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Abstract
Objectives—A previous study of the short
term eVects of air pollution in London
from April 1987 to March 1992 found asso-
ciations between all cause mortality and
black smoke and ozone, but no clear
evidence of specificity for cardiorespira-
tory deaths. London data from 1992 to
1994 were analysed to examine the con-
sistency of results over time and to include
particles with a mean aerodynamic diam-
eter of 10 µm (PM10) and carbon monox-
ide.
Methods—Poisson regression was used of
daily mortality counts grouped by age and
diagnosis, adjusting for trend, seasonality,
calendar eVects, deaths from influenza,
meteorology, and serial correlation. The
pollutants examined were particles (PM10

and black smoke), nitrogen dioxide,
ozone, sulphur dioxide, and carbon mon-
oxide with single and cumulative lags up
to 3 days.
Results—No significant associations were
found between any pollutant and all cause
mortality, but, with the exception of
ozone, all estimates were positive. Each
pollutant apart from ozone was signifi-
cantly associated with respiratory mor-
tality; PM10 showed the largest eVect (4%
increase in deaths of all ages for a
10th–90th percentile increment). The pol-
lutants significantly associated with
cardiovascular deaths were nitrogen diox-
ide, ozone, and black smoke but there was
no evidence of an association with PM10. In
two pollutant models of respiratory
deaths, the eVect of black smoke, which in
London indicates fine particles of diesel
origin, was independent of that of PM10,
but not vice versa.
Conclusion—These results from a new
data set confirm a previous report that
there are associations between various air
pollutants and daily mortality in London.
This new study found greater specificity
for associations with respiratory and
cardiovascular deaths, and this increases
the plausibility of a causal explanation.
However, the eVects of ozone found in the
earlier study were not replicated. The
fraction of PM10 which comprises black
smoke accounted for much of the eVect of
PM10.
(Occup Environ Med 1999;56:237–244)
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In recent years, several studies from various
countries have reported possible associations
between ambient air pollutants and daily
mortality.1–5 The fact and interpretation of
these associations have both been
questioned,6 7 but the prevailing view is that
these associations cannot be explained entirely
by statistical artefacts or confounding by other
factors. A causal relation is supported by the
consistency of eVects across cities with diVer-
ent environments and coherence with studies
of daily morbidity, together with some experi-
mental evidence.

The increase in mortality which occurred in
London during the smog episode of 1952
established beyond doubt that air pollution
from the burning of coal could be harmful and
this finding helped to implement abatement
policies—such as the Clean Air Acts.8 By the
1990s traYc had become the main source of
outdoor air pollution, and in a previous study
for the period April 1987 to March 1992 we
found that a measure of fine black particles
(black smoke (BS)) and ozone were signifi-
cantly and independently associated with daily
mortality.9 There was little specificity for
cardiorespiratory deaths.

London has advantages for the investigation
of air pollution and daily mortality because it
has a large population living within the
topographical area of the Thames basin, and
appropriate information on health and air pol-
lution. In this paper we present a comprehen-
sive analysis of daily mortality in London
which includes, for the first time, data on par-
ticles with a mean aerodynamic diameter of 10
µm (PM10), and carbon monoxide. It forms
part of a series investigating the coherence of
the eVects of air pollution on mortality, hospi-
tal admissions, accident and emergency pres-
entations, and consultations with general prac-
titioners.

Methods
Files of deaths in Greater London were
obtained from the OYce of National Statistics.
Daily mortality counts between January 1992
and December 1994 were constructed for
deaths from all causes other than accidents or
violence (ninth revision of the international
classification of diseases (ICD-9)<800), all
respiratory diseases (ICD-9 460–519), chronic
obstructive lung disease and asthma (ICD-9
490–496), lower respiratory infections (ICD-9
466, 480–86), all cardiovascular diseases
(ICD-9 390–459), ischaemic heart disease
(ICD-9 410–414), all cancers (ICD-9 140–
239), and all other causes (not already

Occup Environ Med 1999;56:237–244 237

Department of Public
Health Sciences, St
George’s Hospital
Medical School,
London, UK
S A Bremner
H R Anderson
R W Atkinson
D P Strachan
J M Bland

Epidemiology Unit,
Department of
Epidemiology and
Population Health,
London School of
Hygiene and Tropical
Medicine, London, UK
A J McMichael

Air Quality Division,
National
Environmental
Technology Centre,
AEA Technology,
Culham, Abingdon,
Oxfordshire, UK
J S Bower

Correspondence to:
Mr SA Bremner,
Department of Public Health
Sciences, St George’s
Hospital Medical School,
Cranmer Terrace, London
SW17 0RE, UK. Telephone
0044 181 725 5424; fax
0044 181 725 3584.

