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Short term fluctuations in air pollution and
hospital admissions of the elderly for respiratory

disease

Joel Schwartz

Abstract

Background - Several recent studies have
reported associations between short term
changes in air pollution and respiratory
hospital admissions. This relationship was
examined in two cities with substantially
differentlevels of sulphur dioxide (SO,) but
similar levels of airborne particles in an
attempt to separate the effects of the two
pollutants. Significant differences in
weather between the two cities allowed
the evaluation of that potential confounder
also.

Methods - Daily counts of admissions to
all hospitals for respiratory disease (ICD 9
460-519) were constructed for persons
aged 65 years and older in two cities - New
Haven, Connecticut and Tacoma, Wash-
ington. Each city was analysed separately.
Average daily concentrations of SO,, in-
halable particles (PM,,), and ozone were
computed from all monitors in each city,
and daily average temperature and
humidity were obtained from the US
weather service. Daily respiratory ad-
mission counts were regressed on tem-
perature, humidity, day of the week
indicators, and air pollution. A 19 day
weighted moving regression filter was used
to remove all seasonal and subseasonal
patterns from the data. Possible U-shaped
dependence of admissions on temperature
was dealt with using indicator variables
for eight categories each of temperature
and humidity. Each pollutant was first ex-
amined individually and then multiple pol-
lutant models were fitted.

Results — All three pollutants were as-
sociated with respiratory hospital ad-
missions of the elderly. The PM,,
associations were little changed by control
for either ozone or SO,. The ozone as-
sociation was likewise independent of the
other pollutants. The SO, association was
substantially attenuated by control for
ozone in both cities, and by control for
PM,, in Tacoma. The magnitude of the
effect was small (relative risk 1:06 in New
Haven and 1:10 in Tacoma for a 50 pg/m’
increase in PM,,, for example) but, given
the ubiquitous exposure, this has some
public health significance.

Conclusions - Air pollution concentrations
within current guidelines were associated
with increased respiratory hospital ad-
missions of the elderly. The strongest evid-

ence for an independent association was
for PM,,, followed by ozone. These results
are consistent with other studies and sug-
gest that lowering air pollution con-
centrations would have some impact on
public health.

(Thorax 1995;50:531-538)

Keywords: air pollution, respiratory disease, hospital
admissions.

The high air pollution concentrations in Lon-
don in December 1952 were associated with
increased mortality and hospital admissions for
respiratory illness.! Recently, analyses of data
from Birmingham, UK? and Barcelona®* have
reported that black smoke and sulphur dioxide
(S0,) remained associated with increased hos-
pital admissions for respiratory illness at the
much lower air pollution concentrations that
now prevail. The percentage increase in re-
spiratory hospital admissions was also con-
siderably lower. Similar findings have been
reported from North America where ozone and
airborne particles have been associated with
respiratory admissions.”®

In all of the European studies there was a
high correlation between black smoke and SO,,
which makes it difficult to determine which
pollutant is the primary correlate with re-
spiratory hospital visits. Ideally, such de-
termination would be best done by examining
a location with particulate air pollution but
essentially trivial levels of SO,, and vice versa.
Such locations are difficult to find. However,
Fairley® did report an association between daily
mortality and daily concentrations of airborne
particles in Santa Clara, California, a location
where SO, concentrations are trivial. Santa
Clara has no heavy industry and both industrial
and domestic heating fuel are provided by nat-
ural gas. Power plants also use natural gas, so
the airborne particles are primarily from motor
vehicles.

No similar location with only SO, has been
reported. However, it is possible to find loc-
ations where the ratio of SO, to airborne part-
icles differs considerably, and comparisons of
findings between such locations may therefore
provide greater insight into which pollutant
is the primary correlate with adverse health
outcomes. Additionally, some previous studies
have used linear terms for weather factors to
control for their influence. However, it is pos-
sible that heat waves as well as cold weather
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Figure 1  Histogram of the daily number of hospital admissions for respiratory causes of
persons aged 65 and older in New Haven, Connecticut.
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Figure 2 Histogram of the daily number of hospital admissions for respiratory causes of
persons aged 65 and older in Tacoma, Washington.

are associated with increased respiratory ad-
missions and the reported associations with
pollution may still be confounded, despite the
control for weather.

