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ABSTRACT. In this study, the authors examined the short-term effects of ambient air pollu- 
tion on mortality across 2 French cities: Rouen and Le Havre. In Poisson regression models, 
which controlled for day-of-week effects, the authors used nonparametric smoothing to con- 
trol for temporal trend, weather, and influenza epidemics. In Rouen, an interquartile range 
increase of 60.5-94.1 pg/m3 of ozone was associated with an increase of 4.1 YO (95% confi- 
dence interval = 0.6, 7.8) of total mortality. Daily variations in sulfur dioxide (interquartile 
range increase = 17.6-36.4 pg/m3) were also associated with an 8.2% increase (950/, confi- 
dence interval = 0.4, 16.6) in respiratory mortality. An increase of 6.1 O/O (95% confidence 
interval = 1.5, 10.9) of cardiovascular mortality was also observed with an interquartile 
range increase of nitrogen dioxide (Le., 25.3-42.2 pg/m3). With respect to Le Havre, an in- 
terquartile range increase in daily levels of sulfur dioxide (1 1.3-35.6 pg/m3) was associated 
with an increase of approximately 3% (95’/0 confidence interval = 0.8, 5) of cardiovascular 
mortality. For particulate matter less than or equal to 13 pm in diameter (interquartile in- 
crease = 21.5, 45.4 pg/m3), an increase of 6.2% (95% confidence interval = 0.1, 12.8) was 
observed. The estimates of pollutant effects and their standard deviations were slightly af- 
fected by the degree of smoothing temporal variations in this study. When low collinearity 
was present, the 2-pollutant models provided acceptable estimates of pollutant effects. They 
suggested that the ozone effect was independent of the Black Smoke effect, and that the ef- 
fects of sulfur dioxide and nitrogen dioxide were unlikely to be confounded by ozone con- 
centrations. However, high collinearity leads to large estimates of the pollutant coefficient 
variances and, therefore, leads to inaccurate estimates of pollutant effects. The analysis of 
the contributory effects of different pollutant mixtures requires further investigation in those 
instances in which high collinearity between pollutants i s  present. 
<Key words: air pollution, French cities, mortality, nitrogen dioxide, ozone, PM13, short-term 
effects, sulfur dioxide> 

HAUTE-NORMANDIE is  one of the most industrial- 
ized areas in France, characterized by major and diver- 
sified industrial activities located mainly in the cities of 
Rouen and Le Havre along the Seine River. The inherent 
air pollution of these industrial activities can have 
harmful effects on the environment and on the health of 

those who live in these cities. There have been impor- 
tant efforts by the industrial sector to reduce air pollu- 
tion and development in the use of nuclear energy, the 
result of which has been a decrease in sulfur dioxide 
(SO,) levels of more than 60% since 1980. Levels of ni- 
tric oxides (NO,) have also been reduced. However, the 
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increase in road traffic has caused levels of photo-oxi- 
dants in air pollution to rise. 

Although air pollution levels in most industrialized 
countries have declined, several epidemiological stud- 
ies have shown short-term associations between rela- 
tively low levels of air pollution and mortality.'" In Eu- 
rope, the Air Pollution on Health: European Approach 
(APHEA) study5.b examined the short-term effects of air 
pollution on mortality and hospital admissions in a mul- 
ticity context and permitted a standardization of proto- 
cols. Fifteen European cities participated in this study, 
including the 2 French cities of Paris7 and Lyon.8 The 
combined analysis of this studyg,'o confirmed a consis- 
tency in the associations between air pollution and 
daily mortality, despite the fact that there was a wide 
range of climates and environmental and population 
characteristics. In France, apart from the 2 earlier-men- 
tioned studies (which followed the standardized APHEA 
approach), few studies were carried out, and those that 
were occurred mainly in Paris.I1-'3 However, investiga- 
tors used various methodological approaches that made 
comparison of their results with those provided by other 
studies difficult. 

In the current study, we sought to evaluate the short- 
term associations between acid-particulate and photo- 
oxidant air pollution and daily mortality in the cities of 
Rouen and Le Havre. We used the same protocol of 
data collection and statistical analysis. The study was 
part of a national epidemiological surveillance system 
set up by the Institute de Veille Sanitaire subsequent to 
1997 in 9 French cities. 

