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Abstract Objective: To assess the relationship, if any,
between air pollutant (sulfur dioxide and total sus-
pended particulate) levels and mortality in the city of
Madrid during the period 1986±1992, controlling for
weather, season, and in¯uenza epidemics. Methods:
Daily death counts were obtained from the Regional
Mortality Registry. Pollution data were supplied by the
Municipal Monitoring Network. Time-series analysis
methodology was used to assess the link between non-
accidental as well as circulatory- and respiratory-disease
mortality, on the one hand, and mean daily concentra-
tions of SO2 and total suspended particulate (TSP), on
the other. Multivariate autoregressive integrated mov-
ing-average (ARIMA) models were used to adjust for
season, temperature, relative humidity, and in¯uenza.
A sensitivity analysis was run to assess the robustness of
the estimators. Results: Graphical analysis revealed a
linear relationship between mortality and TSP. The re-
lationship was logarithmic in the case of SO2. TSP lag-
ged 1 day and SO2 lagged 3 days with an independent
e�ect on mortality. This relationship was produced
without the detection of a minimal threshold in emission
values. Conclusions: These results support the hypothesis
of an association between pollution levels and mortality
between 1986±1992 in Madrid. Additional measures
designed to reduce pollution levels without compromis-
ing thermal comfort should be implemented.
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Introduction

Economic and technological growth have brought about
a continual improvement in life expectancy, yet the use
of fossil fuels as the economy's energy base has resulted
in a mix of pollutants being emitted into the atmosphere
as by-products of the combustion process.

Fossil-fuel consumption has increased 4-fold in the
past 40 years [2], and this increase has in turn led to the
appearance of periods of excess mortality linked to ex-
tremely high levels of air pollution (Mosa Valley [10],
Donora [38], and London [25]). Legislation has succes-
sively lowered maximal permissible pollution levels,
thereby achieving a considerable drop in pollutant
emissions and, by extension, preventing episodic situa-
tions such as those described above. Nonetheless, sub-
sequent studies have revealed a link between relatively
low concentrations of pollutants and urban morbidity-
mortality patterns [17, 19, 23, 26, 35]. The use of epi-
demiology studies rather than purely toxicology studies
to detect this type of relationship has the advantage of
reproducing the global environmental conditions to
which populations are subject. However, it also has the
disadvantage entailed in the di�culty of distinguishing
between the e�ects of the various pollutants [8, 16, 30]
and other external health-related atmospheric factors
such as temperature, humidity, and wind [9, 27, 43]. To
complicate matters even further, a correlation exists
between atmospheric variables and pollutant concen-
trations [15, 18, 21, 22].

A possible way of trying to pinpoint the independent
e�ect of each of the atmospheric variables vis-aÁ -vis
pollution is to conduct studies in areas with di�erent
concentrations of pollutants and speci®c climatic vari-
ables [8, 26, 41]. This study sought to analyze the asso-
ciation between SO2- and total suspended particulate
(TSP)-related air pollution and mortality in the city of
Madrid, controlling for season, calendar year, temper-
ature, and humidity. Madrid has a mesothermal Medi-
terranean type of climate characterized by cold winters,
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hot summers, and, as a consequence, a marked seasonal
¯uctuation in ambient temperatures [31].

Methods

Mortality

Daily death counts for the period January 1986±December 1992
were taken from the Regional Mortality Register. To ensure the
accuracy of the cause-e�ect relationship, all deaths of residents
occurring outside the Madrid city limits were excluded. Daily
deaths were analyzed by the following causes (all numbers refer to
ICD-9 codes): non-accidental deaths (1±799), cardiovascular
deaths (390±459), and respiratory deaths (460±519). Sex- and age-
speci®c (65 years and over) analyses were also performed.

Atmospheric variables

Data were furnished by the National Meteorological Institute on
the basis of readings at the Madrid-Retiro Observatory. The mean
daily temperature was computed using daily recorded at 12 mid-
night, 6 a.m., 1 p.m., and 6 p.m. Dry- and wet-thermometer tem-
peratures and barometric pressure were used to calculate the
relative humidity at 7 a.m. The temperature was measured in tenths
of a degree Celsius (°C).

Earlier papers had identi®ed a V-shaped mortality-temperature
relationship [27] in Madrid with a comfort temperature value in a
maximal temperature of 30.8 °C. Thus, for the control of temper-
ature e�ects, two series were created, Tcold and Twarm, de®ned as
follows:

Tcold � 30:8ÿ T if T < 30:8

Twarm � Tÿ 30:8 if T > 30:8;

where T is the daily maximal temperature. The series was therefore
divided into two periods: winter (November through March) and
summer (June through August).