This study examined the association between
air pollution and respiratory hospital ad-
missions in two cities — New Haven, Con-
necticut and Tacoma, Washington. These cities
differ in several important respects. New Haven
has almost twice the mean SO, concentration
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of Tacoma, almost two and a half times the
SO, concentration in the peak winter season,
and a much larger summer ozone peak than
Tacoma. This is partly because the weather in
Tacoma is more moderate than in New Haven,
with few very hot or very cold days.

Methods

HOSPITAL ADMISSIONS

The US Health Care Financing Administration
collects standardised reports from all hospitals
for each admission of persons aged 65 and
older. These reports contain the admittance
date and the International Classification for
Disease, ninth revision (ICD 9) code for the
discharge diagnosis. Using these data for all
hospitals in the cities of New Haven, Con-
necticut and Tacoma, Washington, daily counts
of admissions for respiratory disease (ICD 9
460-519) of residents were constructed for
each day from 1 January 1988 to 31 December
1990.

AIR POLLUTION AND WEATHER DATA

Air pollution data were extracted from the
Environmental Protection Agency’s aerometric
data bank. For each day, air pollution data
were extracted for all the monitoring stations
in each city and averaged. In the USA airborne
particle concentrations are measured gravi-
metrically by collecting particles on a filter
over a 24 hour period and weighing the filter.
The particles are collected with a high volume
sampler through an inlet designed only to col-
lect particles with an aerodiameter of 10 pM
or less, as larger particles are not deposited in
the respiratory tract. This particle measure-
ment is referred to as PM,,. Ozone and SO,
are measured hourly. For ozone and SO, the 24
hour average of each monitor was constructed,
and the monitors were then averaged. For
ozone, data were only available for seven
months of the year (April-October). Ozone
monitoring was discontinued during the cold
months because concentrations are very low.
Weather data were obtained from the nearest
National Atmospheric and Oceanographic Ad-
ministration weather station. The 24 hour
mean temperature and dew point temperature
were computed from these stations.

DATA ANALYSIS

Seasonal patterns in daily counts of hospital
admissions or death have long been recognised
as a major potential confounder in air pollution

Table 1  Percentile points of the distribution of respiratory hospital admissions of persons aged 65 years and older and

environmental variables in New Haven, 1988-90

Variable 10% 25% 50% 75% 90% Mean
Temperature (°F) 30 39 53 67 75 52
Dew point (°F) 16 27 42 58 66 41
Respiratory admissions 4 5 8 10 13 8.1
SO, (ug/m”) 23 35 78 100 159 78
(ppb) (8-8) (13-4) (29-8) (38-2) (60-7) (29-8)
Ozone (pg/m’*) 31 41 53 69 89 56
ppb) (15-8) (20-9) 27 (35-2) (45-4) (28:6)
PM,, (ng/m’) 19 26 37 51 67 41
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Table 2 Respiratory hospital admissions of persons aged 65 years and older and air
pollution by season in New Haven, 1988-90
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data. This is illustrated in figs 1 and 2 for New
Haven and Tacoma, respectively. Such data

are typically treated as being Poisson rather

Season Admissions SO, Ozone PM,,
(ugim®) (ughm’) (ughm’)
Winter 10-3 141 NA 43
Spring 8-4 63 55 41
Summer 65 45 82 43
Autumn 7-1 63 43 36

than normally distributed. For Poisson data,
subtracting the moving average can distort the
distribution of the data so that it is neither
normal nor Poisson, making it difficult to de-

NA =not available.

studies. It is also thought that other long term

patterns in the data carry a high potential
confounding and that analyses should be

stricted to looking at the correlation between

short term fluctuations in air pollution
health outcomes. To accomplish this the 1
term patterns are usually filtered out of

data. In analyses of daily death counts from
London several studies have used 15 day mov-

ing averages to fit the long term patterns.

