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Abstract
Study objective—The objective of this
paper is to introduce a diVerent approach,
called the ecological-longitudinal, to
carrying out pooled analysis in time series
ecological studies. Because it gives a
larger number of data points and, hence,
increases the statistical power of the
analysis, this approach, unlike conven-
tional ones, allows the complementation
of aspects such as accommodation of ran-
dom eVect models, of lags, of interaction
between pollutants and between pollutants
and meteorological variables, that are
hardly implemented in conventional ap-
proaches.
Design—The approach is illustrated by
providing quantitative estimates of the
short-term eVects of air pollution on mor-
tality in three Spanish cities, Barcelona,
Valencia and Vigo, for the period 1992–
1994. Because the dependent variable was
a count, a Poisson generalised linear
model was first specified. Several model-
ling issues are worth mentioning. Firstly,
because the relations between mortality
and explanatory variables were non-
linear, cubic splines were used for covari-
ate control, leading to a generalised
additive model, GAM. Secondly, the ef-
fects of the predictors on the response
were allowed to occur with some lag.
Thirdly, the residual autocorrelation, be-
cause of imperfect control, was controlled
for by means of an autoregressive Poisson
GAM. Finally, the longitudinal design
demanded the consideration of the exist-
ence of individual heterogeneity, requir-
ing the consideration of mixed models.
Main results—The estimates of the rela-
tive risks obtained from the individual
analyses varied across cities, particularly
those associated with sulphur dioxide. The
highest relative risks corresponded to
black smoke in Valencia. These estimates
were higher than those obtained from the
ecological-longitudinal analysis. Relative
risks estimated from this latter analysis
were practically identical across cities,
1.00638 (95% confidence intervals 1.0002,
1.0011) for a black smoke increase of 10
µg/m3 and 1.00415 (95% CI 1.0001, 1.0007)
for a increase of 10 µg/m3 of sulphur diox-
ide. Because the statistical power is higher
than in the individual analysis more
interactions were statistically significant,

especially those among air pollutants and
meteorological variables.
Conclusions—Air pollutant levels were
related to mortality in the three cities of
the study, Barcelona, Valencia and Vigo.
These results were consistent with similar
studies in other cities, with other multi-
centric studies and coherent with both,
previous individual, for each city, and
multicentric studies for all three cities.
(J Epidemiol Community Health 2001;55:423–432)

Recently there has been a increasing use of
quantitative methods that combine infor-
mation from diVerent studies on the same
topic. In this sense, meta-analyses (MA) of
published results have become an important
part of epidemiological research. MA could be
defined as a statistical pooling of results1 to
produce more precise inferences than indi-
vidual studies and to explore heterogeneity of
findings among diVerent analyses. The usual
MA approach is to obtain separate estimates
from few individual studies by more or less
standardised procedures and then to obtain a
joint estimate by computing a weighted mean.
Since the beginnings of 1990s, however, some
limitations of MA2 3 have popularised an alter-
native approach known as pooled analysis2–5

(PA) of primary data,6 as well as Type III meta-
analysis,7 meta-analysis of individual data8 or
reanalysis.9 The term “pooled”, however, is not
used by all authors in exactly the same sense.
The paper by Blettner et al,7 for instance, does
say “pooling” but the methods suggested are in
fact MA. Unlike MA, which uses the results of
the individual studies, usually the estimates of
the parameters of interest, PA combines raw (in
the sense of primary) data from individual
studies. This leads to relatively larger sample
sizes. An example could clarify this argument.
Suppose, for instance, that we are interested in
combining 10 relative risks estimated from 10
time series individual studies, each one consist-
ing of one year of daily observations. Whereas
the sample size in MA would be 10, there
would be 3650 (10 × 365) observations in the
PA. As a consequence, the control of con-
founding and the detection of possible interac-
tions are easily drawn from PA. Furthermore,
because it is easier and more stable from a
larger dataset, the derivation of more valid and
precise conclusions regarding a particular
exposure-disease relation is easier than from
alternative MA.2 3
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The combination of information is particu-
larly relevant in the case of time series ecologi-
cal studies, in particular those on the short-
term eVects of air pollution on health.10–13 In
such studies, the adverse eVects on health
(specifically mortality) of the suspected risk
factors (usually air pollutants), although im-
portant, are usually small. As a presumable
consequence of such moderate sizes, the results
of individual studies to be combined may
present some inconsistencies. For all these
reasons, several multi-centre collaborative
studies were launched over the past few
years.14 15 In these studies, each centre (typi-
cally a city) analysed their data from an
individual level (using standardising data
collection procedures, definition of variables,
questions and hypotheses for the individual
studies) and then, the coordinator centre
meta-analysed individual results.10 12 13 As one
can see, the methods used by these multicen-
tric studies are closer to MA than to PA, mainly
because statistical analyses are not carried out
on individual data. Possible reasons for this are
that PAs are more expensive, time consuming
and require more refined methodological and
statistical methods than the alternative MA.
Theoretically, however, a PA would be more
appropriate as the eVect of rare exposures
could be examined. The control of confound-
ing could be more precise and more interac-
tions could be detected (for instance between
air pollutants and meteorological variables) as
well.