Materials and Method 

Study areas. Rouen is  located 120 km to the north- 
west of Paris. It extends over a surface of 332.5 km2 and, 
according to the 1990 census, it contained approximate- 
ly 430,000 inhabitants. Sources of pollution are mainly 
industrial, particularly for SO2 (93% of emissions result 
from industrial activities). Le Havre has a surface area of 
about 200 km2, and in 1990 it was habitated by ap- 
proximately 260,000 individuals. It is located on the 
right bank of the estuary of the Seine River, 90 km down- 
stream from Rouen and 220 km from Paris. Industrial ac- 
tivities are also responsible for more than 90% of SO, 
and NO emissions. The temperature is  similar in the 2 
cities; the mean temperature during the study period was 
approximately 12 "C (i.e., 8 "C in winter, 16 "C in sum- 
mer). Relative humidity varied between 70% in summer 
and 81 o/o in winter. 

Environmental data. In each city, a permanent auto- 
mated air-pollution network provided air-pollution data. 
SO, was measured by ultraviolet fluorescence tech- 
niques; particulate matter with an aerodynamic diameter 
of I 13 pm (PM13) was measured by radiometry; Black 
Smoke (BS) by reflectrometric; nitrogen dioxide (NO2) by 
chemiluminescence; and ozone (0,) by ultraviolet ab- 
sorption. We constructed exposure indicators by cal- 
culating the arithmetic mean of daily concentrations re- 
corded by the ambient urban stations selected in each 
city (i.e., stations not directly influenced by industrial or 

road traffic sources of pollution). For 0,, the 8-hr arith- 
metic mean (i.e., 9:00 ~ . ~ . - 5 : 0 0  P.M.) in summer season 
was retained. If a pollutant was selected, the ambient 
urban stations must have been sufficiently correlated 
(i.e., correlation 2 .70) and must have had sufficiently 
similar mean levels of pollution. The most ambient urban 
stations selected in this study complied with these two 
conditions. Indeed, among the stations selected in 
Rouen, 2 stations measured levels of SOz, NO,, and PM13, 
and 3 measured levels of BS. The difference between the 
daily levels of pollutants recorded by these stations 
ranged from 1 pg/m3 for BS to 5 pg/m3 for PM13. The cor- 
relation between these daily measurements ranged from 
0.72 for BS to 0.85 for SO,. In Le Havre, 2 stations were 
chosen for SO, and NO2, and 3 were chosen for BS and 
PM,,. The difference between the daily levels of pollution 
recorded by these stations ranged from 4 pg/m3 for NO, 
to 12 pg/m3 for PM,,. The correlation ranged from 0.52 
for NO2 to 0.81 for SO,. In both cities, 3 stations mea- 
sured 0, levels. However, only l station (i.e., l suburban 
station in Rouen and 1 urban station in Le Havre) was re- 
tained in each city because of its availability during the 
study period. 

Following a missing value estimation  procedure,^ the 
remaining percentage of missing values was lower than 
2%. The period of exposure indicator availability varied 
from one pollutant to another and from one city to an- 
other between 1990 and 1995. Weather data, tempera- 
ture, and relative humidity were obtained from METE0 
FRANCE during the period between 1990 and 1995. 

Health data. Mortality data during the 1990-1 995 pe- 
riod were provided by the National Institute of Health 
and Medical Research, which carries out the coding of 
the medical causes of death according to the Inter- 
national Classification of Diseases, ninth revision (ICD- 
9). We considered all deaths except those from ac- 
cidental causes (ICD-9 codes < 800), nontumor 
respiratory causes (ICD-9 codes 460-51 9), and cardio- 
vascular causes (ICD-9 codes 390-459) recorded accord- 
ing to the area of residence of the deceased. During the 
period between 1990 and 1995, 21,853 deaths were 
recorded in Rouen, including 6,630 (30.3%) cardiovas- 
cular deaths and 1,554 (7.1%) respiratory deaths. In Le 
Havre, 13,885 deaths were recorded for the same period, 
including 4,199 (30.2%) cardiovascular deaths and 959 
(6.9%) respiratory causes of death. The percentage of 
deaths in the at-least-65-yr age group was approximately 
70% in each city during the study period. 

Influenza data were provided by the Teleprocessing 
National Network of monitoring and information on the 
Transmissible Diseases during the period 1990-1 995. 

Method 

The principle of the generalized additive models 
(CAM) has been described previously in the litera- 
ture.14~5 These models extend the generalized linear 
models (GLM), which were defined by McCuIlagh and 
Nelder,I6 who used nonparametric smoothing functions 
to relate the response variable to the predictors. A GLM 
model primarily comprises a systematic component, 
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which relates the mean of the response variable p = E[YI 
to the sum of linear predictors via a link function g and 
a random component where it is  supposed that response 
Y has a probability distribution from an exponential fam- 
ily. This approach implies that the variance of Ydepends 
on the mean through a variance function V: 

g ( E [ V l )  = g(p) = Po+ p, x, + . . . + p, x, var(Y) = $V(p), (1) 

where $ is  a constant known as a dispersion parameter. 
In a CAM model, the linear terms are replaced by a 

nonparametric smoothing function, f :  

