.7 Emergency admissions 
The Netherlands Amsterdam 1 977- 1 989 2.2 2.1 Emergency admissions 

Rotterdam 1 977-1989 1 .7 l.S Emergency admissions 
France Paris 1 987-1992 36.2 29.2 Emergency and non-

emergency admissions 
Italy Mi lano 1 980-1989 1 1 .8 9.0 Emergency and non-

emergency admissions 

Pol lutants (median of study period, in µg/m3) 

Particulate 
matter 

502 N02 03 BS T SP 
I nhabitants Daily Daily Daily dai ly  8-h daily dai ly 

Country City (X 1 000) mean maximum mean average mean mean 

United Kingdom London 7 200 29 3 S  1 4  1 3  
The Netherlands Amsterdam 69S 21 so so 69 6 41  

Rotterdam S 76 2S 64 53 60 22 41 
France Paris 6 1 40 23 47 42 20 26 
Italy . Mi lano 1 soo 66 120 

Notes: N02 =nitrogen dioxide-dai ly mean and daily 1 -h maximum; 03 =ozone-daily 8-h average (9:00-1 7:00) 
and dai ly 1 -h maximum; BS =black smoke-daily mean; and TSP= total suspended particulates-daily mean. 

essary because the amount of data studied was too large 
to be studied at one place; it was also desirable because 
access patterns, weather patterns, and special events 
(e.g., strikes, holidays, epidemics) differ between 
places; therefore, we accounted for each city separate
ly. The confounders included in each city were trend; 
seasonality; calendar effects (e.g., day of week, holi
days); unusual events (strikes, reorganizations) as 
applicable; and meteorology (i.e., temperature and 
humidity). Where necessary, we included an autore
gressive error term. For pollutants, each center deter
mined a best-fitting 1-d result that allowed a delay of up 
to 3 d (5 d for 03), as well as a best-fitting cumulative 
result that corresponded to the mean of the same day 
and from up to 3 d earlier (5 d for 03). Each center 
established its own definition of warm season and cold 
season, depending on local climatic conditions, but in 
the main, April-September was considered warm. We 
used local medians for defining a pollutant as high or 
low for models testing effect modification of one pollu
tant by the level of another. Poisson regression coeffi
cients can be expressed as relative risks per units of 
change. 

Details about the principles of the time series analy
sis for this type of data are available elsewhere,17 and 
information about the practical rules set by researchers 
to ensure maximum comparability-but allowing for 
the necessary flexibility within APHEA-is presented by 
Katsouyanni et al.13 The individual center's results are 
published elsewhere.15•18-24 

Method. The protocol required each center to fit the 
dose-response curve transformation that suited its data 
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best. These were mostly nontransformed or log
transformed values-the latter describing a flattening of 
the dose-response curve with higher pollution levels. 
Given that these log-transformed curves tend to fit 
better when higher levels of air pollution are studied, 
we, in an effort to facilitate meta-analysis, refitted those 
models by using untransformed pollution values and by 
deleting all days from the series on which pollution 
levels exceeded 200 mglm3. The relative risks given 
herein, therefore, apply best to relatively low levels of 
air pollution and should not be extrapolated, especially 
for the winter-type pollutants. Information about the 
conditions under which transformed curves are better 
fitted is available elsewhere.15•1B-24 

To provide a quantitative summary of results across 
the centers, we applied methods of meta-analysis by 
obtaining a pooled regression coefficient as a weighted 
mean of local regression coefficients-the weights being 
inversely proportional to the local variances. We per
formed calculations only for endpoint-pollutant combi
nations available from three or more countries, except 
for particulate matter, for which this restriction would 
have likely prohibited meta-analysis completely. Conse
quently, the particulate matter results were less stable. 

We determined the weights, assuming a fixed-effects 
model, when a chi-square test failed to detect hetero
geneity at the sensitive level of ex= 20% (see Appendix). 
When we had to reject the assumption of homogeneity, 
a random-effects model seemed more appropriate. In 
this model, the between-cities variance is added to each 
estimated local variance, thus giving more similar 
weights, but also a larger variance; this approach was 
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an appropriate way of expressing that we were less sure 
of the pooled result in the case of heterogeneous local 
results. The local weights are expressed in the figures as 
"bubbles" of corresponding size around the parameter 
estimate. The between-cities variance can be estimated 
in several ways, we used an iterative ML-approach.25 