The objective of this paper is to introduce a
diVerent approach, which could be called
ecological-longitudinal, in order to carry out
PA in time series ecological studies. Because it
gives a larger number of data points and,
hence, increases the statistical power of the
analysis, our approach, unlike conventional
approaches, allows the complementation of
aspects such as accommodation of random
eVect models, of lags, of interaction between
pollutants and between pollutants and mete-
orological variables, that are not routinely
complemented (although they should be im-
plemented) in regular time series analysis and
derived MA. The approach could be called
longitudinal, because it is considered that, in
our design, a given sample of “individuals”—
that is, three Spanish cities, Barcelona, Valencia
and Vigo—were treated as “subjects” observed
over time. The label ecological refers to the
ecological nature of the relations—that is, we
estimate the eVect of an exposure on a group,
not on an individual basis. The new approach
was illustrated by providing quantitative esti-
mates of the short-term eVects of air pollution
on mortality in three of the Spanish cities par-
ticipants in the EMECAM study,15 Barcelona,
Valencia and Vigo, for the period 1992–1994.
Furthermore, the results of the ecological-
longitudinal approach were compared with
those obtained by two complementary MA.

Methods
Our design is ecological, involving three Span-
ish cities, Barcelona (1 643 545 inhabitants),
Valencia (749 796) and Vigo (274 574).

Barcelona and Valencia are located on the
Mediterranean coast and Vigo on the Atlantic
coast. Valencia is located on the central Medi-
terranean coast of Spain, Barcelona is on the
northern Mediterranean coast and Vigo is a
northern Atlantic coast city.

We carried out two types of analysis:
individual analyses, in which cities were
analysed separately; and combined analyses.
The latter includes an ecological-longitudinal
analysis, where the cities were considered as
individuals measured over time, and two
multicentric MA,10 12 13 one in which we
completely standardised explanatory variables
and functional forms in each one of the
individual models and another where we
permitted more flexibility in controlling (this is
actually the approach followed by multicentric
studies like APHEA14 or EMECAM15).

INDIVIDUAL ANALYSES

The response—that is, the dependent variable—
is the daily total mortality excluding external
causes (ICD-9 001–799) for each one of the
cities—that is, Barcelona, Valencia and Vigo—
during the period 1 January 1992 to 31 Decem-
ber 1994. Because on any given day only a small
portion of the population dies and because of
the number of deaths is a count, the daily
number of deaths was considered a Poisson ran-
dom variable.16 The Poisson process is not
stationary over time, that is, the expected
number of deaths is not constant but varies with
time varying predictor variables. In this sense we
can assume that, once predictors such as season,
influenza epidemics and alike factors are con-
trolled for, the daily number of deaths mainly
depends on the average daily levels of two air
pollutants, black smoke and sulphur dioxide.

It is important to note that the method to
determine the levels of sulphur dioxide in
Valencia and Vigo was that called the thorine
technique (spectro-photometric method) from
the local manual air pollution monitoring net-
work, whereas in Barcelona it was an automatic
network. Additional details can be found
elsewhere.15

As is known, a basic issue in modelling is to
control properly for potential confounding. We
control for two observed confounders: (a)
meteorological variables, average daily weather
temperature and relative humidity in particu-
lar, in order to control for the eVects of short-
term variations in weather on mortality; and
(b) the average daily number of influenza cases.
Daily averaging was necessary in this latter case
because influenza records were actually ob-
tained weekly. Additional details on data and
their sources can be found elsewhere.15

Because of high collinearity between air pol-
lutants, two diVerent regressions were specified
in the individual analyses. Initially, the regres-
sions were formulated following generalised
linear models, GLM,17 with a log link, Poisson
error and a over-dispersed variance.

Several modelling issues are worth mention-
ing now. Firstly, the relations between mortality
and explanatory variables are usually non-
linear. For instance, the dependence of mor-
tality on temperature is usually U or V
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shaped.18 19 In our case, the relation for all three
cities looks like an imperfect V with a more
pronounced left wind (see fig 1). In the absence
of any hypothesis about the precise form of the
relations, a flexible approach to covariate con-
trol is appropriate. In this sense we used gener-
alised additive models, GAM.20

The GAM extends the GLM by fitting non-
parametric functions to estimate the relations
between the response and the predictors. As
these functions are unknown infinite dimen-
sional parameters, we consider estimating them

by using natural cubic splines.21 A spline with k
degrees of freedom (or, technically, with k+2
knots) for a particular explanatory variable
would be similar to introducing k dummy vari-
ables for the covariate in the model, each one
corresponding to an interval of the same size
k.22 For the observed confounders we tried ini-
tially four degrees of freedom (equivalent to
divide each variable into its four quartiles)
although the amount of smoothing in the
splines (that is, the degrees of freedoom) was
finally decided by means of the Akaike
information criterion, AIC, corrected for non-
parametric models.23

Of course not all the relations between
response and explanatory variables have to be
non-linear. In this sense, we use approximate
partial tests for the importance of the smooth
for each term in the model.20 For a single vari-
able in the model, this would be equivalent to
testing for a diVerence between a linear fit and
a smooth fit that includes a linear term along
with the smooth term.