(2) 

The primary smoothing functions used are Kernel 
smoothing functions, Spline smoothing functions, and 
moving regression smoothers (LOESS). In this study, we 
used LOESS.17 

The CAM models have aroused considerable interest 
in air pollution epidemiology. They provide important 
information about the shape of the dependence be- 
tween health outcome (i.e., mortality) and environmen- 
tal covariates (i.e., temperature, relative humidity, and 
air pollution). They have made it possible for us to ade- 
quately control the influence of weather covariates and 
their interaction, to test the existence of a threshold ef- 
fect of the studied pollutant, and to optimally adjust 
temporal variations.18 

Mortality data used in this study were count data. The 
mean number of deaths per day in cities of average size, 
like Rouen and Le Havre, ranged from 0.4 for respiratory 
mortality to 10 for total mortality. The use of the Poisson 
distribution @[PI = log[pl, var[YI = p) appears reasonable 
in our context. Count data often exhibit an overdisper- 
sion, compared with a Poisson assumption (f = 1). A sim- 
ple way for us to model this situation is to allow the vari- 
ance function to have a multiplicative dispersion 
parameter. Regression parameters are estimated, as de- 
scribed earlier; however, their standard deviations are 
corrected according to this dispersion parameter. Such a 
correction can be estimated by Pearson’s x 2 ,  divided by 
its number of degrees of freedom.16 

When we took these parameters into consideration, 
the final model resulted in a Poisson regression model 
in which nonparametric smoothing functions were used 
and overdispersion control was used. It included LOESS 
function, with a reasonable degree of smoothing (span) 
that was based on graphical output for the following: 
time to control temporal trends and seasonal variations; 
influenza covariate to control the influence of influenza 
epidemic; and temperature and relative humidity, or 
possibly their interaction, to control their short-term ef- 
fect on mortality. Binary variables for day of the week 
and holidays were also introduced. Finally, LOESS func- 
tion for air pollutant(s) was introduced, therefore afford- 
ing us the opportunity to test whether the relationship 
with mortality showed a threshold and to graphically vi- 
sualize the shape of this relationship. For each covari- 
ate, various lags were evaluated. The choice of the best 
lag was based on statistical criteria ( t  test) and on the 
coherence of the results between these various lags. To 

g(f[Yl) = g(p) = p o  + p1 f;(Xl) + . . . + p, f (XJ. 

examine the effect of smoothing temporal variations on 
the estimates of air pollutant effects, we tested different 
spans. The preferred span provided a small Akaike In- 
formation Criterion (AIC),19 and there was little evi- 
dence of over- or underfitting in the residual autocorre- 
lation function. 

Plot of the residuals over time, as well as both auto- 
correlation and partial autocorrelation function plots, 
provided suitable tools for the examination of any re- 
maining patterns in the residuals, and they also provid- 
ed mechanisms with which to check large residual au- 
tocorrelations that may indicate discrepancies with the 
model fit. To test the influence of the remaining serial 
correlation on pollutant effects, we introduced autore- 
gressive terms (i.e., inclusion of lagged working residu- 
als of the final model as covariates) in the final model. 

Results 

Air pollution and mortality indicator statistics for 
each city are presented in Table 1. Seasonal values are 
also presented. With the exception of 0, levels, levels 
of air pollution were higher in winter than in summer. 
Mean levels of air pollution are relatively similar in the 
two cities, except for 0, levels, which were greater in 
Rouen than in Le Havre. The daily mean numbers of 
deaths were approximately 10 for total mortality (maxi- 
mum = 24), 3 for cardiovascular mortality (maximum = 
141, and 0.71 for respiratory mortality (maximum = 6) in 
Rouen. In Le Havre, the respective values were 6.34 
(maximum = 181, 1.92 (maximum = 8), and 0.44 (max- 
imum = 6). The daily number of deaths was somewhat 
elevated, particularly for respiratory mortality, with 50% 
of zero-death days over the study period. Correlations 
among air pollutants were relatively high (Table 2). In 
Rouen, the weakest correlation was observed between 
0, and PM,, (-0.181, and the strongest correlation ex- 
isted between BS and NO, (0.77). In the city of Le 
Havre, the respective values were -0.06 (0, and SO,) 
and 0.70 (BS and PM13). The correlations between air 
pollution and weather covariates were lower. 