The deviations from those moving averages in
mortality and air pollution are then correlated.
This general approach has been further refined
in the statistics literature by the use of weighted
averages which give greater emphasis to days
near the middle of the averaging period.
This approach has been adopted in this study.
However, while there were an average of almost
300 deaths per day in the London winters of

the 1960s, the daily counts of hospital
missions in this analysis were much lower

showed the skewed distribution typical of count

termine how to treat the error term in the
regression. An essentially identical alternative is
to put the moving average filter in the regression
model itself which avoids this difficulty,”'*®
and this approach was used in this analysis. A
19 day averaging period was used in this ana-
lysis, as in the analysis of Burnett and co-
workers.” Further details of the filtering method
used are given in the appendix.'” This approach
is more stringent in removing longer wave-
length patterns than seasonal dummy variables
or sine waves.

Multiple regression analysis was used to re-
gress the number of admissions for respiratory
disease on the moving average filter, tem-
perature, dew point temperature, and air pol-
lution. The error was assumed to be Poisson
distributed in the regression analysis. It seemed
reasonable to suppose that if the population of
the town doubled, while keeping their char-
acteristics and all other risk factors constant,
the number of increased cases due to air pol-
lution (if any) would also double. Since the
baseline number of cases would also double
under that scenario, this suggests that a relative
risk model is the appropriate one. This was

for
re-

and
ong
the

10-12

1314

ad-
and

»
5
2 30 A
2
‘g 20 -
©
e
8 101
® il
‘a
8 0| | | | |
o 01/01/88 08/07/88 03/14/89 10/19/89 05/26/90 12/31/90
Time (days)
»
S 30 B
7}
R
E 201
°
©
-]
32T
°
£ okl | | | l |
01/01/88 08/07/88 03/14/89 10/19/89 05/26/90 12/31/90
Time (days)
- C
15—
7
© L
S
3 51
3
c O0F y
101 | l | ! |
01/01/88 08/07/88 03/14/89 10/19/89 05/26/90 12/31/90
Time (days)
Figure 3 Plot over time of (A) the dazly ber of hospital admissions of persons aged 65 and older in New Haven,
(E the predicted daily of F missic of persons aged 65 and older in New Haven, and (C) the residual
(observed — predicted) number of dazly hospital admissions of persons aged 65 and older in New Haven. The residuals

are from a model which does not include air pollution.




534

Table 3  Relarive risk of respiratory hospital admissions and 95% confidence intervals for
a 50 ug/m’ increase in air pollution in New Haven

Polluzant Relative risk 95% CI P
PM,, 1-06 1-13 to 1-00 <0-05
SO,* 1-03 1-05 to 1-02 <0-001
Ozone* 1-06 1-13 to 0-99 >0-1
Two pollutant models
Mo 1-07 1-14 to 1-01 <0-05
SO,* 1-04 1-06 to 1-02 <0-001
PM,, 1-09 1-20 to 1-00 >0-05
Ozone* 1-07 1-15 to 1-00 >0-05
SO,* 1-02 1-08 to 0-96 0-5
Ozone* 1-05 113 to 0-98 0-15

* Concentration two days before admission.

accomplished using a log linear regression. All
regressions were estimated in S-Plus,'® using
the generalised linear model and generalised
additive model functions.

Respiratory hospital admissions may decline
linearly with temperature, but it is also possible
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that extremely hot days increase the risk. To
allow for that possibility, both temperature and
humidity were divided into eight categories and
indicator variables for each category were used.
This allows the flexibility to fit U- or J-shaped
dependencies, but does not force any non-
linearity. Indicator variables were also used for
each day of the week.