In those instances in which heterogeneity was present 
and coefficients from at least five cities were available, 
we sought explanations for this in the form of weighted 
linear regressions of local coefficients on non-tirne
dependent properties of the cities in question. Candi
dates that might describe differences in sensitivity be
tween populations or sources of bias were as follows: (a) 
indicators of the general population health status (e.g., 
age-standardized mortality rate, life expectancy, propor
tion of elderly, mortality rates from respiratory causes, 
smoking prevalence); (b) climate indicators (e.g., tem
perature, humidity-by season) during the study period 
and latitude; (c) an indicator of the outcome data quali
ty differentiating between general and emergency ad
missions; (d) indicators of pollution data quality (e.g.1 
number of stations, inhabitants represented per station, 
correlation between stations); and (e) indicators of the 
air pollution situation (e.g., number of inhabitants, pol
lution level, correlations between pollutants). 

Results 

Daily counts of adult respiratory admissions were not 
associated consistently with daily mean S02• A ran
dom-effects model was necessary, and the pooled coef
ficient was close to 0. The heterogeneity between the 
cities was explained either by the number of stations 
measuring S02 or mean winter temperature or by the 
mean life expectancy. Amsterdam and Rotterdam had 
(a) only one measuring station, (b) the lowest mean win
ter temperature (2.5 °C) of all cities, and (c) th�highest 

I ife expectancy (77 y), and no adverse effect of S02 
could be detected. It should be noted, however, that dif
ferences in life expectancy were very small in the cities 
examined here (between 75 and 77 y), and the associ
ation could be explained by chance. Misclassification 
of exposure via use of just one station may have biased 
the measurable effect to the null. The 502 measure
ments in the other three cities were based on four sta
tions in each of these cities, and effects (i.e., small, non
significant) were seen. In the elderly age group, results 
were homogeneous, and only in Paris were they mostly 
positive and significant. However, the joint parameter 
for the daily mean was significant, and we expected an 
overall increase of 2% (95% confidence interval (Cl] = 
1, 5) in elderly admissions with a concomitant increase 
in S02 of 50 µg/m3 (Table 2). 

Although results within the Netherlands seemed 
unstable, most Black Smoke regres.sion results for adult 
admissions tended to be positive. The joint effect was 
small, but it was positive and significant, and we 
expected a 3% increase (95% Cl = 1, 5) in admissions 
with a concomitant increase in BS of 50 µg/m3• The 1-d 
effect was larger than the accumulated effect. No effect 
of TSP was visible. For the elderly-and for both TSP 
and BS-the effects were close to 0, without hetero
geneity. The TSP effects were slightly larger, but sti 11 
were not significant (Table 2, Fig. 1 ). 

An inconsistent picture was displayed by the N02 
regression results in both adults and elderly admissions. 
The Netherlands' results had large random variation, 
and random-effects models were needed. Only the 
pooled result for accumulated daily mean N02 was 
borderline significant, and we estimated an almost 2% 
increase (95% Cl = 0, 3) with an N02 increase of 50 
µglm3• Associations with other N02 indicators and 
adult respiratory admissions were smaller. For the elder
ly, only Rotterdam reported a consistently positive, sig-

Table 2.-Summary Effects of Pollutants on Daily Respiratory Admissions as Relative Risk (RR) per 50-11g/m3 
Increase in Pollutant \;. 

Pollutant Cities Age group (y) RR 9S% Cl 

S02 dai ly  mean L, A, R, P, M lS-64 1 .009 0.992, 1 .02S 
65+ 1.020* 1 .oos, 1 .046 

BS dai ly mean L, A, R, P lS-64 1 .028' 
.......... 

1 .006, 1 .OS1 
6S+ 1 .020 0.996, 1 .046 

TSP daily mean A, R, M lS-64 1 .0 1 0  0 .  989, 1 .03 1 
6S+ 1 .01 6 0.994, 1 .039 

N02 daily mean L, A, R, P lS-64 1 .0 1 0  0.98S, 1 .036 
6S+ 1 .0 1 9  0.982, 1 .060 

N02 dai ly maximum lS-64 1 .004 0.996, 1.01 1 
6S+ l.OOS 0.977, 1 .033 

03 8-h average L, A, R, P lS-64 1 .03 1 * 1.013, 1 .049 
65+ 1 .038* 1.018, 1 .058 

03 1 -h maximum lS-64 1 .019* 1.005, 1 .033 
65+ 1 .03 1 * 1 .01 5,  1 .047 

Notes: 502 = sulfur dioxide, BS = black smoke, TSP= total suspended particulates, RR= relative risk, Cl = confi
dence interval, A= Amsterdam, L = London, M =M i lano, P = Paris, and R = Rotterdam. 
* S ignificant at S% level. 
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nificant association. Overall, there appeared to be no 
evidence of an N02 effect in either age group (Table 2). 