Other unobserved confounders but with a
systematic variation in time were controlled by
means of a cubic spline of time
(t=1,2,3,...,1096) with (initially) 36 degrees of
freedom, that is the total number of months
between 1992 and 1994.22 Note that this would
be similar to introducing 36 dummy variables,
each one corresponding to a diVerent month
between 1992 and 1994. In this way we
controlled for long wavelength patterns—that
is, trend and seasonality. However, short wave-
lengths, say lower than a month, were not con-
trolled. For this reason we included calendar
specific days in the GAM.

The second modelling issue we want to
mention is the temporal behaviour of the rela-
tions. The eVects of the predictors on the
response may be immediate but, from a physi-
ological point of view10–15 it is more reasonable
to assume that they occur with some lag. Fur-
thermore, because we have time series for all
the variables, it is convenient to consider the
existence of a very probable period of latency.
One problem is how far back to go in exploring
the lags. Too many lags could lead to identify-
ing relations that have actually occurred by
chance. Because we are trying to analyse short-
term relations, restrictions of a week or less
seem the most reasonable strategy. In this sense
we allowed up to five lags for the air pollutants,
up to seven lags for the meteorological
variables and a moving average of 15 terms for
influenza (it was equivalent to introducing up
to 15 lags).

Thirdly, even controlling for unobserved
confounders, for the temporal behaviour of the
relations and allowing flexible smoothing func-
tions it is possible that some residual autocor-
relation remains after the estimation. This
means imperfect control (mainly of short
wavelengths lower than a month and other
cyclic components with irregular period and
amplitude24). This autocorrelation was control-
led by introducing up to six lags of the
response, leading to an autoregressive Poisson
GAM.25–27

Figure 1 Relation between average daily weather temperature and daily total mortality in
three Spanish cities: Barcelona, Valencia and Vigo, 1992–1994.
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In all the individual models we allowed for
interactions between weather temperature and
humidity and between air pollutants and mete-
orological variables. For the choice of the final
models (in particular, the number of lags of the
explanatory variables) we also used the cor-
rected AIC.23 The individual autoregressive
Poisson GAMs were estimated by the local
scoring algorithm, which iteratively fits
weighted additive models by backfitting.20 28 29

The backfitting algorithm is a Gauss-Seidel
method for fitting additive models, by itera-
tively smoothing partial residuals. The algo-
rithm separates the parametric from the
non-parametric part of the fit, and fits the
parametric part using weighted linear least
squares within the backfitting algorithm.

COMBINED ANALYSES

Ecological-longitudinal analysis
Our fourth methodological issue named our
approach. We have considered that in our
design three “individuals”—that is, Barcelona,
Valencia and Vigo—were observed on a daily
basis for three years (1992–1994). It is impor-
tant to point out that we assume that there was
a highly consistent association between mor-
tality and air pollution from location to
another. Of course, cities are not actually indi-
viduals and instead of individual measures we
have aggregated—that is, ecological measures.
However, we called our approach ecological-
longitudinal because cities were treated as
individuals observed over time.

Our approach demanded the consideration
of the existence of individual heterogeneity.
The typical assumption that the response was
generated by a parametric distribution
function—that is, Poisson—identical for all
individuals is not a realistic one in longitudinal
designs. Ignoring such parameter heterogen-
eity among units leads to inconsistent and inef-
ficient estimates of interesting parameters. For
all these reasons, we estimated mixed models,
Autoregressive Poisson GAMM, with fixed
eVects—that is, air pollutants—observed and
unobserved confounders, and random eVects.
We introduced random intercepts and also
random slopes for air pollutants and observed
confounders, because we assume that not only
the basal mortality but also the eVects of
predictors varied between cities.

where i denotes cities (i=Barcelona, Valencia
and Vigo); t denotes time (i=1,...,1096; being
1=1 January 1992 and 1096=31 December
1994); µit=E(yit|Zit,Xit,â01,â1i); yit is the value of
the response variable (total mortality) for the
city i and the day t; Z denotes air pollutants and
observed confounders; X unobserved con-
founders; â0 is a fixed intercept; and á and â1

are fixed slopes.
In the ecological-longitudinal case we can-

not assume that unobserved confounders but
with a systematic variation in time—that is,

long wave trends—act exactly in the same way
in the three cities. For this reason, rather than
using only one cubic spline of time, as in the
individual case, we controlled for this con-
founding by means of three linear trends, one
for each city, each one equal to ti

=1,2,3,...,1096 in the corresponding city i and
equal to 0 otherwise. As in the individual case,
cubic splines of these variables with (initially)
36 degrees of freedom were tried.

Random eVects, b0 and b1, were assumed to
be normally distributed with a zero mean and
an unstructured covariance matrix G, that is we
allowed correlation between random eVects
and a diVerent variance for each one of them.
In the case, for instance, of a random intercept,
b0, and two random slopes, b1 and b2,

where ó2 denotes variances (for instance, ó0
2 is

equal to Var(b0)) and ó covariances (for
instance ó12 is equal to Cov(b1,b2)).

The models were estimated by penalised
quasi likelihood, PQL.26 30 31 PQL maximises a
quasi-likelihood by iteratively analysing a
linearised pseudo variable using a weighted
normal mixed model. It is worth mentioning
that because the variance of the pseudo
variable was estimated and not known there
could be a small amount of downward bias in
the PQL estimate of the variance of the fixed
eVects.