Serial correlation refers to the tendency of
two observations close together in time to be
correlated. For example, if more persons are
admitted today than is typical, it is likely that
more persons than average will also be admitted
tomorrow. While most of the serial correlation
in hospital admissions is due to seasonal pat-
terns and day of the week effects, if these terms
do not fully explain that serial correlation, some
correlation will remain in the residuals. In this
case the residuals are not independent of each
other. Effectively, the number of independent
observations is smaller than the number of days

Table 4  Percentile points of the distribution of respiratory hospital admissions of persons aged 65 years and older and

environmental variables in Tacoma, 1988-90

Variable 10% 25% 50% 75% 90% Mean
Temperature (°F) 39 44 52 60 66 52
Dew point (°F) 34 39 45 51 54 44
Respiratory admissions 1 2 4 5 7 42
SO, (ug/m’) 15 26 40 56 74 44
(ppb) 57 9-9) (15-3) (21-4) (28-2) (16-8)
Ozone (ug/m®) 26 36 47 57 70 48
(ppb) (13-3) (18-4) (24) (29-1) (35:7) (24°5)
PM,, (g/m’) 14 20 30 47 67 37
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Figure 4 Plot over time of (A) the daily number of hospital admissions of persons aged 65 and older in Tacoma, (B)
the predicted daily number of hospital admissions of persons aged 65 and older in Tacoma, and (C) the residual
(observed — predicted) number of daily hospital admissions of persons aged 65 and older in Tacoma. The residuals are

from a model which does not include air pollution.
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Table 5 Respiratory hospital admissions of persons aged 65 years and older and air
pollution by season in Tacoma, 1988-90

Season Admissions SO. Ozone PM,,

2
(ughm’) (uglm’) (ug/m’)
Winter 57 58 NA 45
Spring 46 35 52 35
Summer 32 34 50 31
Autumn 34 50 41 38

NA =not available.

of study, and this may lead to underestimation
of the standard errors of the regression co-
efficients. Autoregressive terms in the residuals
of up to three prior days (lag 3) were examined
and kept in the model when significant.

Results

Table 1 shows the distribution of the health
and environmental data in New Haven. Air
pollution concentrations were generally mod-
erate. Concentrations of SO, showed their clas-
sic behaviour, peaking in the winter with lowest
concentrations occurring in the summer (table
2). There was little seasonal pattern to PM,,
concentrations in New Haven. This is in con-
trast to most European cities, and increases
the possibility that the two pollutants can be
distinguished. Ozone concentrations showed
the expected summer peaks.

Figure 3 shows a plot of three series versus
day of study in New Haven; fig. 3A shows the
original series of respiratory admissions for the
elderly, fig 3B the predicted admissions using
the model with control for season, temperature,
and humidity, and day of the week, but not air
pollution, and fig 3C shows the residuals (the
difference between the actual and predicted).
No seasonal or other long term patterns are
apparent in the residuals but there is one outlier
value. That day (1 January 1989) was excluded
from the final analyses using air pollution to
assure that any associations were not driven by
one extreme value.

Table 3 shows the results of adding air pol-
lution to the basic regression model. Pollution
on the day of admission and one or two days
before the admission was considered. PM,,
on the same day and SO, levels two days
before were significant predictors of hospital
admissions for respiratory disease. The ozone
level two days before admission was a marginal

Table 6 Relative risk of respiratory hospital admissions and 95% confidence intervals for
a 50 ugim’ increase in air pollution in Tacoma

Pollutant Relative risk 95% CI ?
PM,, 1-10 1-17 to 1-03 <0-005
SO, 1-06 1-12 to 1-01 >0-02
Ozone* 1-21 1:38 to 1-:06 <0-005
Two pollutant models
M, 1-11 1-20 to 1-02 0-01
SO, 099 1-06 to 0-93 >0'5
PM,, 1-12 1-29 to 0-97 >0-1
Ozone* 1-20 1-37 to 1-06 <0-01
SO, 093 1-04 to 0-83 0-2
Ozone* 1-:21 1:37 to 1-06 0-005

* Concentration two days before admission.
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predictor of hospital admissions. However, the
sample size for the ozone analysis was reduced
by over 40%. To make the results meaningful
and comparable, all three pollutants are ex-
pressed in units of 50 pg/m>. This represents a
moderately large pollution difference, but one
that is observed in the data.