The nonparametric smooth plot of relative risk for 
cardiovascular mortality and 95% confidence intervals 
versus NO, (left box) and minimum temperature (right 
box), after we controlled for covariates in Rouen, are 
shown in Figure 1. In Figure 1, there is no indication 
that a threshold in the relationship between NOz and 
cardiovascular mortality exists, and that the shape of 
this relationship is  approximately logarithmic. On the 
basis of the same graphical dose-response relationship 
plot, some associations were strengthened by a loga- 
rithmic transformation of the pollutant covariate. With 
respect to minimum temperature, the nonparametric 
smooth plot indicated a high risk of cardiovascular mor- 
tality at both low and high temperatures. 

The percentage increase in mortality and 95% confi- 
dence limits for an interquartile range (IQR) increase of 
daily levels of air pollutants in Rouen and in Le Havre 
are shown in Table 3. The lags between exposure to air 
pollutants and excess mortality are also presented in 
Table 3. In Rouen, significant associations were ob- 
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Table 1.-Statistical Summary of Air Pollutant and Mortality Indicators in the Cities of Rouen and Le Havre 

Rouen Le Havre 
Pollutant or mortality indicator Summer Winter Total Summer Winter Total 

Nitrogen dioxide* 
P2 5 
P75 

Mean 

Sulfur dioxide* 
P2 5 
P75 

Mean 

Black Smoke* 
P2 5 
P75 

Mean 

07/9 1 - 12/95 

22.94 29.20 25.26 
37.28 47.15 42.17 
30.73 38.94 34.82 

1 1/9 1 - 12/95 

14.68 20.75 17.61 
30.52 43.92 36.39 
23.83 35.36 29.70 

1 0/9& 12/95 

8.03 11.33 8.79 
16.67 30.28 23.00 
13.04 23.75 18.65 

0 1/9O-O7/94 

01/9&12/95 

23.35 29.08 25.88 
41.36 49.74 46.03 
34.01 40.63 37.27 

0 1/92- 12/95 

9.32 13.68 11.25 
29.75 39.75 35.62 
27.83 39.66 33.72 

02/9 1 - 12/95 

7.78 9.1 7 8.33 
16.00 25.96 19.84 
12.59 20.22 16.32 

0 1/90-4/93 

PM13* 
P2 5 
P75 

Mean 

Ozonet 
P2 5 
P75 

Mean 

18.91 19.88 19.21 
35.63 46.65 39.76 
28.92 36.91 32.87 

04/9 1 - 12/95 

60.50 22.81 38.75 
94.13 55.00 77.1 3 
79.62 39.67 60.57 

21.08 22.00 21.54 
44.26 46.58 45.42 
35.10 37.51 36.37 

05/92- 12/95 

44.76 16.25 27.88 
73.63 41.65 61.13 
62.63 29.78 46.85 

Mean of: 

Total mortality 9.58 10.37 9.97 6.00 6.67 6.34 
Cardiovascular mortality 2.83 3.23 3.03 1.78 2.06 1.92 
Respiratory mortality 0.60 0.81 0.71 0.36 0.51 0.44 

Notes: PMI1 = particulate matter with an aerodynamic diameter 5 13 pm; P25 = 25th percentile, and P75 = 75th 
percentile. Summer months: April-September; winter months: October-March. 
*Mean: 24 hr (pg/m3). 

Table 2.4orrelation Matrix between Environmental Indicators in Rouen and Le Havre 

Environmental indicator 

NO2 
so2 
BS 

0 3  

Relative humidity 
Minimum temperature 

PM13 

Pollutant indicators 
NOz SO2 BS PM13 O3 

Weather indicators 
Relative humidity Minimum temperature 

1.00 0.54 0.77 0.70 -0.25 
0.57 1.00 0.54 0.47 -0.30 
0.62 0.67 1.00 0.73 -0.36 
0.58 0.68 0.70 1.00 -0.18 

-0.19 -0.06 -0.23 0.11 1.00 

-0.04 -0.14 -0.08 -0.21 -0.50 
-0.30 -0.26 -0.46 -0.30 0.45 

0.05 -0.48 
0.13 -0.37 
0.1 5 -0.44 

-0.04 -0.43 
-0.62 0.49 

1 .oo -0.10 
-0.07 1 .oo 

Notes: The upper triangular correlation matrix corresponds to the correlation between environmental indicators in 
Rouen, and the lower one corresponds to indicators in Le Havre. NO2 = nitrogen dioxide, SO2 = sulfur dioxide, BS = 
Black Smoke, PM13 = particulate matter with an aerodynamic diameter of < 13 pm, and O3 = ozone. 
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served with the 3 mortality indicators. With respect to 
total mortality (all causes except accidental), the 
strongest association was observed in summer with O3 
for a 0-2-day lag (daily mean of current and the 2 pre- 
vious days). An IQR increase (60.5-94.1 pglrn') was as- 
sociated with an increase of 4.1 Yo (95% confidence in- 
terval [CI] = 0.6, 7.8%) in total mortality. Sulfur dioxide, 
with a 0-2-day lag (IQR increase = 17.6-36.4 pglm3), 
was also associated with an increase of 8.2% (95% CI 
= 0.4, 16.6) in respiratory mortality. Finally, an increase 
of 6.1% (95% CI = 1.5, 10.9%) in cardiovascular mor- 
tality was observed with an IQR increase of NO2 
(25.3-42.2 pglm3) for a 0-1-day lag. Positive associa- 