Accepted 12 November 1998

http://oem.bmj.com


mentioned). The daily counts for each group
were also subdivided by age; for the larger dis-
ease groups the age categories were: all-ages,
0–64, >65, 65–74, and >75. A total of 23
diagnostic age groups were analysed. Only the
deaths of those resident and dying in Greater
London (defined by Health Authority bounda-
ries and covering a population of some 7
million people at the 1991 census) were
included in the analysis.

Daily average values for temperature and
humidity were calculated from daily maximum
and minimum temperatures and 0600 and
1500 humidity measures from Holborn, Cen-
tral London. Daily air pollution data were
obtained from all London monitoring stations
which measured background concentrations
and had adequate (>75%) days of data. Nitro-
gen dioxide (NO2 ) and carbon monoxide
(CO) were obtained from three sites and
ozone (O3) from two sites. Only one site (in
Central London) provided data on PM10. Data
on black smoke and SO2 were obtained from
five sites. Missing values were estimated with a
standard procedure10 and single daily average
values of each pollutant were calculated. Fur-
ther detailed information on sites and
measurement methods are provided in a
recent comprehensive review of United King-
dom air quality.11

The statistical approach followed that used
by the APHEA project.12 The long term trend,
seasonality, and day of week fluctuations of the

mortality series were identified with several
statistical tools. Spectral analysis was used to
identify the seasonal patterns. Variables were
constructed to account for these seasonal
patterns and these were retained in a regression
model only if significant. Counts of deaths due
to influenza were included as a confounder.
The fit of the model was assessed with the
deviance, estimated dispersion parameter, and
various plots of the residuals. The partial auto-
correlation function was used to assess the
presence of serial correlation.

In the next stage the relation with tempera-
ture was determined with spline smoothed
plots of the observed mortality expressed
as a percentage of that predicted by the
model against single day and cumulative lag
measures up to 2 days. Alternative ways of
modelling temperature (dummy variables,
linear, quadratic, piecewise, and cubic spline
functions13) were investigated. Figure 1
presents four spline smoothed plots of
temperature at lag 2 days obtained from the all
cardiovascular all ages model building process.
The top left panel shows the residuals from a
model in which seasonal and calendar eVects,
but not temperature, have been controlled for.
A shallow hockey stick shape relation was
found. The top right panel indicates that this
relation has not been adequately described by
dummy variables. Use of a quadratic function
is shown in the bottom left panel although
a certain amount of systematic variation

Figure 1 Relation between daily cardiovascular mortality and temperature at a lag of 2 days. Top left, no control for
temperature. Top right, dummies every 10th percentile. Bottom left, quadratic function. Bottom right, cubic spline. The
vertical axis on each panel is the observed mortality expressed as a percentage of that predicted by the model.
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remains. The chosen functional form for tem-
perature is a cubic spline. The bottom right
panel shows this to be adequate, except
perhaps at the cold extreme. Also, it gave the

lowest Aikakes’ information criterion, a meas-
ure which considers the trade oV between
model fit and parsimony. Humidity was
controlled for by a linear term at the same sin-
gle or cumulative lag as temperature. More
sophisticated control for humidity did not
seem to be necessary, as judged from spline
smoothed plots of model residuals against
percentage humidity.

Once the core model comprising these
variables had been completed, the air pollu-
tion variable was added and Poisson
regression, allowing for overdispersion and
auto-correlation,14 was used to estimate the
relative risk associated with an increase in the
pollution measure. This was expressed as a
percentage change in the mean number of
deaths for a 10th to 90th percentile increase in
the pollutant. The pollutant eVect on the same
day and 1, 2, and 3 days before the day of the
death (termed lag 0 to lag 3) as well as cumu-
lative measures (defined as the mean of lags 0
and 1, lags 0 to 2, and lags 0 to 3) were all
investigated.