Two pollutant models were then examined to
determine which pollutants made independent
contributions to explaining respiratory hospital
admissions. Ozone was included in these mod-
els because, while its significance was marginal
in this analysis, the effect size was similar to
that reported in other studies.®” The PM,, and
SO, associations appeared to be independent
of each other. The PM,, and ozone associations
also appeared to be independent of each other,
with no reduction in the relative risk for one
pollutant after control for the other. The sub-
stantial reduction in sample size did make the
PM,, association only marginally significant in
this analysis, however. In contrast, the SO,
association was substantially reduced in mag-
nitude and became quite insignificant after con-
trol for ozone. The ozone association was little
changed by control for SO,.

Table 4 shows the distribution of hospital
admissions and environmental data in Tacoma.
There were only four respiratory admissions
per day in Tacoma, about half the number seen
in New Haven. While the mean temperature
and humidity were similar between the two
locations, Tacoma had a more moderate and
less variable climate than New Haven. The
90th percentile of temperature and dew point
in Tacoma were 66 and 54, respectively, com-
pared with 75 and 66 for New Haven. The low
temperatures were similarly less extreme. PM,,
and ozone concentrations were similar between
the two cities, but SO, levels were considerably
lower in Tacoma. PM,, showed a distinct win-
ter peak in Tacoma (table 5) and SO, levels
were almost as high in the autumn as in the
winter.

Figure 4A shows the plots of hospital ad-
missions for respiratory disease versus day of
study in Tacoma, fig 4B shows the predicted
series, using the model without air pollution,
and fig 4C shows the residuals. No outliers or
long wavelength patterns were present in the
residuals.

Table 6 shows the regression results for air
pollution. As in New Haven, PM,, on the same
day and ozone two days before were associated
with respiratory admissions in Tacoma. In the
case of SO,, it was the value on the same day
rather than two days before that was predictive
of hospital admissions. In two pollutant models
SO, was no longer significant after PM,, was
controlled for. PM,, remained associated with
respiratory admissions after control for SO,,
however, with a similar magnitude risk. Sulphur
dioxide was also insignificant when ozone was
controlled for. The association with PM,, be-
came marginal with control for ozone. How-
ever, the magnitude of the PM,, effect was not
reduced by control for ozone, and inclusion of
ozone in the regression model eliminated five
months of each year when ozone was not mon-
itored.
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Table 7 Relative risk of respiratory hospital admissions for a 50 ugin® increase in air pollution from selected recent

studies

Location Outcome Pollutant Relative risk 95% CI
New Haven All respiratory PM,, 1-06 113 to 1-:00
Tacoma All respiratory PM,;, 1-1 1:17 to 1-03
Birmingham, AL COPD PM,, 1-13 1-22 to 1-04
Birmingham, AL Pneumonia PM,, 1-09 1-15 to 1-:03
Barcelona (winter) COPD PM,* 1-11 1-15 to 1-06
Barcelona (summer) COPD PM,* 1-08 1-19 to 0:79
Ontario All respiratory PM,t 1-09 C

New York All respiratory PM,t 1-07 NC

New Haven All respiratory Ozone 1-06 1-13 to 0-99
Tacoma All respiratory Ozone 1-21 1-37 to 1-06
Birmingham Pneumonia Ozone 1-07 1-18 to 0-99
Ontario All respiratory Ozone§ 1-17 N

New York All respiratory Ozone§ 1-26 NC
Barcelona (winter) OPD SO, 113 1-21 to 1-06
Barcelona (summer) COPD SO, 1-19 1-34 10 1-06
New Haven All respiratory SO, 1-03 1-05 to 1-02
Tacoma All respiratory SO, 1-06 1-12 to 1-01

* Converted from black smoke assuming a ratio of 1:1.