Air pollution

In an earlier cluster analysis of air pollution in Madrid [14], two
areas showing a similar TSP and SO2 pollution pattern were de-
tected. Data from two representative stations in the municipal air
pollution monitoring grid were used per pollutant, namely, stations
1 and 6 in the case of TSP and stations 1 and 18 in the case of SO2.
TSP was measured by attenuation of b-radiation and SO2 was
determined by ultraviolet ¯uorescence absorption. Daily mean SO2

and TSP values, expressed in lg/m3, were included in the analysis.
Descriptive statistics (mean, standard error) were obtained

for each variable. A test for normality was performed. Where
indicated by the plots, independent variable transformations (e.g.,
logarithmic, square-root) were studied. By spectral analysis,
deterministic components (trend, season, and cycle) were identi®ed.
For the removal of these components, two methods were used:
di�erentiation (simple or seasonal) or modeling by means of
circular functions.

Scatterplots were used to detect the functional form of the re-
lationship between the respective atmospheric variables and mor-
tality. As a ®rst step, pollution variables were sorted in ascending
order. Equal intervals were obtained and the mean daily mortality
for each interval was plotted. Similar plots were obtained for
temperature and humidity. For investigation of the association
between SO2, TSP, and temperature, scatterplots were likewise
employed.

The Box-Jenkins prewhitening method was used to detect sig-
ni®cant lags and weights of the transfer function. Univariate models
were constructed for the independent variables so as to obtain the

goodness of ®t required to yield white-noise residuals. Models con-
structed for each independent variable were then applied to the daily
death series to obtain the residuals. The cross-correlation function
(CCF) between the two sets of residuals was calculated.

To rule out the possibility of temperature's being a confounder
for the e�ects of TSP and SO2, an alternative approach was used.
Mortality and pollution series were prewhitened separately. Inde-
pendent univariate models were ®tted to each series, white-noise
residuals were obtained, and the CCF between these residuals was
calculated. The transfer functions yielded by this method were
similar to those obtained via the Box-Jenkins prewhitening method.
Both annual and seasonal analyses were performed, and identical
analyses were run for the pollution variables vis-aÁ -vis temperature.

To control for the confounding e�ect of other independent
variables, multivariate autoregressive integrated moving-average
(ARIMA) models were constructed using a forward procedure.
Variables and their respective lags were included in the model one
by one, and all variables failing to attain signi®cance were
excluded. Once the ®nal model had been obtained, residuals were
analyzed and their autocorrelation function (ACF) and partial
autocorrelation function (PACF) were used to identify the presence
of structures that could bias estimator values. The autoregressive
(AR) and moving-average (MA) components of the residuals were
included in the ®nal model. The model was considered complete
when the ACF and PACF indicated white-noise residuals and the
Box-Ljung Portomanteau test failed to reach signi®cance at a lag
greater than the span of seasonal components. Analysis was carried
out using the SPSSWIN (Trends) 6.1, BMDP386 (1T, 2T) for
extended memory, and SAS (ETS module) computer software
packages.

Results

Annual and seasonal (winter-summer) descriptive sta-
tistics for pollutants (TSP, SO2) are set out in Table 1.
Total daily nonaccidental deaths and sex- and age-
speci®c (all ages and over 64 years) daily deaths are
shown according to cause in Table 2.

Spectral analysis of TSP and SO2 revealed the same
deterministic structure for each of the four monitoring
stations, namely, a downward trend and statistically
signi®cant annual, weekly, and 3-day periodicities. The
stationary part of the series was speci®c for each pollu-
tant and monitoring station, with TSP models having a
stationary ARMA (4,1) structure and di�ering in
the cyclical 7-dayMAcomponent andSO2models sharing
a common ARMA (1,1) structure for the 7-day cycle
and di�ering in the stationary AR component.

Mortality registered a rising trend as well as a yearly
and a 6-monthly seasonal component but no weekly
cycle. In the case of temperature there was only a sta-
tistically signi®cant annual cycle. The relationship be-
tween nonaccidental deaths and TSP was linear, whereas
that observed for SO2 was logarithmic.

The CCFs yielded by the above-mentioned two
methods showed the same structure. Table 3 shows the
lags at which statistically signi®cant correlation coe�-
cients were detected between the pollutants and mor-
tality (annual and seasonal) as broken down by cause,
sex, and age (over 64 years).