I A 

tions were also observed with BS and PM13 with the 3 
mortality indicators, but they were not statistically sig- 
nificant at the 5% significance level. For Le Havre, sig- 
nificant associations were observed between cardiovas- 
cular mortality and daily levels of acid-particulate air 
pollution. An IQR increase in daily levels of SO2 
(1 1.3-35.6 pg/m3) was associated with an approximate 
increase of 3% (95% CI = 0.8, 5) in cardiovascular mor- 
tality. For PM13 (IQR increase = 21.5-45.4 pg/m3), an in- 
crease of 6.2% (95% CI = 0.1, 12.8) was observed. We 
observed these associations for a 1-day lag. Although 
not statistically significant at the 5% significance level, 
positive associations were also observed with BS, NO,, 

20 40 60 80 100 -10 -5 0 5 10 15 20 
Nltrogen dioxide (pg/m3) Minimum temperature ("C) 

Fig. 1. Smoothed plot of relative risk and 95% confidence intervals of cardiovascular mortality related to 
nitrogen dioxide (0-1 lag [left box]) and minimum temperature (right box) in Rouen, France. The model 
contains an intercept term, LOESS smoother for temporal variations, indicators for day of week and holi- 
days, and LOESS smoother for influenza and relative humidity. 

Table 3.-Percentage Increase in Mortality and 95% Confidence Intervals (CIS) for an lnterquartile Range Increase of Daily levels of 
Air Pollutants in Rouen and Le Havre 

Total mortality Cardiovascular mortality Respiratory mortality 
O/O increase YO increase YO increase 

Pollutant in mortality 95% CI Lag (day[sl) in mortality 95% CI Lag (daylsl) in mortality 95% CI Lag (day[s]) 

Rouen 

BS 0.5 -1.8, 2.9 1 4.0 -0.4, 8.5 1 2.9 -5.6, 12.2 0-1 
PM13 0.5 -1.1, 2.1 1 2.2 -0.6, 5.0 1 3.7 -1.2, 9.0 0-1  

NO2 2.3 0.0, 4.5 0-3 6.1 1.5, 10.9 0-1 1.7 -5.7, 9.7 1 
so2 1.5 -0.7, 3.9 2 1.6 -2.2, 5.6 0 8.2 0.4, 16.6 2 

0 3  4.1 0.6, 7.8 0-2 5.3 -1 .o, 12.0 0-2 7.2 -3.7, 19.3 1 

Le Havre 

BS 0.3 -1.6, 2.2 0-1 1.9 -1.6, 5.6 0-3 2.9 -3.7, 9.9 0 - 1  
PM13 1.9 -0.8, 7.4 1 6.2 0.1, 12.8 1 4.9 4 . 3 ,  15.0 2 
so2 0.9 -0.3, 2.1 1 2.9 0.8, 5.0 1 8.7 -3.0, 21.9 0 - 1  
NO2 1 .o -1.5, 3.5 1 2.9 -1.5, 7.6 1 7.8 -1.9, 18.5 0 - 1  
0 3  2.9 -0.4 ,6.3 2 6.7 -0.9, 14.9 0-1 6.4 -7.2, 22.0 2 

Notes: BS = Black Smoke, PM,, = particulate matter with an aerodynamic diameter of 2 13 pm, SO2 = sulfur dioxide, NO2 = nitrogen diox- 
ide, and O3 = ozone. 
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and 0,. We adjusted these results for overdispersion; 
however, the daily counts of mortality did not exhibit a 
large degree of overdispersion in this study and, conse- 
quently, the correction was minor and did not affect the 
results substantially. 

The effect of smoothing temporal variations on esti- 
mates of pollutant effects and their standard deviations 
are shown in Table 4. The AIC criterion decreased with 
increased smoothing (increased Span), until it reached 
a minimum. Additional smoothing slightly increased 
the AIC. Smoothing temporal variations, with span val- 
ues below 0.1 5 (size of smooth window), caused over- 

fitting, as reflected by more negative autocorrelations. 
Nevertheless, the estimates of pollutant effects and their 
standard deviations were affected slightly by the degree 
of smoothing in this study. 