All the computations were carried out in
S-Plus 4.529 where a macro for PQL estimation
was programmed and is available from the
authors.

Multicentric MA
As we mentioned above, two types of multicen-
tric (that is, APHEA type) MA were carried
out. In the first one (“flexible” hereafter), we
permit in each location, the individual model
contained its own number of lags for all the
explanatory variables, air pollutants in particu-
lar, and the functional forms also could diVered
between individual models. In the second one
(“standardised” hereafter), all the individual
models contained the same explanatory vari-
ables, the same number of lags associated with
these covariates, and also share exactly the
same functional forms. In both cases combined
estimates of the eVects of air pollutants on daily
total mortality were obtained as a weighted
average, in which the weights were propor-
tional to the inverse of the local variances, of
the individual estimates, using the Woolf and
DerSimonian-Laird approach32 33 (also called
“random eVects” MA).

It is important to point out that in both,
ecological-longitudinal and in multicentric
analyses, there was a previous protocol15 of
standardisation of the raw data that are being
collected at the local level (exposure variables,
confounders, eVect variables, and alike), and of
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the way these data were analysed (variables
transformation, core confounders to be accom-
modated, and alike).

Results
Table 1 shows the distribution of the mortality,
air pollution and meteorological variables as
well as additional demographic information on
the three cities, Barcelona, Valencia and Vigo,
during the period 1992–1994. Daily average
mortality counts for Barcelona were 2.65 times
higher than in Valencia and 8.23 times than in
Vigo. These ratios did not correspond to those
of the total population, in Barcelona it was 2.19
times higher than in Valencia and 5.98 times
than in Vigo. The percentages of population
over 70 years old were 11.7% in Barcelona,
10% in Valencia and 7.1% in Vigo. Among air
pollutants, diVerences were in the same line of
mortality only in the case of the daily average
levels of sulphur dioxide (that is, the average
level in Barcelona was 1.63 times higher than in
Valencia and 2.10 times than in Vigo).
Compare, however, with the case of black
smoke, the daily average level was 2.10 times
higher in Vigo than in Valencia and 2.36 times
than in Barcelona. With respect to relative
humidity there were not practical seasonal dif-
ferences and, moreover, the behaviour among
cities did not present a systematic pattern.

In table 2 we show the results of the analysis
of the (standardised) individual models (results
from the flexible individual models hardly dif-
fered). In the case of black smoke, although
they were not statistically diVerent, the esti-
mates of the relative risks (exp(â)) varied
between Valencia and the rest of the cities. The
highest relative risk corresponded to Valencia,
1.01185 (95% confidence intervals 1.0004,
1.0020)—that is, an increase of 10 µg/m3 in
black smoke augmented 1.185% the probabil-
ity of a death on a given day. Relative risks were
practically identical for Barcelona and Vigo,
slightly higher for Barcelona (1.00696 (95%CI
1.0001, 1.0012) v 1.00685 (95%CI 1.0001,
1.0013)). Relative risks for sulphur dioxide
were very heterogeneous: 0.99871 (95%CI
0.9974, 0.9999) for Valencia; 1.00282 (95%CI
1.0001, 1.0005) for Barcelona; and 1.01031
(95% CI 0.9999, 1.0021) for Vigo.

The results of the two MA are shown in table
3. The eVects for the flexible meta-analysis
were higher than in the standardised, in the
case of black smoke (1.01445 (95% CI 1.0002,
1.0027) v 1.00927 (95% CI 1.0001, 1.0018)
for a 10 µg/m3 increase). It is probably a conse-
quence of the great heterogeneity found in the
estimated individual coeYcients associated

Table 1 Demographic data, air pollution levels (24 hour average in µg/m3), temperature (24 hour average in °C) and relative humidity (24 hour average
in %) in Barcelona, Valencia and Vigo, 1992–1994

City

Population

Total daily
mortality count
mean (SD)

Air pollutants Meterological variables

Total >70 years (%)
Black smoke
mean (SD)

Sulphur dioxide
mean (SD)

Temperature (SD) Humidity (SD)

Cold* Warm* Cold* Warm*

Barcelona 1 643 545 191 724 (11.7) 43.6 (8.6) 43.528 (19.312) 56.139 (48.666) 11.7 (2.7) 21.0 (4.2) 71.8 (4.9) 71.3 (5.7)
Valencia 749 796 75 256 (10.0) 16.4 (4.8) 48.801 (22.468) 34.483 (12.340) 14.3 (3.0) 22.9 (3.4) 61.0 (14.4) 65.3 (12.8)
Vigo 274 574 19 496 (7.1) 5.3 (2.4) 102.571 (40.281) 26.693 (23.357) 10.1 (2.8) 16.9 (3.7) 79.5 (11.7) 75.1 (12.3)

*Cold: November to April, warm May to October.

