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Emergency hospital admissions for respiratory
disorders attributable to summer time ozone
episodes in Great Britain∗

John R Stedman, H Ross Anderson, Richard W Atkinson, Robert L Maynard

Abstract vegetation health, crop yields, and materials.1

Oxides of nitrogen are emitted mainly from theBackground – There is accumulating evi-
dence from various countries, including combustion of fossil fuels; about half of the

total UK emissions are from road transportthe UK, that ground level ozone con-
centrations are associated with increased and about a quarter are from the electricity

supply industry.2 About half of the total UKdaily hospital admissions for respiratory
diseases. This paper estimates the impact emissions of volatile organic compounds come

from industrial processes and solvent use andof ozone episodes on daily hospital ad-
missions for respiratory disease in Great about 40% come from road transport. Sim-

ilarly, about half the total oxides of nitrogenBritain by combining locally based
exposure–response relationships with emitted from European Union countries are

from road transport, as are about a third of themapped estimates of ozone exposure for
the population in the summers of 1993 and emissions of volatile organic compounds.3 As

ozone and its precursor emissions can be trans-1995.
Methods – For the given years the available ported over large distances (several hundred

km), the assessment of adverse health effectsozone measurements were used to con-
struct maps of ozone concentrations for of ozone episodes in the UK is also relevant to

continental Europe.each day. The population exposed to a
given concentration of ozone on a par- Exposure chamber experiments show that

ozone may cause local inflammation of theticular day was calculated from census
data using a geographical information sys- airways and lung at concentrations below those

which may occur in ambient air in the UK.4 5tem. The additional hospital admissions
for respiratory disease were then es- Recent epidemiological studies in North Amer-

ica and Europe, including the UK, have foundtimated using a regression coefficient for
London. small but significant associations between

ozone and daily hospital admissions for res-Results – It is estimated that 0.10% (a total
of 184) and 0.35% (a total of 643) of hospital piratory disease.6–14 In order to inform policies

for abatement, it is important to quantify inadmissions for respiratory disorders dur-
ing the summers of 1993 and 1995, re- absolute and relative terms the contribution of

ozone episodes to hospital admissions. Thespectively, can be attributed to levels of
AEA Technology plc, ozone above 50 ppb (the recommended air UK Expert Panel on Air Quality StandardsNational

quality standard for the UK). A sensitivity (EPAQS) has recommended an ozone standardEnvironmental
Technology Centre, analysis for 1995 found that, if no threshold of 50 ppb eight hour running average.15 We have
Culham, Abingdon, is assumed, the estimate is increased by defined an ozone episode as a concentration atOxon OX14 3DB, UK

about twenty fold (6% of admissions at- or above this value. In this paper we report theJ R Stedman
tributable). development of a Geographical Information

Department of Public Conclusions – The additional hospital ad- System based method for quantifying the healthHealth Sciences, St
missions for respiratory disease at- effects of ozone episodes and present estimatesGeorge’s Hospital

Medical School, tributable to ozone are very small in both of the additional hospital admissions for res-
Cranmer Terrace, absolute and relative terms if a threshold piratory disorders that can be attributed to
London SW17 0RE, of 50 ppb is assumed, but this estimate is photochemical ozone episodes in Great BritainUK
H R Anderson very sensitive to threshold assumptions. (GB) during the summers of 1993 and 1995.
R W Atkinson (Thorax 1997;52:958–963) The sensitivity of this estimate to various as-

sumptions is also examined.Department of Health,
Skipton House, 80 Keywords: air pollution, ozone, respiratory admissions,
London Road, London air pollution mapping, risk assessment, health impact.
SE1 6LW, UK
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ditional admissions was estimated for each grid onstrable in chamber studies.4 Nevertheless,
EPAQS have recommended an air qualityfor each day on which ozone concentrations

exceeded 50 ppb. The number of additional standard for ozone for the UK of 50 ppb as a
running eight hour mean15 and WHO havehospital admissions for each grid square for

each day was then calculated from the relative recommended a health based air quality guide-
line for Europe of 60 ppb for a running eightrisk for each square and a baseline estimate of

the number of hospital admissions for res- hour mean ozone concentration.18 EPAQS and
WHO concluded that risks to health at suchpiratory disorders estimated from national cen-

sus and hospital admission data. The additional concentrations were unlikely and small, re-
spectively. Neither the EPAQS nor the WHOadmissions for each grid square in Great Britain

were totalled for each day. The total additional recommendation should be taken as a dem-
onstrated No Adverse Effect Level (NOAEL).admissions for each day were summed for all

the days of the summer. The sensitivity of these For the purposes of this study it therefore
seemed appropriate to adopt a threshold ofestimates to the choice of exposure-response

relationship and its precision, the choice of 50 ppb maximum eight hour average ozone
concentration. The sensitivity to threshold as-threshold, baseline hospital admission rate,

and the procedure for mapping ozone con- sumptions is examined by using thresholds of
0, 30, 50, and 60 ppb.centrations were also examined.