As a rule, TSP (Fig. 1a) registered an immediate
positive e�ect on mortality on the same and the fol-
lowing day, with correlation coe�cients being greater
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than those obtained for SO2. In contrast, SO2 exhibited
di�erent behavior patterns, depending on sex, age, and
season. Nonaccidental deaths reached signi®cance at lag
3 (Fig. 1b). On categorization by speci®c cause of death,
circulatory and respiratory causes shifted up to lag 1. In
the over-64-years age group the e�ect advanced to lag 1
for both sexes and for all-cause mortality. On a seasonal
basis the association between circulatory-disease mor-
tality and pollution was observed exclusively in summer,
whereas that noted for respiratory diseases was in evi-
dence throughout the year.

The correlation matrix for the environmental vari-
ables, displayed in Table 4, highlights the strong corre-
lation between TSP and SO2. The CCF between these
two pollutants presented a statistically signi®cant cor-
relation on the same day and the day after, indicating a
high degree of covariance. This poses problems due to
multicollinearity in the multivariate regression model.
Both pollutants were negatively related to minimal air
temperature, a phenomenon that became even more
marked in winter; a drop in temperature was associated
with a rise in TSP on the same day and in SO2 on the
same and the following day. SO2 registered a higher
correlation coe�cient with temperature than did TSP.

When the pollutants were introduced by means of the
forward method into the ARIMA models for nonacci-
dental deaths, lag-0 and lag-1 TSP ranked ®rst. The
highest coe�cient was yielded by TSP at lag 1. SO2

showed increasing coe�cients that reached signi®cance
only at lag 3, even when temperature was controlled for.
Inclusion of in¯uenza periods in the model led to a 50%
fall in the magnitude of the cold-temperature coe�-
cients. In¯uenza alone increased the number of daily
deaths by 2.9 (Table 5). The pattern was similar for both
sexes. Pollution, temperature, and in¯uenza had their
most pronounced e�ect on the over-64-years age group.

The pattern changed when summer and winter peri-
ods were analyzed separately. TSP remained in evidence
throughout the same and the following day. When
temperature was controlled for, the SO2-induced e�ect
disappeared in both winter and summer. Only TSP was
related to mortality by cause (cardiovascular and respi-
ratory), sex, and age. This model was completed by the
addition of a stationary ARMA (1,1).

The ACF and PACF of ®nal-model residuals showed
a white-noise structure. The Box-Ljung Portmanteau
test yielded a value of P > 0.91 at lag 390, indicating
the absence of stationary or seasonal components in the
residuals.

Discussion

The need to meet successive pollution-control standards
(both national and European) has forced the Spanish
authorities to place statutory limits on pollutant emis-
sions. In the case of Madrid, the most signi®cant of these
measures has perhaps been the changeover from coal-
and gas oil-based systems to heaters ®red by natural gas.T
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Given that 49% of all SO2 emissions and 38% of TSP
[24] in Madrid are attributable to heaters, the shift to a
cleaner fuel has lowered the levels of these contaminants
over the study period. Yet despite this fall-o� in pollu-
tant emissions, anticyclone-induced temperature inver-
sions during the winter months have the e�ect of
trapping pollutants close to ground level. This has in
turn caused emission indicators to breach WHO [44]
guidelines on 60 di�erent occasions during the study
period and, at times, to exceed European Union (EU)
limits [4, 5].

The point must be made, however, that mortality
registered an upward trend due to aging of the popula-
tion. The 12- and 6-month peaks detected in the

periodogram were related to winter and summer excess
mortality [1].

Fourier analysis detected three cyclical components
in the pollution variables. Previous studies [12] have
associated the annual cycle with climatic patterns, the 7-
day cycle with anthropogenic activity, and the 3-day
cycle with the persistence in Madrid latitudes of cyclonic
situations that act as natural air-puri®ers [13].