Table 2 Results of the (standardised) individual analysis for each city, Barcelona,
Valencia and Vigo, 1992–1994

City

Black smoke* Sulphur dioxide†

â 95% CI â 95% CI

Barcelona 0.00069 0.00014, 0.00124 0.00028 0.00008, 0.00049
Valencia 0.00118 0.00037, 0.00199 −0.00129 −0.00259, −0.00001
Vigo 0.00068 0.00009, 0.00128 0.00102 −0.00005, 0.00210

*One lag, introduced linearly. †One lag, introduced linearly.
Standardised models also contained the following explanatory variables with parameters statisti-
cally significant (p<0.1):
intercept, ns(t,36), friday, saturday, sunday, holidays, ns(temperaturet,4), ns(temperaturet-1,4),
ns(temperaturet-2,4), ns(temperaturet-3,4), ns(temperaturet-4,4), ns(temperaturet-2,4):humidityt-2,
ns(temperaturet-3,4):humidityt-3, ns(temperaturet-4,4):humidityt-4, humidityt, humidityt-2,
humidityt-5, ma(influenza,15), totalt-1, totalt-2, totalt-3, totalt-4, totalt-5.and totalt-6.
Where ns(x,k) denotes a natural cubic spline for x with k degrees of freedom; day of the week an
indicator for the day of the week; : denotes interaction, ma(,15) a moving average of 15 terms, and
total, daily total mortality.

Table 3 Results of the multicentric meta-analyses, Barcelona, Valencia and Vigo,
1992–1994

Meta-analysis

Black smoke Sulphur dioxide

â 95% CI â 95% CI

Flexible 0.00144 0.00021, 0.00266 −0.00023 −0.00101, 0.00106
Standardised 0.00092 0.00007, 0.00177 −0.00030 −0.00196, 0.00137

Individual models for flexible meta-analysis contained the following explanatory variables with
parameters statistically significant (p<0.1):
Barcelona:
ns(TREND,36), saturday, sunday, ns(temperaturet-1,4), ns(temperaturet-2,4), ns(temperaturet-3,4),
ns(temperaturet-4,4), ns(temperaturet-3,4):humidityt-3, ma(influenza,15), totalt-1, totalt-4 and totalt-6

Valencia:
ns(TREND,110), friday, saturday, ns(temperaturet-1,4), ns(temperaturet-4,4), ns(temperaturet-7,4),
humidityt, ns(temperaturet-4,4):humidityt-4, ma(influenza,15), totalt-2, totalt-3 and totalt-4

Vigo:
ns(TREND,36), saturday, holidays, ns(temperaturet,4), ns(temperaturet-1,4), ns(temperaturet-2,4),
ns(temperaturet-3,4), humidityt-2, humidityt-5, ns(temperaturet-2,4):humidityt-2, ma(influenza,15),
totalt-1, totalt-2, totalt-5

Individuals models for standardised meta-analysis contained the variables shown in table 2.

Table 4 Results of the ecological-longitudinal analysis for three cities, Barcelona, Valencia
and Vigo, 1992–1994

City

Black smoke* Sulphur dioxide†

â 95% CI â 95% CI

Air pollutants introduced separately in two models
All three 0.00064 0.00021, 0.00106 0.00041 0.00011, 0.00072
Barcelona 0.00064 0.00041
Valencia 0.00063 0.00041
Vigo 0.00064 0.00041

Air pollutants introduced jointly in the same model
All three 0.00071 0.00034, 0.00108 0.00020 0.00009, 0.00031
Barcelona 0.00071 0.00020
Valencia 0.00071 0.00020
Vigo 0.00071 0.00020

*One lag, introduced linearly. †Current value and one lag, introduced linearly.
Models also contained the following explanatory variables with parameters statistically significant
(p<0.1):
intercept, ns(t,36), friday, saturday, sunday, holidays, ns(temperaturet-1,4), ns(temperaturet-2,4),
ns(temperaturet-3,4), ns(temperaturet-4,4), ns(temperaturet-7,4), ns(temperaturet-2,4):humidityt-2,
ns(temperaturet-3,4):humidityt-3, ns(temperaturet-4,4):humidityt-4, humidityt, ma(influenza,15),
totalt-1, totalt-2, totalt-3, totalt-4, totalt-5.and totalt-6.
Where ns(x,k) denotes a natural cubic spline for x with k degrees of freedom; day of the week an
indicator for the day of the week; : denotes interaction; ma(,15) a moving average of 15 terms and
total, daily total mortality.
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with sulphur dioxide.When combined, relative
risks were not statistically significant (0.9997,
95% CI 0.9990, 1.0011 in both cases).

In table 4, finally, we show the results of the
ecological-longitudinal analysis. Note that the
relative risks were practically identical across
cities, 1.00638 (95% CI 1.0002, 1.0011) for an
increase of 10 µg/m3 of black smoke, and
1.00415 (95% CI 1.0001, 1.0007) for an
increase of 10 µg/m3 of sulphur dioxide. In fact,
note that the slopes did not seem very diVerent
in both air pollutants (fig 2). Results were very
diVerent from those of the MA, in particular
for sulphur dioxide. Moreover, because the
statistical power was higher than in the
individual analysis, we included several lags of
sulphur dioxide and also the two air pollutants

in the same model. In fact the associated coef-
ficients were statistically significant in all the
cases. Estimated relative risk for sulphur diox-
ide was lower (1.00200 (95% CI 1.0001,
1.0003) for an increase of 10 µg/m3) and for
black smoke higher (1.00712 (95% CI 1.0003,
1.0011) for a 10 µg/m3 increase). Note,
however, that the sum of the eVects of both
pollutants, that is the exponentiation of the
sum of the slopes, was practically the same
(1.00913 air pollutants jointly v 1.01053 each
pollutant separately) suggesting there was no
independent eVect of sulphur dioxide once
black smoke was in the model. Correlations
between these two pollutants in the diVerent
cities, however, were only moderate (Vigo
0.456; Barcelona 0.482; Valencia 0.625).