Graphical analysis of the residuals for the final mod- 
els did not reveal apparent seasonal patterns. The auto- 
correlation check of residuals indicates a small amount 
of residual autocorrelation. The effect of adding autore- 
gressive terms for some lags with greatest residual auto- 
correlation (< 10.071) is  presented in Table 5; the results 
were barely affected. 

Table 6 shows the results of the 2-pollutant models 

Table 4.-Influence of the Degree of Smoothing Temporal Variations on the Estimates of Air Pollutant Effects- 
Cardiovascular Mortality 

City Pollutant Lag (daylsl) Span Coefficient* SE t test AIC 

Rouen NO2 0-1 0.10 0.125734 0.048442 2.60 1,854.64 
0.1 5 0.126917 0.048510 2.62 1,851.65 
0.20 0.128309 0.048532 2.64 1,849.95 
0.25 0.128235 0.048552 2.64 1,848.68 
0.40 0.1 19960 0.048624 2.47 1.849.26 

Le Havre so2 1 0.10 0.001 191 0.00043 1 2.77 1,642.13 
0.1 5 0.001 160 0.000430 2.70 1,634.92 
0.20 0.001 162 0.000430 2.70 1,630.27 
0.25 0.001 167 0.000430 2.71 1,629.65 
0.40 0.001 167 0.000431 2.71 1,630.39 

Notes: NO2 = nitrogen dioxide, S E =  standard error, SO2 = sulfur dioxide, and AIC = Akaike Information Criterion. 
N02-log transformation; SO2-Iinear; and Span-size of the smooth window. 
*Estimate of pollutant effects on cardiovascular mortality. 

Table 5.-Influence of Adding Autoregressive Terms in the Models on the Estimates of Air Pollutant 
Effects 

~~ ~~~ ~ ~ 

Mortality indicator Pollutant Lag (day[sl) Coefficient* SE t test 

Rouen 

Cardiovascular NO2 0-1 0.12691 7 0.048510 2.62 
Plus AR (4) 0.125560 0.048724 2.58 

Total 0 3  0-2 0.103322 0.045427 2.27 
Plus AR (1) 0.104234 0.045909 2.27 

Respiratory so2 2 0.004454 0.002151 2.07 
Plus AR (5) 0.004351 0.0021 65 2.01 

Le Havre 

Cardiovascular so2 1 0.001 167 0.000430 2.71 
Plus AR (4) 0.001207 0.000429 2.82 

PM13 1 0.081 100 0.040909 1.98 
Plus AR (2) 0.081 154 0.041 036 1.98 

Notes: NO2 = nitrogen dioxide, SO2 = sulfur dioxide, O3 = ozone, SE= standard error, PM13 = partic- 
ulate matter with an aerodynamic diameter of 2 13 pm, and AR = autoregressive term (lag appears 
within parentheses that follow this term). In Rouen: NO2 = log transformation, O3 = log transformation, 
and SO2 = linear. In Le Havre: SO2 = linear, and PMl3 = log transformation. 
*Estimate of pollutant effects on mortality. 
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when air pollutant measurements were available simul- 
taneously for the same period. Globally, these results 
suggest that the higher the correlation between the co- 
efficient estimates (high collinearity), the higher the in- 
flation of coefficient standard deviations. In Rouen, the 
2-pollutant models-including 0, and BS, 0, and SO2, 
or 0, and NO,-indicated a relatively low correlation 
between the coefficient estimates (low collinearity). The 
inflation of the coefficient standard deviations was rela- 
tively low in these models and ranged from 1.48 to 
4.36%-resuIts that reflected relatively stable coeffi- 
cient estimates. In these models, the 0, effect on total 
mortality was reduced slightly (-8.77%), but it re- 
mained significant when modeled simultaneously with 
BS. The effect of SO, on respiratory mortality was also 
reduced slightly (-2.76%) and remained significant 
when it was introduced in the same model with 0,. 
Similarly, modeling NO, and 0, simultaneously indi- 
cated that NO, effects on cardiovascular mortality were 
relatively unchanged (+3.3%) and remained significant. 
In Le Havre, low collinearity was observed between 0, 
and the 4 other measured pollutants (SO,, NOz, BS, and 
PM13). However, the 2-pollutant models had not been 
tested because data were not available simultaneously 
for the same period. In both cities, a relatively high 
collinearity was observed between SO2, BS, and NO2, 
as well as between NO, and particulates (e.g., BS, 
PM,,). Although the percentage changes of the coeffi- 
cient estimates were slight for some models, they re- 
mained unstable, as indicated by a large increase in 
their coefficient standard deviations. 