This process of model building and pollutant
testing was repeated for each outcome measure
and age group combination. Possible modifica-
tion of pollutant eVect by season was investi-
gated with a dummy variable to indicate the
season (cool season defined as October to
March and warm season as April to Septem-
ber). Where large and strongly significant asso-
ciations were found, their robustness to the
inclusion of other pollutants was tested by
introducing the other pollutants in the model
one at a time. All analyses were performed with
SAS.15

Table 1 Mean (SD) range and percentiles of deaths a day in London 1992–4 by
diagnostic category and age group, pollution, and meteorological variables

Variables by ages

Daily Percentile

Mean (SD) Min 10th Med 90th Max

Main mortality series (ages):
All causes:

All 169 (24) 104 141 166 200 258
0–64 30 (6) 14 23 30 37 52
>65 139 (21) 81 114 137 168 213
65–74 38 (7) 16 29 37 47 61
>75 101 (18) 53 80 99 124 167

All respiratory:
All 27 (10) 7 16 26 40 69
0–64 2.4 (1.6) 0 1 2 4 9
>65 25 (9) 6 14 23 37 63
65–74 4.5 (2.5) 0 2 4 8 15
>75 20 (8) 4 11 19 31 56

All cardiovascular:
All 73 (13) 35 57 73 89 112
0–64 10 (3) 2 6 10 14 22
>65 63 (11) 32 49 63 78 100
65–74 16 (4) 4 11 16 22 32
>75 47 (9) 21 35 46 59 78

All cancers
All 44 (7) 23 35 44 53 71

All other causes:
All 24 (6) 8 17 24 32 45

Pollution and meteorological variables:
NO2 24 h (ppb) 33.7 (10.5) 12.4 22.3 32.0 46.3 133.7
NO2 1 h (ppb)* 50.3 (17.0) 22.0 34.3 47.0 70.3 224.3
O3 8 h (ppb)† 17.5 (11.5) 1.9 4.4 16.0 30.1 79.9
O3 1 h (ppb)* 22.6 (13.4) 2.5 6.0 21.5 36.5 98.5
SO2 24 h (µg/m3) 21.2 (7.8) 7.4 13.0 19.8 31.0 82.2
CO 24 h (ppm) 0.8 (0.4) 0.2 0.5 0.7 1.3 5.6
PM10 24 h (µg/m3) 28.5 (13.7) 6.8 15.8 24.8 46.5 99.8
BS 24 hr (µg/m3) 12.7 (7.9) 1.6 5.5 10.8 21.6 69.8
Temperature (oC) 11.9 (5.0) -0.8 5.6 11.7 18.6 25.5
Humidity (%) 70.4 (11.0) 33.0 56.0 70.0 85.0 97.0

*Maximum 1 hour.
†Maximum 8 hour moving average.

Table 2 All year single pollutant, single lag results for all cause, all respiratory and all cardiovascular mortality (% changes in relative risk estimates
(death count) are for an increase in the pollutant from the 10th–90th percentile of its range)

Age group Pollutant

All causes All respiratory All cardiovascular

Single
lag‡

%Change in death
count (95% CI) p Value

Season
eVect

Single
lag‡

% Change in death
count (95% CI) p Value

Season
eVect

Single
lag‡

% Change in death
count (95% CI) p Value

Seasonal
EVect

All NO2* 1 1.1 (0.0 to 2.3) 0.06 3 2.3 (−0.4 to 5.0) 0.09 1 2.3 (0.7 to 3.9) 0.006
O3† 2 −0.7 (−2.3 to 0.9) 0.4 2 −3.6 (−7.7 to 0.8) 0.1 2 3.5 (0.5 to 6.7) 0.02 C<W
SO2 1 1.0 (−0.3 to 2.3) 0.1 2 3.0 (−0.1 to 6.2) 0.06 1 0.8 (−1.0 to 2.7) 0.4
CO 1 0.9 (−0.2 to 2.0) 0.1 3 2.0 (−0.3 to 4.5) 0.09 1 1.4 (−0.1 to 3.0) 0.06
PM10 1 0.8 (−0.6 to 2.2) 0.3 3 4.0 (0.9 to 7.3) 0.01 W<C 1 1.7 (−0.2 to 3.7) 0.09
BS 1 1.2 (0.0 to 2.4) 0.06 3 3.1 (0.4 to 6.0) 0.02 1 1.9 (0.2 to 3.6) 0.03