Figure 2 (A) Relation between average daily levels of black smoke and daily total mortality, Barcelona, Valencia and
Vigo, 1992–1994. (B) Relation between average daily levels of sulphur dioxide and daily total mortality, Barcelona,
Valencia and Vigo,1992–94.
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Higher statistical power also led to more inter-
actions that became statistically significant with
respect to individual models, especially those
between air pollutants and meteorological
variables.

Discussion
DISCUSSION OF THE RESULTS

As was mentioned above, as an illustration of
the new approach we are introducing in this
paper, we have obtained quantitative estimates
of the short-term eVects of air pollution on
mortality in three Spanish cities (Barcelona,
Valencia and Vigo). Results have been diVerent
in individual and in combined analyses, and
also between the two types of combined analy-
ses.

Individual results showed a high heterogen-
eity. The problem was that the adverse eVects
of the air pollutants on mortality were very
small and not always consistent. There were
diVerences, however, between the two air
pollutants. The relations between black smoke
and total daily mortality were always statisti-
cally significant, showing a consistent dynamic
behaviour (an increase in the black smoke lev-
els of the previous day was associated with an
augment in the mortality in the current day).
Relative risks for a 10 µg/m3 increase of black
smoke were estimated from 1.007 (Barcelona
and Vigo) to 1.012 (Valencia), although, in
fact, diVerences were not statistically signifi-
cant. These findings coincide with those
obtained previously using GAM (Vigo)34 and
also GLM models35 36 (even with respect to the
number of lags statistically significant). High
heterogeneity was found in the individual
results for sulphur dioxide. In this sense, not
only relative risk was five times higher in Vigo
than in Barcelona, but also it was protective for
Valencia. These results were also found previ-
ously using other diVerent methods.34 35 36 It
must take into account that sulphur dioxide
was not measured similarly in the diVerent
locations, thus highly precluding comparisons
of local results without further evaluation.

These individual results were combined
using, first, two type of multicentric MA. Ran-
dom eVects MA take into account the
heterogeneity by widening the confidence
intervals of the joint estimate. In this sense, the
very high heterogeneity found in the individual
eVects of sulphur dioxide has led to non-
significant combined eVects. Nevertheless, this
should not be the most suitable strategy. When
there is heterogeneity, one should not try to
lump individual results together, but rather
should try to understand factors that explain
the discrepancies, using a meta-regression, for
instance.

Results have been very diVerent using our
ecological-longitudinal approach. Although
part of the diVerence between results could be
ascribed to the diVerent confounder models we
think that, under this approach, we could better
estimate, in the sense of more eYciently, the
short-term eVects of air pollution on mortality.
We found a statistically significant association
between the two air pollutants, black smoke
and sulphur dioxide, and mortality for all

causes. A 10 µg/m3 increase in the daily levels of
black smoke was associated with a 0.7%
increase in the daily number of deaths for all
causes. The eVect was practically the same
when the eVects of sulphur dioxide were
controlled for in the same equation. Estimated
relative risks for sulphur dioxide although
always statistically significant, diVered when
this air pollutant was analysed independently
(0.4% increase in mortality for a 10 µg/m3 aug-
ment in sulphur dioxide) or together with black
smoke in the same model (0.2% increase in
mortality). As was mentioned above, it seems
that there was no independent eVect of sulphur
dioxide once black smoke was in the model.
When black smoke is included in the model,
the eVect of sulphur dioxide is dramatically
reduced. Furthermore, sulphur dioxide was
measured diVerently across cities, leading to a
poor comparability of sulphur data across
cities.

Recently, several multicentric MA in Euro-
pean cities10 12 13 (that is, APHEA project) and
also in US11 37 cities, have reported significant
associations between air pollution and daily
mortality. In all the cases, MA were of the flex-
ible type—that is, the eVects of air pollutants
found in individual models (in which data col-
lection procedures and the definition of some
variables were standardised) were combined by
means of a weighted average (the weights were
proportional to the local variances). The results
of the APHEA project MA10 12 13 were very
similar to those found in this paper. In the
APHEA MA, relative risks in western cities for
each one of the air pollutants considered here,
black smoke and sulphur dioxide, were esti-
mated at close to 1.006. The independent
eVects (with respect to the other air pollutant)
were slightly lower, 1.004 for black smoke and
1.005 for sulphur dioxide. Results from US
MA11 37 diVered in magnitude with those found
here. However, as Moolgavkar and Luebeck38

point out, the main limitation of the US MA37

was that they did not use the same indicator for
particles in all cities, but converted diVerent
particulate air pollution indicators (black
smoke, total suspended particles) by means of
ad hoc factors. The generalised adequacy of
these conversion factors has been questioned in
other recent studies.38