The 03 results in the adult group showed good agree
ment between cities. In London, a significantly positive 
association was seen with each type of 03 indicator, 
and most results from the other cities also had a positive 
tendency. London and Paris results were very similar. 
Joint results were positive and significant and were even 
more so among the elderly. The strongest association 
was with the daily 8-h average. The most common lag 
was with the same or previous day; therefore, we may 
term the effect "almost immediate." An approximate 3% 
increase (95% Cl = 1, 5) in adult admissions, and an 
approximate 4% (95% Cl = 2, 6) in elderly admissions, 
were estimated with a concomitant increase of 50 
µglm3 daily 8-h average (Table 2, Fig. 2). 

Results, by s_eason. The by-season models were less 
stable than the all-year results and varied strongly among 
cities. Consequently, a random-effects model was almost 
always required. No seasonal differences were signifi
cant, except for one, but some trends became apparent. 

The small effect of 1-d S02 in the elderly (2% all year) 
resulted from an effect in the warm season, although 
this difference was not significant (Table 3). The differ
ences in BS effects between seasons were quite large, 

0.74 0.82 0.90 1.00 1.11 

Amsterdam 

Paris e 

London -� 

Rotterdam 

Meta (R.) 1--

1.22 1.35 

-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 

Parameter BS I RR per 50 ug/m3 BS 

Fig. 1. Black Smoke (BS) effects on adult admissions in participating 
cities and pooled effect. The bubble size of the local results is pro
portional to the weight this city receives in the meta-analysis. (R) 
indicates that results were heterogeneous. 

SB 

--•.• _' . :? 

but not significant, and they were quite inconsistent 
between 1-d and cumulative effects. This points at insta
bility-and at little else (Table 3). Though based on even 
fewer cities (n = 3), with respect to the adults, TSP indi
cates rather consistently-and, for cumulative effects 
even significantly-a stronger effect in the warm season 
(1-d TSP 3% [Cl = 0, 6] per 50 µg/m3). This was not the 
case in the elderly (Table 3). Nitrogen dioxide had no 
effect on either age group during either season (Table 
3). The effects of 03 on adults were similar in both sea
sons, but in the elderly they were slightly larger in the 
warm season (Table 3, Fig. 3). 

Results, by level of another pollutant. There was an 
indication that an S02 effect in adults might be 
observable only at higher levels of particles. Perhaps 
S02 acts as a proxy for particles instead of having an 
effect of its own, but in our study the difference was 
small, inconsistent, and was absent in the elderly. On 
the other hand, particle effect differences, by S02 
levels, were either not detectable or inconsistent, and 
we conclude that the BS effect found was independent 
of S02• There was, however, a significant difference in 
the effect of BS, by level of N02 on the same day (i.e., 
it was much stronger or only detectable when N02 
levels were high). This effect was stronger in the adults, 

0.95 0.98 1.00 1.03 1.05 1.08 1.11 

Amsterdam 

Rotterdam 

Paris 

London Cf"· '- ' 

Meta (F.) 

- 0.0010--0.0005 0.0000 0.0005 0.0010 0.0015 0.0020 

Parameter Ozone Sh max. I RR per 50 ug/m3 

Fig. 2. Ozone (03) B-h (9:00 A.M.-17:00 P.M.) average effects on 
elderly admissions in participating cities and pooled effect. The bub
ble size of the local results is proportional to the weight this city 
receives in the meta-analysis. The homogeneity of results is clearly 
visible. (F) indicates that results were homogeneous. 
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Table 3.-Summary Effects of Air Pollutants on Respiratory Admissions, by Season 

1 5-64 y olds 65+ y olds 
Pol lutant Cities Season• RRt 95% Cl RRt 95% Cl 

S02 dai ly  
mean L, A, R, P, M Warm 1.01 0.98, 1 .04 l.06:f: 1 .0 1 ,  1 .  1 1  

Cold 1 .01 0.97, 1 .07 1 .02 0.99, 1 .04 
BS dai ly  

mean L, A, R, P Warm 0.99 0.90, 1 .09 1 .07:f: 1 .00, 1. 1 5  
Cold 1 .04:f: 1 .02, 1 .07 1 .00 0.95, 1 .04 