0–64 NO2* 3 1.7 (−0.7 to 4.2) 0.2 3 4.8 (−3.5 to 13.8) 0.3 2 2.5 (−1.7 to 6.9) 0.2
O3† 3 2.2 (−1.3 to 5.8) 0.2 1 8.4 (−6.4 to 25.7) 0.3 2 3.8 (−2.7 to 10.6) 0.3
SO2 2 −1.2 (−3.9 to 1.5) 0.4 3 8.0 (−1.5 to 18.4) 0.1 3 −2.2 (−6.6 to 2.3) 0.3
CO 1 1.2 (−1.0 to 3.5) 0.3 3 7.8 (0.2 to 15.9) 0.04 2 2.1 (−1.7 to 6.0) 0.3
PM10 1 1.3 (−1.7 to 4.3) 0.4 2 −7.2 (−16.3 to 2.9) 0.2 2 2.7 (−2.3 to 8.0) 0.3
BS 1 1.2 (−1.4 to 3.8) 0.4 3 7.1 (−1.6 to 16.6) 0.1 3 −3.4 (−7.4 to 0.9) 0.1

>65 NO2* 1 1.0 (−0.2 to 2.3) 0.1 3 1.4 (−1.3 to 4.2) 0.3 0 2.4 (0.7 to 4.2) 0.006
O3† 2 −1.3 (−3.0 to 0.5) 0.2 W<C 1 2.5 (−2.3 to 7.4) 0.3 0 3.3 (0.7 to 6.0) 0.01
SO2 2 1.0 (−0.3 to 2.4) 0.1 1 2.7 (−0.6 to 6.1) 0.1 3 1.4 (−0.5 to 3.3) 0.2
CO 2 0.8 (−0.4 to 1.9) 0.2 W<C 3 0.7 (−1.7 to 3.2) 0.6 2 1.1 (−0.4 to 2.8) 0.2
PM10 0 0.7 (−0.9 to 2.3) 0.4 2 3.6 (0.2 to 7.2) 0.04 0 1.2 (−0.9 to 3.3) 0.3
BS 1 0.9 (−0.4 to 2.2) 0.2 3 1.6 (−1.2 to 4.5) 0.3 1 1.8 (−0.1 to 3.7) 0.06

65–74 NO2* 0 0.8 (−1.5 to 3.0) 0.5 3 9.2 (3.0 to 15.8) 0.003 1 3.3 (0.0 to 6.7) 0.05
O3† 0 4.5 (0.9 to 8.3) 0.01 2 9.9 (−1.0 to 21.9) 0.08 1 5.5 (0.6 to 10.6) 0.03
SO2 1 1.3 (−1.2 to 4.0) 0.3 1 7.3 (−0.1 to 15.2) 0.05 1 1.7 (−2.1 to 5.6) 0.4
CO 3 0.8 (−1.2 to 2.8) 0.5 3 7.5 (2.1 to 13.2) 0.006 2 2.4 (−0.6 to 5.5) 0.1
PM10 2 −1.3 (−4.0 to 1.4) 0.3 3 11.4 (3.6 to 19.8) 0.004 1 0.9 (−3.0 to 5.0) 0.6
BS 3 1.4 (−1.0 to 3.7) 0.3 3 11.7 (5.3 to 18.6) 0.0003 2 3.2 (−0.3 to 6.8) 0.1

>75 NO2* 1 0.8 (−0.7 to 2.3) 0.3 1 1.7 (−1.3 to 4.8) 0.3 0 2.4 (0.3 to 4.6) 0.02
O3† 3 1.1 (−1.0 to 3.2) 0.3 3 3.3 (−0.9 to 7.7) 0.1 C<W 0 3.0 (−0.4 to 6.4) 0.08
SO2 2 1.3 (−0.3 to 2.9) 0.1 0 5.3 (1.7 to 9.0) 0.004 3 2.5 (0.2 to 4.8) 0.03
CO 2 0.9 (−0.4 to 2.2) 0.2 0 2.3 (−0.5 to 5.3) 0.1 2 1.9 (0.0 to 3.9) 0.05
PM10 2 1.5 (−0.2 to 3.2) 0.08 W<C 2 4.3 (0.7 to 7.9) 0.02 0 0.9 (−1.5 to 3.4) 0.5
BS 0 1.0 (−0.6 to 2.5) 0.2 3 0.7 (−2.3 to 3.7) 0.7 1 2.1 (−0.1 to 4.3) 0.06