1 Converted from SO, assuming a ratio of 2-5:1 based on data from Ontario.
$ Converted from SO, assuming a ratio of 4:1 based on data from Eastern US cities.
§ Maximum ozone converted to mean ozone assuming a ratio of 2-5:1.

NC =not computed.

Discussion

All three pollutants showed evidence of as-
sociation with hospital admissions for re-
spiratory disease in both cities in this study.
The most consistent association was seen for
PM,,. It was significant in both cities, and
control for either of the other pollutants did
not reduce the estimated size of the PM,, effect.
Both cities were also consistent regarding which
lag of PM,, was associated with respiratory
hospital admissions. Ozone was associated with
respiratory hospital admissions with a two day
lag in both cities, although the association was
weak in New Haven. The association with
ozone also appeared to be independent of the
other two pollutants. For SO,, in contrast,
the association was less consistent. The lag
structure was different between New Haven
and Tacoma, and in both cities control for
ozone substantially weakened the association
with SO,. In Tacoma, but not New Haven, the
SO, association also disappeared after control
for PM,,.

The difference in weather between the two
cities provides a useful counterpoint. The 10th
percentile of temperature in Tacoma was al-
most 10°F warmer than in New Haven. The
lack of cold winters is partially responsible for
the lower winter peak in SO, in Tacoma. The
SO, association was less stable in Tacoma. This
suggests either that a threshold exists, which
was less often exceeded in Tacoma, or that the
association in New Haven was confounded by
weather or other pollutants. The reduction in
the size and significance of the SO, effect in
New Haven after control for ozone could also
reflect a threshold for the SO, effect, since
ozone was not monitored in the winter when
SO, was highest. However, the levels of SO, in
the other seasons in New Haven were similar
to those seen in Tacoma in all seasons, sug-
gesting that this is not just a seasonal or thresh-
old phenomenon. The persistence of the PM,,
association in the city with the milder winters
suggests that the association is not confounded
by cold weather.

Tacoma also had milder weather in the sum-
mer, with fewer hot hazy days than New Haven.
As a result, summer ozone concentrations in

Tacoma were only about 60% of those in New
Haven. Despite this, the association with ozone
in Tacoma was stable and the estimated effect
was larger. One possible explanation for these
results is that hot and humid weather is as-
sociated with increased use of air conditioning
and decreased time outdoors, both of which
would reduce actual exposure at a given out-
door concentration. In fact, the magnitude of
the effect of all three pollutants was larger in
the city with the milder weather, although the
confidence intervals overlap, suggesting that
pollution effects are easier to see in the absence
of extreme weather conditions. This has im-
portant implications for study design and risk
assessment, and further investigation is needed
to confirm this finding.

The association with PM,, in Tacoma was
not weakened by the coincident SO, con-
centrations being lower. This suggests that the
PM,, association is not due to confounding
with SO,. Indeed, the PM,, association in both
cities remained significant after control for SO,.
This differs from the experience in most Euro-
pean cities. However, in those studies black
smoke (the particle measure used) was highly
correlated with SO,.

Airborne particles have been associated with
reduced pulmonary function,®? increased
respiratory symptoms,'*??*% increased res-
piratory illness®% or school absence,” in-
creased chronic respiratory symptoms®>' or
chronic reduction in pulmonary function,**
increased hospital admissions or emergency
room visits,>®?* and increased mortality, par-
ticularly from respiratory disease.’”*?® These
studies have been conducted in cities with
widely varying climates and coincident weather
conditions. They have included studies with
essentially no coexposure to SO,’'°%28%7 and
studies with essentially no coexposure to
ozone.> 1119212338 The combined weight of these
studies suggests that the association between
airborne particles and adverse respiratory out-
comes is unlikely to be due to confounding.

The epidemiological evidence that ozone is
a risk factor in respiratory illness is weaker, but
still substantial. Ozone has been associated
with an increase in the risk of respiratory
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symptoms,**** reductions in pulmonary func-

tion in both experimental and epidemiological
studies,*** and hospital admissions or emer-
gency room visits.”® Taken together, the weight
of the evidence supports the conclusion that
ozone concentrations below current standards
are associated with exacerbation of illness.