TSP dai ly 
mean A, R, M Warm 1 .03§ 1 .00, 1 .06 1 .01 0.98, 1 .04 

Cold 0.97 0.93, 1 .02 1 .02§ 1 .00, 1 .05 
N02 daily 

mean L, A, R, P Warm 1 .00 0.96, 1 .04 1 .02 0.99, 1.06 
Cold 1 .01 0.98, 1 .04 1 .00 0.98, 1 .03 

N02 dai ly 
maximum Warm 1 .00 0.99, 1.02 1 .00 0.98, 1 .02 

Cold 1 .00 0.98, 1 .01 1 .00 0.98, 1 .03 
03 8-h 

average L, A, R, P Warm 1.02 0.99, 1 .05 l .04:t 1 .02, 1 .07 
Cold 1 .03 0.98, 1 .08 1 .02 0.99, 1 .05 

03 1 -h 
maximum Warm 1.01 0.99, 1 .05 l .04:f: 1 .02, 1 .05 

Cold 1 .02 0.99, 1 .05 1.03§ 1 .00, 1 .06 

Notes: RR= relative risk, Cl =confidence interval, S02 =sulfur dioxide, BS= black smoke, TSP= total suspended �articulates, 03 "'.ozone, A= Amsterdam, L = London, M = Mi lano, P = Paris, and R = Rotterdam. 
Cold season mainly October-March; warm season mai nly April-September_ 

tper 50-µg/m3 increase in pol l utant. 
:tSignificant at 5% level .  
§Significant at  1 0% level .  

whereas the BS effect was stronger over a 11. We expect 
up to 7% more adult respiratory admissions per 50 
µg/m3 BS on high N01 days (95% Cl = O, 15). Whether 
BS effects depend on general local N02 levels, or 
whether the correlation between BS and N02 d'epends 
on a local level, could not be tested because of an 
i�su�icient number of data points (Fig. 4). Nitrogen 
d1ox1de, however, showed no consistent difference in 
effect size or showed no effect at all, by different same-
day levels of BS or 03• � 

Discussion 

Problems with materials. One problem with data 
comparability was that Paris and Milano data were 
confined lo all admissions, whether emergency or not. 
To explore the possible effect of this, we examined the 
available London data to examine the relationship 
between the two categories of admission. Some data on 
diagnosis categories were also available from Milano. 
The relationship varied with both diagnosis and age, 
and emergency admissions generally formed the vast 
majority of resp�ratory admissions among the elderly, 
but only approximately 50--70% of the admissions in 
a?ults were emergeney admissions. From the point of 
view of the meta-analys is, admission patterns driven by 
nonemergency admissions were expected to bias the 
results downward. Results that include Paris and Milano 
coefficient estimates-especially for respiratory cases of 
adults-may, therefore, have been rather conservative. It 
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is possible that some of the differences seen in effect 
between elderly and adults resulted from this phenom
enon. We compared local results, however, and we did 
not find direct evidence of biased results. 

The analysis of particle effects was hampered be
cause different measurement methods were used. The 
methods used most frequently were the Black Smoke 
(smoke stain) method and TSP (gravimetric or �-attenu
ation). Size-fractionated particulate mass (PMx, particu
late mass ?f particles below x µm in size) was rarely 
measured in Europe at the time of this study; within this 
data set, such measurements were available only from 
Paris (no meta-analysis possible). The average relation
ship between the different methods is not necessarily 
the same everywhere and- would be affected by the 
local size distribution, the "blackness" of the particles, 
and perhaps by season. In the context of this study, 
results can be compared only qualitatively. 

Methodology problems. It should be noted that certain 
frequently encountered problems of meta-analysis do not 
apply.26 There was no selection bias. The participating 
cities were not selected by the results of the short-term 
analysis (results were unknown when the studies started), 
and no cities or results were excluded later. There were 
no important differences in health endpoints, exposure 
data, and analysis procedures used; we took great care to 
set rules for inclusion and to ensure comparability. 
Therefore, this meta-analysis was not an afterthought, but 
was planned from the onset of the study. 
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Cold Season Wann Season 

0.90 1.00 1.11 1.22 1.35 090 1.00 111 1 .22 1.35 

Amsterdam Amsterdam 

Rotterdam � � Rotterdam 

London -fe- London -e-

Paris Paris -re-

Meta (R.,mult. r - Mela (R.,mult.) � 

-0.002 0.000 0.002 0.004 0.006 -0.002 0.000 0.002 0.004 0.006 
Parameter Ozone Sh maximum I RR per 50 uglrn3 Parameter Ozone Sh maximum I RR per 50 uglrn3 