*Maximum 1 hour; †maximum 8 hour moving average. ‡Most significant lag, irrespective of direction of estimate.
Test for eVect modification by season significant at the 5% level: W=warm season; C=cool season; W<C=warm season eVect is significantly less than cool season effect
(p<0.05).
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Results
Table 1 summarises the distributions of the
mortality series. Overall there were 184 741
deaths for the calendar years 1992–4. Of these,
16% were attributed to respiratory and 43% to
cardiovascular causes. Summary statistics for
the air pollution and meteorological variables
are also shown in table 1. The Pearson correla-
tion between monitoring sites was 0.83–0.87
for NO2 (three sites), 0.96 for O3 (two sites),
0.7–0.89 for CO (three sites), and 0.5–0.82 for
BS (five sites). For SO2 (five sites), one site did
not correlate with any of the others but the
correlation coeYcients between the other four

ranged from 0.22 to 0.51. The various
pollutants tended to be positively correlated
except for O3 which was negatively associated
with each of the other pollutants (all year cor-
relation coeYcient in the range −0.4 to 0) and
especially during the cooler months (correla-
tion coeYcient between −0.55 and −0.47).

The associations between the various air
pollutants and deaths from all causes and for
respiratory and cardiovascular causes are
shown in table 2 for the various age groups.
For each pollutant modelled the lag with the
most significant association, irrespective of
direction of the estimate, is shown. Due to the

Table 3 Results for two pollutant models for all respiratory and all cardiovascular mortality for all ages (percentage change in relative risk is for the row
pollutant in the presence of the column pollutant; the % change in risk is for a 10th–90th centile increase in the pollutant, 95% CIs and p values rounded to
the first significant figure are also given.)

Outcome Pollutant and lag Single pollutant results NO2 1 hour O3 8 hour SO2 24 hour

All respiratory, all ages Lag 3 Lag 2 Lag 2
SO2 24 hour lag 2 3.02 (−0.09 to 6.22) 0.06 1.80 (0.09 to 3.54) 0.04 2.14 (0.33 to 3.99) 0.02 —
PM10 24 h lag 3 4.01 (0.85 to 7.28) 0.01 1.22 (−0.09 to 2.55) 0.07 1.47 (0.46 to 2.50) 0.004 2.83 (−0.25 to 6.00) 0.1
BS 24 h lag 3 3.14 (0.41 to 5.95) 0.02 1.26 (−1.03 to 3.60) 0.3 2.70 (0.88 to 4.54) 0.003 2.78 (−0.10 to 5.70) 0.05

All cardiovascular, all ages Lag 1 Lag 2 Lag 1
NO2 1 h lag 1 2.26 (0.65 to 3.91) 0.006 — 2.18 (0.75 to 3.64) 0.01 2.55 (0.40 to 4.75) 0.01
O3 8 h lag 2 3.52 (0.48 to 6.65) 0.02 3.71 (0.58 to 6.93) 0.01 — 4.00 (0.85 to 7.21) 0.01
PM10 24 h lag 1 1.70 (−0.24 to 3.67) 0.09 −0.31 (−2.70 to 2.14) 0.8 1.56 (−0.27 to 3.43) 0.1 0.93 (−1.49 to 3.42) 0.4
BS 24 h lag 1 1.89 (0.19 to 3.62) 0.03 0.32 (−1.86 to 2.55) 0.8 1.56 (0.04 to 3.87) 0.04 1.78 (−0.12 to 3.71) 0.07

Figure 2 Percentage change in death count (95% CI) of mortality from all causes and all ages for an increase from the
10th to the 90th percentile across the range of each pollutant for all single lag (top panel) and cumulative lags (bottom
panel) up to the third day.
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multiplicity of pollutants and lags tested, the
likelihood of finding significant results by
chance is considerable. Therefore we place
more emphasis on results significant at the 1%
level and beyond and where there is some
degree of consistency of eVects across the range
of lags. Note however that figures 2–4, which
illustrate the lag structure of associations, show
standard 95% confidence intervals (95% CIs)
in accordance with those presented in tables 2
and 3. Results for the more specific diagnoses
(chronic obstructive pulmonary disease
(COPD) plus asthma, respiratory infection,
ischaemic heart disease) are not shown but

important associations will be referred to in the
text. The full results for each diagnosis and all
of the lags may be obtained from the authors.