Discussion 

The existence of a permanent, automated, air-pollu- 
tion network that has measured continuously over sev- 
eral years allowed the authors to investigate the associ- 
ations between daily levels of air pollution and 
mortality data. First, the effects of various gaseous (SOz, 
NO2, and 0,) and particulate (BS, PM13) pollutants were 
estimated in the 2 cities. Second, the effect of smooth- 
ing temporal variations and of the remaining serial cor- 
relation on the estimates of pollutant effects was exam- 
ined. Third, we examined the 2-pollutant models to 
examine the specific pollutant effects. 

Excess mortality was associated consistently with par- 
ticulate pollutant levels and/or SO,, as shown by the re- 
sults of several earlier studies.8,9,20-23 In this study, al- 
though the associations of particulates and SO, with 
total mortality were not significant statistically, positive 
and significant associations were observed between 
S0,and respiratory mortality in Rouen, as well as be- 
tween both pollutants and cardiovascular mortality in 
Le Havre. Several earlier time-series studies have pro- 
duced similar associations between cardiovascular 
mortality and particuIates.2,8,2’,24 

Ozone was also associated with the daily number of 
all-cause mortality in Rouen. The few previous studies 
that have investigated the short-term effects of 0, on 
mortality yielded results that varied. Significant effects 
have been reported for Los Angeles, New York, 
Philadelphia,2s,26 and several European APHEA cities,1° 
but such effects have not been noted for several other 

Table 6.-The 2 Pollutant Models of the Association between Mortality and Air Pollution in Rouen and Le Havre 

Correlation Change in Change in 
Variable Pollutant Lag (dayls]) Coefficient* SE t test coefficientt coefficient (%) SE (Yo) 

Total 0 3  
mortality plus BS 

Cardiovascular NO, 
mortality plus BS 

plus O3 

mortality plus BS 
Respiratory so2 

PIUS NO2 
PIUS 0 3  

0-2* 
0-2 

0-1 
0-1 
0-1 

2 
2 
2 
2 

0.103322 
0.094261 

0.12691 7 
0.129540 
0.1 31 105 

0.004454 
0.004545 
0.004920 
0.004331 

Rouen 
0.045427 
0.046245 

0.04851 0 
0.0771 70 
0.050625 

0.002 1 5 1 
0.002368 
0.002367 
0.002 183 

2.27 
2.04 -.15 -8.77 1.80 

2.62 
1.68 -.78 2.07 59.08 
2.59 .25 3.30 4.36 

2.07 
1.92 -.42 2.05 10.07 
2.08 -.42 10.46 10.05 
1.98 .15 -2.76 1.48 

Le Havre 

Cardiovascular SOz 0.001 167 0.000430 2.71 
mortality PIUS NO2 1 0.001266 0.000554 2.28 -.63 8.46 28.84 

plus BS 1 0.001303 0.000564 2.31 -.65 11.62 31.12 
PM13 1 0.081 100 0.040909 1.98 
PIUS NO2 1 0.065420 0.047336 1.38 -.49 -1 9.33 15.71 

Notes: SE = standard error, 0, = ozone, NO2 = nitrogen dioxide, BS = Black Smoke, SOz = sulfur dioxide, and PM13 = particulate matter 
with an aerodynamic diameter of I 13 pm. In Rouen: NO2 = log transformation, 0 3  = log transformation, and SOz = linear. In Le Havre: 
SO2 = linear, and PM13 = log transformation. 
*Estimate of pollutant effects on mortality. 
tcorrelation between coefficients of pollutant effects in the 2-pollutant models. 
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citie~.8,2~,28 However, considerable evidence exists in 
support of the fact that 0, i s  related with morbidity in- 
dicators for respiratory disease27 (e.g., hospital admis- 
sions, reduction in lung function). 

Nitrogen dioxide was also related to cardiovascular 
mortality in Rouen. A similar association was observed 
in Los A11geles.2~ A significant association was also re- 
ported with total mortality in Santiago, Chile.21 No sig- 
nificant associations, however, were found in 3 of 6 
APHEA cities.’OTherefore, the results concerning the as- 
sociation between NO,, as well as O,, and mortality are 
inconsistent in the literature. 

Relative risks estimated in this study were robust in the 
sense that they were estimated (after controlling for po- 
tential sources of confounding [long-term and seasonal 
variations, influenza epidemics, weather conditions]), 
and statistical analysis accounted for the nature of mor- 
tality data. Moreover, we used nonparametric smoothers 
for day of study to adjust for temporal trends and varia- 
tions in mortality, and we found that in both Rouen and 
Le Havre the estimates of pollutant effects were slightly 
affected by the degree of smoothing. Graphical analysis 
and autocorrelation check of the residuals for the adjust- 
ed final models did not indicate seasonal pattern or large 
residual autocorrelation. The addition of autoregressive 
terms for some lags with greatest residual autocorrelation 
barely affected our results, indicating that we may con- 
sider the residuals as white noise. 