Fig. 3. Ozone (03) effects on elderly, by season. The effect was larl?er in the warm season. The bubble 

size of the local results is proportional to the inverse of the variance of the parame!er, 
_
but actual 

weights were determined including covariance information. (Rmult.) indicates that multivariate results 

were heterogeneous. · 

N02 high 
(),6\ 0.76 \0 1:16 
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Paris I� 
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-f\t'eta (R. , rrult.) f\t'eta (R. ,rrult. ) --
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Parameter BS I RR per 50 uglrn3 Pararreter BS I RR per 50 uglrn3 

Fig. 4. Black Smoke (BS) effects on adults, by level of. 
nilr?gen dioxide (NOz). Random variation 

between cities is visible, bul clearly the pooled result durmg high levels of N02 was larger. The bubble 

size of the local results is proportional to the inverse . of the varia�ce. of the paramc�er, .but actual 

weights were determined including covariance information. (Rmult.) md1catcs that mult1var1ate results 

were heterogeneous. 
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The interpretation of the by-season or by-level-of
another pollutant results is not completely straightfor
ward. For example, if a threshold exists, and if the val
ues of a pollutant lie mostly below this threshold in one 
season, then the differences in effect would reflect this 
threshold, rather than an effect modification by weath
er conditions. There was no pollutant in this analysis, 
however, that had no effect in its respective lower sea
son and a strong effect in the other. If one looks at 
effects by level of another pollutant, differences may 
also be caused by thresholds if the two pollutants in 
question are strongly correlated. In this data set the cor
relation between N02 and BS was positive-but to a 
different degree in different cities. However, if this were 
the main explanation for the effect difference observed, 
a similar pattern would have arisen for S02, which was 
similarly correlated with particles (data not shown). 
Inasmuch as this was not the case, there must be anoth
er (at least partial) explanation. The dependence of the 
BS effect on N02 levels might point at a synergy 
between the adverse effects of various components of 
automobile exhausts, which produce both particles and 
N02, but are less responsible for S02 levels in the air. It 
might point at different effects of particles, by source of 
emission or composition of the particles. Given that 
N02 itself shows no effect, high N02 days could also be 
associated with another component of air pollution that 
causes this effect modification. 

Overview of Results 

Ozone. Associations of respiratory admissions with 
03 were large, significant, homogeneous, and imme
diate. They were stronger in the elderly than in adults 
and were stronger with the 8-h daytime average tnan 
with the daily maximum. The elderly group .was also 
more affected than the adults in the warm season. 

Suspended particles. There was a tendency toward 
an association of respiratory admissions with Black 
Smoke, but the very limited number of cities prevented 
final conclusions. Total suspended.particles may show 
some effect on adults in the warm season. The BS effect 
appeared quite independent of the concurrent S02 
level; it was, however, very dependent on the N02 
level, and significantly larger effects were seen when 
N02 on the same day was above the local median. 

Sulfur dioxide. No consistent evidence of an 
influence on respiratory admissions was found. The 
heterogeneity between cities was best explained by 
number of stations providing data (i.e., effects were 
larger when three or more stations provided data). 
Perhaps the elderly form a more sensitive subgroup. 

Nitrogen dioxide. Although there were some positive 
associations with respiratory admissions, an N02 effect 
could not be confirmed for either age group. 

Comparison with respiratory mortality in APHEA 
cities. Cause-specific mortality was available for nine 
APHEA cities (i.e., London, Paris, Lyon, Barcelona, 
Milano, Lodz, Poznan, Cracow, and Wroclaw). We saw 
evidence of an association between respiratory 
mortality and S02, BS, and 03 in Western European 
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cities, with relative risks of 1 .OS for S02 daily mean 
(95% Cl = 1.01, 1.04), 1.04 for BS (95% Cl = 1.02, 
1.07), and l.OS (9S% Cl = 1.02, 1.08) for 03 daily 8-h 
averages· per SO-µglm3 increase in pollution. This 
association did not hold in the four Polish cities (no 03 
data available), whose pollution mixtures, with relative
ly high levels of particles and S02, might be different 
from those of Western European cities.27 

Other studies. In most published studies, except those 
published or co-authored by Schwartz and Dockery, 
investigators used methods that are not quite comparable 
with those described here. Comparisons should be made 
cautiously. In many of the U.S. studies, sulfates were 
used as a pollutant. It is known that SO/- forms very fine 
particles; in fact, Schwartz et al.17 converted them to 
particulate matter with an aerodynamic diameter less 
than or equal to 10 µm (PM10) (with locally different 
factors) for comparison purposes. 