In the all ages, all cause group all associa-
tions, except with O3, were positive, although
small in magnitude (around 1% increase for a
10th–90th percentile increment) and none
were significant. As shown in figure 2, all of the
lags apart from those for O3 were consistent in
that they all showed a similarly sized positive
increase in mortality in association with an
increase in pollution. Similarly for the 0–64
and >65 age groups, the direction of the risk
was, on the whole, positive but the magnitude
small and none of the associations were signifi-
cant.

All ages respiratory mortality was increased
in association with all pollutants except O3.
The significant finding was for PM10 with an
estimate of 4.0% for a 10th–90th percentile
increment of pollution. Figure 3 shows that the
PM10 eVects tended to increase steadily with
increasing single day lags and cumulative lags.
It also shows that the SO2 eVect was consist-
ently close to significance (at the 5% level). In
the “younger” elderly (65–74) age group there

Table 3 continued

CO 24 hour PM10 24 hour BS 24 hour

Lag 3 Lag 3 Lag 3
1.90 (0.18 to 3.64) 0.03 2.55 (−1.00 to 6.23) 0.2 2.18 (−1.01 to 5.48) 0.2
1.25 (0.04 to 2.47) 0.04 — 1.25 (−2.97 to 5.65) 0.5
2.41 (−0.65 to 5.57) 0.1 3.25 (−0.56 to 7.21) 0.1 —
Lag 1 Lag 1 Lag 1
2.55 (0.40 to 4.75) 0.05 2.18 (0.04 to 4.37) 0.04 1.82 (−0.32 to 4.00) 0.08
3.98 (0.85 to 7.21) 0.01 4.25 (1.11 to 7.48) 0.009 3.98 (0.85 to 7.21) 0.009
0.62 (−0.59 to 1.85) 0.6 — 0.62 (−1.79 to 3.10) 0.7
1.29 (−1.53 to 4.19) 0.4 1.29 (−0.91 to 3.54) 0.3 —
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Figure 3 Percentage change in death count (95% CI) of mortality from all respiratory all ages for an increase from the
10th to the 90th percentile across the range of each pollutant for all single lags (top panel) and cumulative lags (bottom
panel) up to the third day.
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were large and strongly significant associations
with all the pollutants apart from O3 and SO2.
By contrast, the “old” elderly group showed
fewer and smaller associations, predominantly
with SO2 and PM10. For mortality from COPD
plus asthma in the >65 age group, increases
associated with NO2, PM10, and BS were 6.1%
(95% CI 1.3% to 11.1%) p=0.01, 7.8% (1.7%
to 14.2%) p=0.01, and 6.2% (1.3% to 11.3%)
p=0.01, respectively. For deaths from lower
respiratory infections, significant findings were
found in the 0–64 age group where there were
increases in daily mortality of 14.6% (3.1% to
27.3%) p=0.01, 18.3% (4.4% to 34.1%)
p=0.008, 13.7% (3.6% to 24.8%) p=0.007,
and 17.6% (5.1% to 31.6%) p=0.005 associ-
ated with NO2, SO2, CO, and BS, respectively,
all at lag 3 days.

The eVect estimates also tended to be
positive for cardiovascular deaths, but the pat-
tern of associated pollutants was diVerent from
that of respiratory deaths. For all ages, the most
significant finding was for NO2, then O3 and
BS. The cumulative lags were also associated
with significant eVects of CO and estimates for
PM10 which were close to significance (fig 4).
Associations between ischaemic heart disease

and NO2, O3, CO, and BS were positive and
significant at the 5% level. Deaths from all can-
cers were not significantly associated with
increases in air pollution. There were no
significant associations with deaths from all
other causes (not included in any of the other
analyses), although risks tended to be increased
at each lag for each pollutant.

Table 2 shows that the relative increase in
daily all cause mortality was similar in the two
elderly age groups. The main exceptions were
for O3 for which the greater risk seemed to be in
the younger elderly group and PM10 for which
the estimate was greater among older elderly
people. For respiratory mortality, the risks were
consistently higher in young elderly than in old
elderly people. For cardiovascular mortality
there seems to be little diVerence between the
two age groups.