The results showed a statistically signi®cant inde-
pendent association throughout the year between TSP
and SO2, on the one hand, and mortality due to non-
accidental deaths, on the other. This relationship be-
tween relatively low levels of pollution (normal in cities
throughout the developed world) and mortality is

Table 2 Descriptive statistics: causes of death expressed in deaths/day, 1986±1992

Mortality due to Annual Summer Winter

Mean Standard
error

Mean Standard
error

Mean Standard
error

Nonaccidental Total All ages 60.3 11.3 54.4 9.41 66.9 10.6
causes >65 years 45.4 9.7 40.2 7.9 51.0 9.3

Men All ages 31.4 6.8 28.1 6.1 34.6 6.6
>65 years 21.2 5.6 18.5 4.9 23.7 5.5

Women All ages 29.0 6.8 26.3 6.0 32.3 6.7
>65 years 24.2 6.3 27.3 6.2 21.7 5.5

Cardiovascular Total All ages 23.7 6.5 20.1 5.3 27.4 6.1
causes >65 years 19.8 5.9 16.6 4.6 23.0 5.7

Men All ages 10.9 3.8 9.1 3.4 12.5 3.8
>65 years 8.0 3.2 6.6 2.8 9.3 3.2

Women All ages 12.9 4.3 11.0 3.6 14.9 4.3
>65 years 11.8 4.2 10.1 3.4 13.8 4.2

Respiratory Total All ages 5.8 3.1 4.7 2.4 7.0 3.4
causes >65 years 4.9 2.8 3.9 2.2 6.0 3.1

Men All ages 3.4 2.2 2.8 1.8 4.0 2.4
>65 years 2.7 1.9 2.2 1.6 3.2 2.2

Women All ages 2.4 1.8 1.9 1.4 2.9 2.0
>65 years 2.2 1.7 1.8 1.4 2.7 1.9

Table 3 Statistically signi®cant
lags, expressed in days, in the
cross-correlation functions

Mortality Annual Summer Winter

Nonaccidental Total SO2 (3) SO2 (1) SO2 (2)
TSP (0.1) TSP (1) TSP (1)

Men SO2 (3) SO2 (2) SO2 (3)
TSP (0.1) TSP (1)

Women SO2 (3) SO2 (1)
TSP (0) TSP (1)

Cardiovascular Total SO2 (1) SO2 (1)
TSP (1)

Men SO2 (1) SO2 (1)
TSP (0.1)

Women SO2 (3)
TSP (1)

Respiratory Total SO2 (1) SO2 (1) SO2 (1)
TSP (0) TSP (1)

Men SO2 (0) SO2 (1)
TSP (0) TSP (1)

Women SO2 (0) TSP (1) SO2 (1)
TSP (0) TSP (1)
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consistent with di�erent studies conducted in Europe
and the United States [19, 22, 26, 28, 33, 42].

Furthermore, the linear (TSP) and logarithmic (SO2)
functional relationships with mortality indicate the
nonexistence of a speci®c threshold above which the
e�ect on mortality becomes detectable. Other authors
have reported similar ®ndings [7, 22, 23, 35, 42]. In the
case of SO2 the logarithmic relationship means that the
highest regression coe�cients are obtained when con-
centrations lie between 50 and 120 lg/m3.

It is noteworthy that SO2 showed an association with
mortality for the whole year, but not when the winter
and summer periods were analyzed separately. This
might possibly be explained by the observation that the
mean daily SO2 concentration was 72 lg/m3 for those
months not included in said periods (i.e., September,
October, April, and May), the segment with the steepest
slope in the pollutant's logarithmic relationship with
mortality. During the winter period, low-temperature
episodes are associated with an increase in pollutant
concentrations owing to the atmosphere's diminished
pollution-dispersal capacity (temperature inversion) and

an increase in the use of heating. The negative rela-
tionship between SO2 and cold temperatures means that
when this pollutant is introduced into the model, it is
eliminated from lag 3 due to the high degree of collin-
earity. Similar results have been reported by Macken-
bach et al. in The Netherlands [22].

TSP remains in the model at lag 1 (where it usually
has its greatest in¯uence on mortality) throughout the
summer period, even after the introduction of daily
temperature, thus indicating an independent e�ect. Not
only does TSP eliminate SO2 from the univariate model
on the same and the following day, but it also diminishes
the coe�cient value at lag 3 to a substantial degree. This
displacement is observed for the whole year and for the
winter and summer periods in both sexes and both age
groups. The association persists even where autocorre-
lation, season, in¯uenza epidemics, and weather vari-
ables are controlled for. This would support the
hypothesis of there being a clear TSP/mortality e�ect,
with SO2 acting in a less obvious manner [7, 29, 35]. The
increase of approximately 6% in mortality for every 100-
lg/m3 increase in TSP concentration is consistent with
previous studies [33, 34, 39, 42].