Bates and Sizto3 analyzed the effects of 03, N02, S02 
(all 1-h maxima), coefficient of haze (COH), and sul
fates (daily means) on respiratory admissions during 
January/February and July/August in Southern Ontario. 
The method of analysis was very different from the one 
we used. They found no associations in winter (except 
with temperature). In summer, respiratory admissions 
were correlated with S02 (2-d lag), 03 (1-2-d lag), N02 
(2-d lag), and SO/· (1-d lag), but they were not corre
lated with COH. Bates and Sizto observed the largest 
correlations between S042• and all respiratory causes, 
followed by 03 (1 -d lag). 

Thurston et al.6 investigated summer data (July/ 
August) gleaned during a 3-y period in Toronto (Cana
da) with respect to particle strong ac'idity (PSA) (H+), 
sulfates (daytime 1-h maximum), 03 (daily 1-h maxi
mum), TSP, PM10, an PM2•5 (daily means). Their method 
of analysis was different from the one we used. Ozone 
(same day) had the strongest influence on all admis
sions and particles had a moderate influence, whereas 
S02 and N02 had none. No comparable relative risks 
can be given, but qualitatively this is consistent with our 
findings. 

During a 3-y period, Walters et al.11 examined respi
ratory admissions in Birmingham (United Kingdom) rel
ative to 502 and BS. Their method of analysis was dif
ferent from the one we used. Both pollutants had an 
effect, but BS tended to show up more often in their 
study than in ours. 7·-

Dockery and Pope9 reviewed and meta-analyzed 
studies (some of which were hospital-admission studies) 
for short-term effects of particulate air pollution with 
respect to daily mean PM10; they converted other parti
cle measurements to this standard, particularly TSP 
= PM1o/O.SS and BS,,, PM10. They calculated an approx
imate 4% increase in all respiratory admissions per SO 
µglm3 PM10 (i.e., three studies). This increase is consis
tent with the approximate 3% we found for BS in our 
study. 

Burnett et al.10 investigated data collected during 6 y 
in Ontario (Canada) with respect to 03 and sulfates. 
Emergency admissions could have been selected from 
the database, but apparently the authors used all respi-
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ratory admissions. The method of analysis was very dif
ferent from the one we used, especially because there 
was no meteorology correction. Their parameters can 
be expressed as approximate risk ratios. The study by 
Burnett et al., 10 another by Thurston et al., 5 and two by 
Schwartz7•8 are summarized with the APHEA results in 
Tables 4-6. 

In two cities in the United States, S02 effects were 
similar to those in the APHEA cities. Schwartz7 inter
preted them as being caused by the correlation between 
S02 and particles; however, among the APHEA cities, 
no association between the locally different SOi-BS or 
TSP correlations and the locally different S02 effects 
was found (Table 4). 

The effects of PM10 on elderly respiratory admissions 
in the U.S. studies were larger than those found for BS 
and TSP in the APHEA cities. Perhaps this difference 
occurred because PM1o is a more appropriate measure 
of the fraction of particles relevant for health effects. 
Also, the correlations between particulate mass and 
other pollutants tend to be different in the United States 
(Table 5). 

With respect to 03, only summer or warm season 
results (03 measurements are often discontinued during 
the cold season) are quoted in the l iterature, as are 
effects for daily maximum or daily mean; we found the 
8-h daytime average to be the best predictor. Except for 
the very large effect found in Spokane (but with a 95% 
Cl "' 0, 54), the European and U.S. results for warm sea
son and daily maximum appear quite similar in magni
tude {i.e., all Cls overlap largely with the 2-5% effect 
size Cl found for 50 µg/m3 daily 1-h maximum). 

A review of the literature concerning, specifically, 
COP D admissions and asthma admissions is provided 
elsewhere.14-16 

Comments and interpretation. In considering wheth
er the associations observed are causal, one must exam
ine the possibility of confounding by factors that could 
be associated with both pollution and health effects. 
Differences in diagnostic habits, treatment regimes, and 

health-care systems-as well as lifestyles-are unlikely 
confounders inasmuch as they may vary strongly be
tween cities and countries, but not according to daily 
local pollution levels. More plausible confounders are 
weather and climate. In this study, the case for causality 
was strengthened by our finding of such consistent 03 
effects across the European cities, as well as in U.S. 
studies, in which drfferent climates and weather pat
terns were noted. Similarly strong and consistent effects 
were found in APHEA in the subgroup of COPD ad
missions, for which additional data were available from 
Barcelona, which has a Mediterranean climate quite 
unlike that of London or the Netherlands.14 Differences 
in actual effect size might be the result of differences in 
the pollution mix, differences in the spectrum of dis
eases admitted to hospital , or differences in the under
lying susceptibility of people with those diseases to ad
mission, based on national differences in primary care 
systems that affect the way exacerbations are handled. 
It must be noted, however, that from a statistical point 
of view, the strong 03 effects were homogenous be
tween cities. 