The few estimates which diVered signifi-
cantly by season are indicated in table 2. Some
series, in particular those of respiratory causes
may not have provided enough power to detect
such diVerences due to small daily counts
during the warm seasons. Full results are avail-
able on request. For deaths from all causes
in the >65 age group, the eVect of O3 was
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Figure 4 Percentage change in death count (95% CI) of mortality from all cardiovascular all ages for an increase from
the 10th to the 90th percentile across the range of each pollutant for all single lags (top panel) and cumulative lags (bottom
panel) up to the third day.
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significantly greater in the warm season (and in
a positive direction) and that of CO was
significantly less in the warm weather. In the all
respiratory all ages category, the estimate for
PM10 was 6.8% (95% CI 2.7% to 11.0%) in the
cool season, compared with -0.2% (-5.0% to
4.8%) in the warm season (diVerence p=0.04).
The eVect of O3 on respiratory mortality in the
>75 age group was significantly higher in the
warm season. For cardiovascular deaths, the
eVect of O3 was significantly greater in the
warm season.

The correlation between the various pollut-
ants makes it diYcult to interpret their contri-
bution to mortality with only single pollutant
analyses. We therefore carried out selected
analyses in which the eVect of each pollutant
that was significant on its own was examined
when the other pollutants were included in the
model. Table 3 shows the results of this analy-
sis for the pollutants with the strongest eVect
on all age respiratory and cardiovascular
mortality. Generally, there was a reduction in
the magnitude and strength of association of
the pollutant initially entered into the model.
Overall no pollutant emerged as substantially
more important than any other. However, the
two indicators of particles tended to behave
diVerently. The size of the BS eVect was not
aVected by PM10 or the other pollutants, with
the exception of NO2. On the other hand, the
eVect of PM10 was markedly reduced by
including BS or other pollutants in the model.
Thus, the eVect of BS seemed to be more
robust than that of PM10 in the two pollutant
model.

In the cardiovascular deaths series, the
eVects of NO2 and BS were generally main-
tained in the presence of the other pollutants,
except that BS was markedly aVected by the
inclusion of NO2 in the model. The eVect of O3

was not aVected and was even increased when
other pollutants were included. PM10 was not
significant in the single pollutant model and its
eVects were further reduced in size and signifi-
cance in the two pollutant models.

Discussion
This comprehensive analysis of air pollution
and daily mortality extends the results of earlier
London studies and adds to the relatively few
publications in which a wide range of pollut-
ants have been examined in a large city in
which the main primary pollutants are due to
traYc. The statistical approach is now an
accepted one16 but since our study began, other
workers have increasingly used non-parametric
approaches to control for seasonal and other
confounders with generalised additive
models.17 A study of daily mortality in Philadel-
phia which compared the two approaches,
found that they gave similar results.18 Our own
analyses which have applied the GAM method
to selected series confirm that the results are
not sensitive to the method used.

This study is unusual in finding no signifi-
cant eVect of any pollutant on all cause
mortality. However, the estimate for BS
(+0.7% for a 10 µg/m3 increment) did not dif-
fer significantly from the earlier London study

(+1.21%)9 or the APHEA meta-analysis of
four European cities (London, Athens, Paris,
and Barcelona) (+0.57%).4 For PM10, the esti-
mate was low (+0.26%) compared with
Birmingham, United Kingdom (+1.1%)19 and
a summary estimate of +0.9% obtained from
17 (mainly) United States cities,20 but was
closer to that of +0.4% obtained from a meta-
analysis of five western European cities (Barce-
lona, Cologne, Lyon, Milan, and Paris).4

Although not significant, the estimates for NO2

and SO2 were close to the APHEA estimates
for seven and six European cities, respectively.

The lack of an association between O3 and all
cause mortality in the present analysis con-
trasts with the significant eVects found in other
European cities—such as Athens and
Barcelona.5 On the other hand, this result for
ozone was consistent with the results of a
meta-analysis of five United States cities which
concluded that the eVect of O3 on mortality
was negligible.20 Although the earlier London
study reported significant associations between
mortality and O3,

9 t tests to compare the
regression coeYcients with those from the
present study showed that our results do not
contradict those of the earlier study. For all
cause mortality there was weak evidence of a
diVerence in eVect (p=0.04) but not for all res-
piratory and all cardiovascular mortality
(p=0.08 and p=0.29, respectively). The earlier
London study reported the most significant
positive lag, which was the criteria on which we
based the t tests. However, the present study
reports the most significant lag, irrespective of
direction. Further, the distribution of O3 did
not diVer markedly between the two periods.