The mean levels of air pollution were relatively simi- 
lar in the 2 cities. However, given that 0, i s  cleaned by 
NO emitted by traffic, mean levels registered in the 
urban station in Le Havre were less than levels at the 
suburban station in Rouen. The main sources of SOz in 
both cities were petrochemical sites, thermal power sta- 
tions, and chemical factories. Nitrogen dioxide, general- 
ly produced by road-traffic pollution, was mainly emit- 
ted by industrial sources in Le Havre (9O0/o). NO, 
emissions, however, were divided between industrial 
and automobile sources in Rouen. Particles were emit- 
ted by vehicles and by some industrial processes (e.g., 
metallurgy, cement factory, combustion installation). As 
is the case in most industrial areas, the primary industri- 
al origin of these pollutants resulted in a high correlation 
between them, which led to a collinearity problem 
when these pollutants were included simultaneously in 
the same regression model; therefore, estimates of re- 
gression coefficients and their standard deviations are 
sometimes inac~urate.~~ In Rouen, low collinearity of BS, 
NO,, and SO, with 0, was observed and, therefore, ac- 
ceptable estimates of pollutant effects were provided by 
the 2-pollutant models. The estimate of the 0, effect on 
total mortality from the model that included BS re- 
mained persistent and significant and suggested that the 
0, effect was independent from the BS effect. The esti- 
mate of the NO, effect on cardiovascular mortality, as 
well as the effect of SOz on respiratory mortality, also re- 
mained persistent and significant-despite being mod- 
eled with 0,. This fact suggests that the effects of both 
pollutants were most likely not confounded by 0, con- 
centrations. Similar results were observed in the 
Philadelphia26 and European APHEA studies,’o but not in 

the Mexico City study.,’ In both Rouen and Le Havre, fit- 
ting a model with 2 (or more) highly correlated pollu- 
tants produced an inaccurate estimate of pollutant ef- 
fects, as reflected by their large standard deviations. 

Mortality data were available for a period of 4-6 yr in 
the 2 study locations. However, in view of the mid- 
sized populations studied, a small daily number of 
deaths were observed daily, particularly for respiratory 
mortality, which was associated with relatively large 
confidence intervals. We were also unable to study pol- 
lutant effects in population subgroups, such as elderly 
individuals, who may be at greater risk, as suggested by 
some studies.32.33 

The results observed in this study, as in all time-series 
studies, must be interpreted in terms of excess risk of pre- 
mature deaths. Indeed, the toxic effects of inhaled air 
pollutants can be sufficient to cause premature deaths of 
people rendered vulnerable by preexisting diseases, such 
as advanced cardiorespiratory diseases, which principal- 
ly characterize older people (i.e., as was the case in our 
study). This degree of premature death, called “harvesting 
effect,” cannot be determined by this type of study, but it 
has been discussed widely in the literature.34-37 Inasmuch 
as this type of study is observational, the absolute proof 
of individual pollutant-cause of death association is not 
attainable. However, the probability that our results, as 
well as results from other time-series studies, may have 
occurred by chance is small. The most persuasive argu- 
ment i s  that in various studies, investigators have report- 
ed positive findings that have been reported in different 
studies for which various methods in the wide range of 
climates and environmental and population characteris- 
tics have been used. In addition, there has been a degree 
of coherence across various health indicators and various 
types of investigations.38 Moreover, plausible biological 
mechanisms underlying these epidemiological observa- 
tions were also postulated.39-43 

In conclusion, analysis of mortality among the popu- 
lations of Rouen and Le Havre from 1990 to 1995 re- 
vealed an increase in deaths relative to air pollutant lev- 
els. In Rouen, the strongest association occurred 
between SO, and respiratory mortality, followed by 
NO, and cardiovascular mortality, and subsequently 0, 
and total mortality. In Le Havre, the associations ob- 
served between both SO, and PM,, and cardiovascular 
mortality were the most significant. These associations 
were robust in the sense that they were minimally af- 
fected by the degree of smoothing that we used to con- 
trol for temporal trend and for seasonal variations, as 
well as by addition of autoregressive terms in the mod- 
els. When low collinearity was present, the 2-pollutant 
models provided an acceptable estimate of pollutant ef- 
fects. The models suggested that the 0, effect was inde- 
pendent of the BS effect, and it was unlikely that the ef- 
fects of SO, and NO, were confounded by 0, 
concentrations. However, high collinearity leads to 
large estimates of the pollutant coefficient variances 
and, therefore, to an inaccurate estimate of pollutant ef- 
fects. The analysis of the contributory effects of different 
pollutant mixtures requires further investigation if high 
collinearity between pollutants is present. 
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