The respiratory group mainly comprises infections of 
the lung or obstructive airways disease in either acute 
form (asthma) or chronic form (COPD); diagnoses are 
difficult to differentiate, especially in the elderly. A 
common exacerbating factor for all respiratory condi
tions, which may in turn be exacerbated or promoted 
by air pollution, is acute infection. Specifically, we may 
see an impairment of airway defenses against infec
tions, an increase in airways hyperresponsiveness, toxic 
inflammation of the lung, modification of the response 
of asthmatics to inhaled allergens, airways obstruction, 
and impairment of gas exchange and ventilation/perfu

sion balance. Plausible mechanisms exist for respirato
ry disease to be affected by all four pollutants.2 

The coherence of results across various cities and 
studies, especially for 03, together with what is known 
about possible mechanisms, strengthens the argument 
that the associations found in this study were causal. 

Table 4.-lnternational Comparison of Effect of S02 Daily Mean on Respiratory Admissions of Cases 65 y or 
Older 

Study City Lag RR* 95% Cl 

APHEA London 2 1 .04 0.99, 1 .08 
Amsterdam 2 1 .02 0.98, 1 .06 
Rotterdam 0-2* 1 .02 0.98, 1 .07 
Paris 0 1 .03 1 .00, 1 .06 
Milano 0 1 .00 0.97, 1 .03 

APHEA pooled result 1.02 1.00, 1.05 

Un ited States New Haven 2 1 .03 1 .02, 1 .05 
(Schwartz 19957) 

Tacoma 0 1 .06 1 .01, 1 . 1 2  
(Schwartz 19958) 

*In Rotterdam, results were pooled from three different study periods. 
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Table 5.-Effects of Particulate Daily Means on Respiratory Admissions of Cases: An International Comparison 
of Relative Risk per 50-11m/m3 Increase in Pollutant 

Study City Particulate type Lag RR* 95% Cl 

Year-round results 

APHEA London BS 2 1 .04 0.99, 1 . 1 0  
Amsterdam BS 2 1 .04 0.87, 1 .24 
Rotterdam BS 2 0.98 0 .89, 1 .09 
Paris BS 0 1 .02 0.99, 1 .05 
Amsterdam TSP 2 1 .00 0.92, 1 . 1 0  
Rotterdam TSP 1 .02 0.93, 1. 1 2  
Milano TSP 1.02 0.99, 1 .04 

AP HEA pooled result BS 1.03 1.01, 1.05 
TSP 1 .00 0.99, 1 .03 

United States New Haven P M10 0 1 .06 1 .00, 1 . 1 3  
(Schwartz 1 9957) 

Tacoma PM10 0 1 . 1 0  1 .03, 1 .17 
(Schwartz 1 9957) 

Spokane P M10 0 1 .09 1 .04, 1. 1 4  
(Schwartz 1 9958) 

Study Age group (y) Particulate type RR* 95% Cl 

Warm season or summer only 

APHEA pooled result 15-64 BS 0.99 0.90, 1 .09 
65+ BS 1 .07 1 .00, 1.1 5 

15-64 TSP 1 .03 1 .00, 1 .06 
65+ TSP 1 .01 0.98, 1.04 

Buffalo (Thurston 19926) All age groups P M10t 1 . 1 2  1 .03, 1.22 
New York (Thurston 19926) All age groups P M10t 1 .05 1 .01 , 1. 1 0  
Ontario (Burnett 199210) All age groups P M10t 1.06 1 .04, 1.08 

Notes: BS= Black smoke, RR= relative risk, Cl= Confidence Interval, TSP= total suspended particulates, and P M10 
= particulate matter < 1 O millimeters. 
*Per 50-µm/m3 increase in pol lutant. 
tConverted from S04-2, according to Sch�artz (19968). 