Nonetheless, di�erences between SO2 and TSP in
functional relationship, lag structure, and magnitude of
regression coe�cients, along with the former's inde-
pendent inclusion in the multivariate model for the
whole year, argue in favor of SO2's having an indepen-
dent, albeit smaller, e�ect on mortality, possibly related
to di�erent physiological mechanisms. Whereas TSP
would tend to act mechanically on the bronchi, pro-
ducing bronchoconstriction ± as evinced by the associ-
ation detected between TSP and the increase in asthma,
acute bronchitis, and emergency respiratory-related ad-
missions [3, 32, 36, 40] ± SO2 would act by irritating the
upper passages and lung tissue, reducing bronchial ca-
pacity, and changing the response to infection [11]. A
change in response to infection is likewise found in the
causal hypothesis accounting for cold-temperature be-
havior patterns [20], which would explain why both
variables could be jointly responsible for the increase in
mortality.

Earlier studies, cited above, have demonstrated that
air-pollution-related deaths have primarily been due to
an increase in respiratory-disease mortality. In our study
the rise in respiratory-disease mortality was fundamen-
tally associated with TSP. An association between TSP,
SO2, and cardiovascular mortality was thus established.
The contribution of SO2 was clearer in summer, con-
ceivably due to an interaction between high tempera-
tures and SO2 [18]. The physiological mechanism
underlying the pollution/cardiovascular relationship is
not yet clearly understood. Some authors [37] point to
the possibility of ultra®ne acidic particles provoking
alveolar in¯ammation, which would in turn lead to acute
changes in blood coagulability and increased suscepti-
bility to severe episodes of cardiovascular disease. Other
authors make the point that in reports of the cause of
death, ``respiratory'' might be reported as ``cardiovas-

Fig. 1 a Correlation between nonaccidental deaths and TSP (station
6, annual). b Correlation between daily organic deaths and SO2

(station 1, annual)
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cular,'' giving rise to a misclassi®cation bias [6]. Never-
theless, the consistency of the mortality ®ndings with the
relevant morbidity studies suggests a real association
rather than a mere certi®cation error. The pronounced
e�ect on the over-64-years age group would seem to
indicate increased susceptibility and imbalance among
patients with a clinical history of cardio-respiratory
disease or regulatory mechanisms that have deteriorated
through aging. There are no grounds for suspecting any
age-related di�erential bias in certi®cation.

Use of routinely collected mortality data poses
problems inherent to death certi®cation. Misclassi®ca-
tion of the underlying cause of death could be a source
of bias, but we are of the opinion that the use of broad
categories of sex, age, and ICD coding reduces the
likelihood of such an e�ect. Moreover, for such misdi-
agnosis to bias the estimated e�ect of air pollution, it
must vary from day to day in a manner correlated with
air pollution.

These results support the hypothesis of an association
between TSP and mortality at the pollution levels cur-
rently prevailing in Madrid. Although the equivalent
SO2/mortality relationship has not been clearly estab-
lished, its logarithmic nature indicates an even more
striking e�ect for low concentrations. When temperature
is controlled for, an independent and more marked e�ect

on mortality is observed, in line with ®ndings reported
by other authors [22]. Additional measures designed to
reduce pollution levels without compromising thermal
comfort should thus be implemented, preferably via
improvements in housing insulation rather than in-
creases in the energy required to produce such comfort.
Moreover, given that industries situated in and around
Madrid represent 42% of overall SO2 emissions and
44% of TSP emissions and that vehicle tra�c emissions
account for 8% and 18% of SO2 and TSP emissions,
respectively [24], it is clear that, aside from improved
housing insulation, the situation calls for stricter legis-
lation governing industrial emissions and tighter road
tra�c control.
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(P value)

Twarm (0) 0.06 0.02 0.008
Twarm (1) 0.10 0.02 <0.001
Twarm (3) 0.06 0.02 0.002
Tcold (3) 0.020 0.006 <0.001
Tcold (7) 0.017 0.005 0.002
Tcold (12) 0.021 0.005 <0.001

Relative humidity (2) )0.06 0.03 <0.03
TSP (1) 0.029 0.009 <0.001
LnSO2 (3) 1.07 0.47 0.02
In¯uenza 2.88 0.98 0.003
N1 )0.018 0.004 <0.001
AR 1 0.90 0.03 <0.001
MA 1 0.83 0.03 <0.001

aChange in daily mortality per unit increase in the explanatory
variable: Twarm and Tcold (tenths of a °C), Relative humidity (%),
TSP and SO2 (lg/m

3)
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