KEY POINTS

x Air pollution levels were related to
mortality in the three Spanish cities of the
study, Barcelona, Valencia and Vigo.

x Whereas the relations between black
smoke and mortality were consistent,
high heterogeneity was found for sulphur
dioxide.

x A 10 µg/m3 increase in the daily levels of
black smoke was associated with a 0.7%
increase in the daily number of deaths for
all causes.

x It seems that there was no independent
eVect of sulphur dioxide once black
smoke was in the model.
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In 1998, other multicentric MA carried out
in Canada.39 The number of daily deaths for
non-accidental causes and daily concentrations
of ambient gaseous air pollutants (nitrogen
dioxide, sulphur dioxide, ozone and carbon
monoxide) were obtained in 11 cities from
1980 and 1991. The relation between mortality
and air pollutants was estimated in each city,
using Poisson GAM. The statistical method
was very similar to that described above, in this
paper, as standardised individual model, allow-
ing multiple pollutant in the same regression.
To obtain summary risks, Burnett et al,39 how-
ever, simply averaged risks among cities (in fact
the procedure is called a “fixed eVects” MA).
Nitrogen dioxide had the largest eVect on mor-
tality with a 4.1% increased risk (p<0.01), fol-
lowed by ozone at 1.8% (p<0.01), sulphur
dioxide at 1.4% (p<0.01) and carbon monox-
ide at 0.9% (p=0.04). In this study, however,
comprehensive particulate data were not avail-
able, leading to some doubt about the inde-
pendent eVect of nitrogen dioxide, considering
the correlation between these pollutants.40

POOLED ANALYSES VERSUS INDIVIDUAL ANALYSES

Our approach possesses several major advan-
tages over conventional time series designs.
Pooled analyses like ours give a larger number
of data points, increasing the degree of freedom
and hence improving the statistical power of
the analyses. This higher power allows the
complementation of aspects such as accommo-
dation of random eVect models, of lags, of
interaction between pollutants and between
pollutants and meteorological variables, that
are hardly complemented in regular time series
analyses.

As a first consequence, the eVects of a
presumably high collinearity among explana-
tory variables might be noticeably attenuated.
In fact, as is known, a typical solution of high
multicollinearity lies in increasing the sample
size. In this sense, consider the results of the
individual analyses previous to the multicentric
MA. There was a very important problem of
collinearity in all the individual models (for
instance, correlation coeYcients between black
smoke and sulphur dioxide were close to 0.45
and between black smoke and temperature
close to −0.5). The reasons are that, on one
hand, air pollutants share sources of emission
and, on the other hand, present the same
seasonal behaviour. Because high collinearity
increased standard errors it is very probable
that statistical significance of the parameters
could be masked in many cases. Note, in this
sense, that individual models used in the
flexible meta-analysis diVered—that is, in-
cluded variables and functional forms—from
those used in the standardised MA. As a
consequence, results cannot be directly com-
pared and, therefore, inferences might be diY-
cult to generalise. But, moreover, some of the
observed explanatory variables that were omit-
ted because their coeYcients seemed to be not
significant,41 could actually be relevant. This
fact led to, at least, a very complex model, in
the sense of the control of unobserved

confounders and of the residual autocorrela-
tion, and, perhaps, to those observed inconsist-
encies. See, in this sense, the individual models
for sulphur dioxide and that of Valencia, in
particular.

The second, and perhaps more important
advantage derived from higher statistical
power, is that it allows us to analyse a number
of important hypotheses that cannot be investi-
gated using standard time series analyses. With
a larger sample size the eVect of rare exposures
can also be examined, which is often not possi-
ble in single studies. New hypotheses may be
formulated with these types of pooled analyses
and specific subgroups may also be analysed.
In this sense, note that the ecological-
longitudinal approach was the only one that
allowed jointly considering, in the same model,
the eVects of more lags of the same pollutants,
the eVects of more than one pollutant and the
consideration of possible interactions between
meteorological variables and air pollutants.

MULTICENTRIC MA VERSUS

ECOLOGICAL-LONGITUDINAL ANALYSES

PA of epidemiological studies have recently
become more common as an alternative of MA
in a great variety of settings: clinical trials42;
cohort studies5; case-control studies.9 How-
ever, to our knowledge, there has not been an
attempt to apply these techniques to
ecological-time series designs.

The actual strategies followed by the multi-
centric studies10 12 13 and also those of US
cities,11 37 those we called flexible MA, were not
actually “pure” MA, but a mix between MA
and prospectively planned PA (or Type IV
meta-analysis7). The objective was to reduce
the severe limitations of the MA of published
papers and heterogeneity between studies in
particular. Because analyses diVer considerably
in their designs, data collection methods and
the definition of the exposure and confounder
variables, the heterogeneity between studies
used to be extremely high. Hence, those multi-
centric studies followed standardising data col-
lection procedures, definition of variables,
questions and hypotheses for the individual
studies (that is, as in Type IV MA). However,
because the costs for Type IV MA are very
high, once results were obtained, using a (vari-
ance based) weighted average of the individual
estimates a combined estimate is computed—
that is, individual results are simply pooled (as
in Type II MA). The problem is that because
the range of geographical, climatic and socio-
demographic patterns between cities (centres)
used to be too wide, separate studies did not
adjust exactly for the same confounding
factors. In this sense, the functional form of the
covariates entered in the individual models, the
indicator variables that fit unusual events or
controls for influenza epidemics; and even the
explanatory variables included in the models
(in particular the number of lags when the
model is dynamic) depend on local conditions.