The largest and most significant relative risks
were found among respiratory deaths and in
this group the most important pollutants
seemed to be particles and SO2. Cardiovascular
deaths were aVected to a lesser extent and NO2

and O3 seemed to be the most important
pollutants. No associations were found with
cancer deaths or all other causes of death,
which tend to confirm the specificity for respi-
ratory and cardiovascular deaths reported in
many other studies and summarised by Dock-
ery and Pope.21 Very large eVects were found in
some of the diagnostic subcategories of respira-
tory deaths.

Seasonal interactions between daily mor-
tality and air pollutants have often been
reported and various explanations postulated.
These include diVerences in statistical power,
the existence of threshold eVects, confounding
by other pollutants or weather factors, or com-
plex interactions between pollutants. In the
case of particles, the mixture is likely to vary in
distribution of size and number and chemical
composition.22 In this study, we found few sig-
nificant seasonal diVerences, the most promi-
nent being stronger eVects of O3 on cardiovas-
cular deaths in the summer and of PM10 on
respiratory deaths in the winter.

The pollutants examined in this study
tended to be correlated. For respiratory
mortality, we compared single pollutant with
two pollutant models and found that inclusion
of one pollutant in the model tended to make
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the eVect of the other pollutant smaller and
non-significant. Thus, we were unable to sepa-
rate the eVects of particles from those of SO2.
This resembles the results of the analysis of
Philadelphia data in which it proved diYcult to
disentangle the eVects of particles, measured as
total suspended particulates, from those of
SO2.

17

There is increasing evidence that the health
eVects of PM10 may be due to components of
the fine (PM2.5) fraction.23 In London the fine
fraction would come from primary emissions
from mobile sources or secondary sources
including long range transport of sulphates.22

The BS technique measures fine particles
(<4.5 µm in diameter) which are black, and in
London these are largely from traYc and more
specifically diesel engines.24 Non-black parti-
cles such as sulphates are not measured by the
BS method. The daily correlation between BS
and PM10 was 0.61. In the two pollutant mod-
els we found evidence that the eVects of BS
were robust to inclusion of PM10 in the model,
but not vice versa. This is consistent with the
idea that BS is more specific for fine particles
whereas PM10, including the particles
measured by the BS method, also includes a
considerable component of non-relevant parti-
cles in the coarse fraction. Unfortunately, daily
sulphate concentrations for London were
incomplete and could not be included in this
analysis. Current modelling work with sulphate
data from rural monitors in the south east of
England will eventually provide data to com-
plement existing measures of particles. Future
time series analyses will be able to use data on
PM2.5 and particle counts from newly estab-
lished measurement systems.

Elderly people are generally considered to be
a sensitive subgroup because they have a higher
prevalence of cardiorespiratory conditions,
which together with age related declines in
physiological reserves, places them at risk of
dying when subject to additional factors—such
as air pollution. When these groups were com-
pared (table 2), it was found that the relative
risks were if anything higher in the younger
elderly than in the older elderly groups.
However, the number of deaths was three to
four times greater in the older elderly group
(table 1); this means that the attributable
deaths were considerably greater in the older
group. Similarly, the numbers of cardiovascular
deaths were two to three times higher than
those of respiratory deaths; thus, although the
relative risk estimates are greater for respiratory
deaths, the attributable deaths are greater
among the cardiovascular deaths. Younger eld-
erly people, however, seem to be more suscep-
tible to the eVects of air pollution as judged by
the relative risks than their older counterparts
who could perhaps be seen as healthy survi-
vors.

It is concluded that there are detectable
associations between various air pollutants and
daily mortality in London in the 1990s. The
relative risks are highest in respiratory causes
then cardiovascular causes, with little evidence

of eVects on other causes. The greatest
absolute impact is on cardiovascular deaths
because these have the highest baseline rate. All
pollutants examined were found to have
significant eVects, but the most convincing
results were the associations between particles
and respiratory deaths, and between NO2 and
O3 and cardiovascular deaths. Future studies
should attempt to identify which component of
the particle mixture is important.
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