The situation with SO, is more mixed. Stud-
ies in Europe consistently report associations
with SO,,%™* but the correlation between SO,
and airborne particles is high in all of these
studies. In studies where the correlation be-
tween SO, and airborne particles was lower,
weaker or no associations were seen with
S0,.5* In locations with low concentrations of
SO, the associations seen with airborne part-
icles were similar to those seen in Europe.’'*%
All this suggests that the observed SO, as-
sociations are confounded by airborne part-
icles. Further examination of locations with
low correlations between the two pollutants, or
with very low concentrations of one pollutant,
will be needed to confirm or refute this con-
clusion.

No epidemiological study can preclude the
possibility of confounding. This makes com-
parisons with results in other studies important
since the association between air pollution and
any omitted confounders will probably vary by
location. Table 7 shows estimated relative risks
for 50 pg/m? increments in each pollutant from
selected recent studies. It should be noted that
the same measure of airborne particle con-
centration was not available in each location,
and the conversions that have been made are
only rough approximations. The consistency
of effect size estimates is moderate, with the
PM,, associations being the most stable. Fur-
ther studies, particularly in areas which have
predominantly one pollutant, will be important
in clarifying the relative role of individual pol-
lutants. It seems clear, however, that air pol-
lution is associated with respiratory morbidity
at concentrations commonly occurring in west-
ern countries. It should be noted that a 50 pg/
m?® increase in air pollution is quite large in
western countries, and that the associated rel-
ative risk is small. However, since exposure to
some level of air pollution is ubiquitous, the
attributable risk is not negligible. In New Haven
and Tacoma air pollution appears to be re-
sponsible for perhaps 5% of the respiratory
hospital admissions of the elderly. There is no
possibility of reducing air pollution levels to
zero, but it might be possible to reduce them
by 20%. If so, a 1% reduction in hospital
admissions might be expected in these loc-
ations. While not large, such a reduction is also
not trivial.

Appendix

The use of a 15 day moving average to ap-
proximate the longer term pattern in the mor-
tality data was an example of a non-parametric
smooth curve. It is called non-parametric be-
cause the moving average generates a curve
of expected mortality versus day of the year
without specifying a particular functional form
for the curve, or estimating the parameters
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of that function. The field of non-parametric
smoothing is now quite extensive, and good
introductions to it exist.”>" In general it is
desirable to use weighted moving averages, with
weights that decline with distance from the
centre of the moving average period. This ap-
proach makes heuristic sense — points farther
from the day being predicted presumably
should be given less weight in predicting the
expected number of deaths on that day. It
also has a more technical justification. A sharp
cutoff in the weight given to points (such as a
weight of 1 for seven days ago and of 0 for
eight days ago in the 15 day moving average)
creates distortions in the amplitude and phase
of the short term patterns of fluctuations re-
maining after subtracting the moving average
of mortality. These are the patterns we wish to
correlate with air pollution. Weights also reduce
variance in the estimated number of daily
deaths. A modification of the moving average
approach is the moving regression approach.'”
In loess,'” a weighted moving regression is used
because moving regressions are better behaved
at the boundaries of the data.

For Gaussian data the residuals of mortality,
after subtracting the moving average or moving
regression, can be regressed against the re-
siduals of weather and pollution terms, after
subtracting their moving averages or moving
regressions. For Poisson data this cannot be
done, since the filtered data no longer have a

Poisson distribution. However, the same results

can effectively be obtained by putting the filter
in the regression model. This can be ac-
complished in a number of ways, but the most
elegant is using the generalised additive
model.”” This specifies, in our case, that the
natural logarithm of the expected number of
daily deaths can be written as a sum of the
weather, day of week, and pollution terms plus
a moving average or moving regression over
time. In fact, smooth functions of weather and
air pollution can also be specified, although in
this analysis that was not done. The details
of the generalised additive model have been
extensively discussed.”®
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