Our argument is that the high heterogeneity
between studies has dramatically widened the
confidence interval of the joint estimates.39

This could have questioned the inferences
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drawn from multicentric studies, in the sense
that they could not be as general as one had
expected. Note, for instance, the diVerences of
the results of the MA and of the ecological-
longitudinal approach. Because of instability
resulting from very high heterogeneity, MA
were not able to detect the presumably statisti-
cal significance of the eVects of air pollutants
on total mortality.

Our approach is closely related to PA. As in
these PA, we reanalysed individual data based
on primary studies. In fact, we consider the
same inclusion criteria for all studies, a unified
definition of the variables (covariates included,
functional form and number of lags), and new
statistical modelling of the pooled dataset. The
key diVerence of our approach, however, is that
we allow for heterogeneity between the eVects
of diVerent studies. That is to say, we assume
(and try to estimate) that each study has its
own true exposure eVect (and not necessarily
the same for all studies as assumed by PA). At
the same time, we assume that there is random
distribution of these exposure eVects around a
central eVect (the only of interest in PA). This
assumption requires the use of proper statisti-
cal techniques, in particular those derived from
longitudinal studies.

SOME LIMITATIONS OF THE

ECOLOGICAL-LONGITUDINAL ANALYSIS

Despite its advantages, our approach could
present some limitations, in particular from a
statistical and from an epidemiological point of
view.

Firstly, from a statistical point of view, as we
mentioned above, we controlled for unob-
served confounders with a systematic variation,
by means of a cubic spline of time. Of course,
amplitudes and periods of the cyclic behav-
iours of these confounders diVer between
cities. For this reason we introduced calendar
specific days in our ecological-longitudinal
model and, more important, three flexible
functions of time, one for each city. The prob-
lem was that control was not perfect. For this
reason there remained some residual auto-
correlation (up to order six). Precisely, the
autoregressive GAMMs were able to capture
this serial correlation. However, it was possible
that observed predictors (for instance the
demographic structure of the city or several
socioeconomic variables) could explain part of
this (residual) heterogeneity. The modelling of
such over-dispersion could improve the eY-
ciency of the estimates. At any rate this is a
topic that deserves further research.

Secondly, the residual autocorrelation was
controlled for in the same form in the three cit-
ies (introducing up to six lags of the dependent
variable). It was possible, however, that there
were “cluster” eVects, that is residual autocor-
relation (heterogeneity) specific to each city. In
this sense, a more flexible approach able to
capture this “clustering” could also provide
more eYcient estimates.

Another limitation to our approach was the
use of natural cubic splines with equally spaced
knots versus the alternative more flexible use of
smoothing splines, in the estimation of the

non-parametric functions in the GAMMs. The
problem is that as the evaluation of the
corresponding log-quasi-likelihood requires
numerical integration, except for the Gaussian
case, it is often diYcult to calculate full natural
cubic smoothing spline estimators by directly
maximising the associated penalised log-quasi-
likelihood. Lin and Zhang,43 however, have
recently proposed a double penalised quasi-
likelihood to make an approximate inference.
Although this topic deserves further considera-
tion, we think that the use of the corrected AIC
in the choice of the amount of smoothing,
adapting it (that is, the degrees of freedom) to
the actual dataset, could have minimised the
relative higher rigidity of our approach.

From an epidemiological point of view, our
principal limitation was that our approach
assumed that all the variables reflect the same
phenomenon in the diVerent “individuals”
(cities). This assumption could be hardly
attainable in the case of black smoke, for
instance, because the indicator of such a
pollutant could be measuring a diVerent
mixture of particles in each diVerent city. Fur-
thermore, although observed confounders
were considered random eVects in our
ecological-longitudinal analysis, some interac-
tions, in particular those of meteorological
variables and air pollutants, could not have
been totally modelled, from an individual level.
In this sense, a multicentric MA might have
been more flexible to local conditions.

At any rate, to assess the eVects of air pollut-
ants on health in more than one geographical
area, we think that the strategy followed in this
paper may be a very valid approach. Firstly, it is
important that common rules be strictly stated
a priori, so that data across diVerent cities have
some common features (for example, data col-
lection, core confounders, data transform and
alike). Secondly, individual analyses for each
city (we recommend autoregressive Poisson
GAM models) should be carried out. This step
would allow one to detect possible sources of
heterogeneity. Then, depending on the size of
such heterogeneity, flexible MA might be
undertaken. The last, and perhaps the most
important, step should be the ecological-
longitudinal analysis, for which we recommend
following the procedure described in this
paper, in particular the autoregressive Poisson
GAMM models. Results from the two com-
bined analyses—that is, MA and ecological-
longitudinal—should be compared, to assess
the actual importance of heterogeneity, to bet-
ter control confounding, for more precise
detection of interactions and to analyse further
epidemiological hypotheses.
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