Table 6.-Effects of Ozone Daily Maximum on Respiratory Admissions During the Warm Season/Summer Only: 
An International Comparison 

Study City Age group (y) Lag RR• 95% Cl 

A PH EA London 65+ i.'i'.>4 1 .01 , 1 .06 
Amsterdam 1 1 .05 0.99, 1 . 1 2  
Rotterdam 0-2t 1.05 0.97, 1. 1 3  
Paris 0 1 .02 0.99, 1.06 

APHEA pooled result 65+ 1.04 1.02, 1.05 

United States New Haven (Schwartz 19957) 65+ 2 1.03 0.99, 1 .07 
Tacoma (Schwartz 1 9957) 2 1 . 1 0  1 .03, 1 . 1 5  
Spokane (Schwartz 1 9958) 2 1.24 1.00, 1.54 
Buffalo (Thurston 1 9925) All 1 .06 0.99, 1. 1 2  
New York (Thurston 1 9925) 1 .03 1.02, 1.04 
Ontario (Burnett 1 99210) 1 .02 1.01, 1 .03 

*Per 50-µm/m3 increase in pollutant. 
tin Rotterdam, results were pooled from three different study periods. 
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Appendix 

X2 Test of Homogeneity 

Given local estimates �; (para!:fleter or parameter vector) and f; 
(variance or covariance matrix of {3;), i = 1 ,  . . . .  N, we obtain a fixed
effects model estimate of the joint parameter or parameter vector 

fi = I  w;fe;. 
i 

with weights or weight matrices 

w, = f�l ( �f�I r 
The test statistic 

I<fi; - firt;1 cfe; -fi l  
I 

is x2-distributed with (N - 1 )  p degrees of freedom, where N is the 
number of studies and p the dimension of {3. 
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Brain Cancer Mortali ty among French Farmers: 

The Vineyard Pest icide Hypothesis  
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ABSTRACT. In this study, the authors assessed the contribution of vineyard pesticides to 
brain cancer mortality among agricultural workers. A pesticide exposure index (PEI) in vine
yards was calculated for 89 French geographical units (departements). The authors estimat
ed standardized mortality ratios among male farmers and farm laborers aged 35-7 4 y for the 
years 1984-1986. Poisson regression models, which were fitted to the ecological data, 
included random effects. Mortality from brain cancer among farmers was significantly high
er than mortality for the overall_.population (standardized mortality ratio = 1.25, p < .001 ) .  
Univariate analysis revealed a significant link with pesticide exposure in vineyards (relative 
risk = 1.10; 95 % confidence interval = 1.03, 1 .18), as did multivariate analysis (relative risk 
= 1.11; 95 % confidence interval = 1.03, 1.19). These results corraborate the evidence that 
pesticides in vineyards contribute to mortality from brain cancer among farmers. 

\.. 

EVERY YEAR, 93 000 tons of pesticides (e.g., insecti
cides, herbicides, fungicides) are sprayed in France, 1 po
tentially exposing 700 000-1 000 000 workers (e.g., 
farm laborers, applicators, manufacturers, formulators, 
packers). Overall mortality and mortality from cancers 
have generally been lower among farmers than in the 
overall population, 2 although there is some evidence of 
a higher risk of certain cancer types in agriculturel po
tentially related to pesticide exposure. In this regard, we 
have recently highlighted a link between pesticides used 
in agriculture and bladder cancer within the French 
farmer population.4 

In their review of all cancers among farmers, Blair et 
al.3 classified brain cancer in the high-risk category. The 
influence of pesticide exposure on brain cancer occur
rence is uncertain and is the focus of our study. 

There seems to be no classical risk factor for this rare 
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disease (French age-standardized mortality rate in 1 990: 
5 .6/1 00 000 males).5 It appears that no particular age 
range is at risk; brain c�ricer incidence rates increase 
slowly until 55-65 y ofage, without a real peak.5 This 
cancer takes many forms: glioma, glioblastoma, astro
cytoma, medulloblastoma, oligodendroglioma, and 
ependymoma. To date, published studies have included 
either all of these types or only gliomas. Among 1 0  case
control studies in which agriculture was mentioned as 
an occupation,6-1 5 a significantly higher risk was high
lighted in 3 .7•9•13 The results in the remaining 7 studies 
were not significant statistically.6•8•1 0-1 2•14•15 Among 13  
agricultural mortality studies reported,16-28 researchers 
reported significantly higher mortality ratios in only 
3 .1 6·19•27 In 4 of 12 industrial studies (i.e., manufacturing 
or application processes),29-4° investigators reported a 
significant relationship between pesticide exposure and 
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