–     
 The exposure–response relationship between

ozone concentration and emergency hospital We used an estimate of 34.5 admissions for
respiratory disease per 10 000 population foradmissions for respiratory disease (IDC9 460-

519) for all ages of Ponce de Leon et al14 was the summer period. This was obtained from
hospital episode system data for the six monthused in this analysis. This regression coefficient

was obtained from a study of eight hour average period from April to September 1993 and rep-
resents the average value for England. The rateozone concentrations (09.00–16.00 hours) and

hospital admissions data for London for April of admission per 10 000 varied by Regional
Health Authority from 26.4 to 46.4. The num-to September 1987–91. The analysis followed

the APHEA protocol. Briefly, this comprised ber of admissions per 10 000 per day was cal-
culated by dividing the rate for the six monthPoisson regression of daily counts of hospital

admissions for respiratory disease adjusting for period by the number of days that this rep-
resents. This estimate (0.189 per 10 000 perthe effects of time trends, seasonal and other

cyclical factors, day of the week, holidays, in- day) was used in the calculations of estimates
of additional hospital admissions due to ozonefluenza epidemics, temperature, humidity, and

autocorrelation. It provided a coefficient which episodes for both the summers of 1993 and
1995.related the concentration of ozone to the nat-

ural logarithm of daily admissions. This may The total population potentially at risk in
England in June 1993 was 48 532 700 and thebe converted to an estimate of relative risk of

admissions for a given increment of ozone.16 total number of respiratory admissions for the
summer of 1993 was 167 340. The total popu-There was little evidence that the effects of

ozone observed are explained by covariation lation of Great Britain represented by the
5×5 km grid square map of population fromof ozone and other pollutants.14 The estimate

obtained, which was used in this paper, was the 1981 census used in this study was
53 341 200. Assuming that the rate of res-0.00163 per ppb ozone (95% CI 0.00083 to

0.00242) representing a relative risk of 1.04 piratory admissions in Wales and Scotland is
similar to the rate in England, the total number(95% CI 1.02 to 1.06) for a 25 ppb increase

in ozone concentration. This relative risk is of respiratory admissions for the summer of
1993 for Great Britain is estimated at 183 920.very similar to that found in other European

and American studies, which typically range
from 1.02 to 1.05 for the same change in ozone
concentration.17 Indeed, a meta-analysis of the   

Ozone measurements were taken from the UKresults of an extension of the work of Ponce
de Leon et al to a total of six areas in southern Department of the Environment Automatic

Monitoring Networks.19 Hourly ozone con-Britain (paper in preparation) also provided a
relative risk very close to the value for London centration measurements for the summer of

1993 (April to September inclusive) were avail-that we have used.
able from 15 sites within the Automatic Rural
Monitoring Network (RMN) and 11 sites
within the Automatic Urban Monitoring Net-   

   work (AUN). Measurements for the summer
of 1995 were available from 15 RMN and 16The population comprises individuals who vary

in their threshold for ozone effects, and in the AUN sites. The RMN sites are generally in
open country locations, in areas of low popu-actual dose of ozone received by the lung. For

these reasons it is unlikely that a clear threshold lation density, well away from major roads and
industrial areas. The majority of the AUN sitesof effect will exist at the population level. Fur-

thermore, in the case of ozone, there is little were in city centre locations and away from
roadside locations. (Ozone concentrations atdifference between the community levels of

exposure and the lowest level of effect dem- roadside locations are often significantly re-
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Figure 1 Maximum eight hour running mean ozone concentration (ppb) on 5 May 1995. (A) Map interpolated from
measurements at rural sites; (B) map showing estimates for urban and rural areas (see text).

duced due to the close proximity to NO emis- NO2, reducing the ambient ozone con-
centration.1sions from road traffic.)

The ozone monitoring sites with the highest Ozone measurements are available in a num-
ber of urban areas for the summers of 1993number of episode days (with running eight

hour mean ozone concentration greater than and 1995. These can be compared with the
interpolated rural ozone values and an urbanor equal to 50 ppb) per year are generally those

in rural locations in the south of England. A influence, UI, can be defined as:
smaller number of exceedances are normally UI=((rural interpolated ozone) – (urban meas-recorded at more northerly sites or at sites ured ozone))/(rural interpolated ozone)in urban areas. Fifty three episode days were
recorded at a rural site in south east England The UI in urban areas will lie between 0

and 1. It is not possible to measure ozoneduring 1995. This can be compared with a
total of 10 for a site in central London, 22 at concentrations in all 5×5 km grid squares and

hence to calculate the UI for each square dir-a rural site in northern Scotland, and only two
at a site in central Edinburgh.19 ectly from measurements. Values of UI for each

day for each urban area in the country mustSince ozone concentrations are only meas-
ured at a limited number of monitoring sta- therefore be estimated before a map of ozone

concentrations can be calculated.tions, concentrations at locations with no
monitoring need to be estimated. While con- It is assumed that, for a constant NO emis-

sion intensity, UI will remain constant on acentrations in rural areas can be interpolated
directly from measurements, concentrations in particular day across distances of several tens

of km, for which the meteorology should beurban areas can only be estimated by combining
maps of rural ozone with a knowledge of the consistent. If a linear relationship between UI

and an indicator of NO emission intensity isrelationships between rural and urban con-
centrations and how these relationships vary assumed (for constant meteorology), then a

strength of urban influence factor “a” can bewith location and from day to day.
calculated for each urban monitoring site for
each day.

    UI=a×urblcThe maximum running eight hour average
ozone concentration was calculated at each where “urblc” is the proportion of land cover

that is defined as urban or suburban within asite for each day. A map of rural ozone con-
centrations was calculated by interpolation 5×5 km Land Cover Map of Great Britain.20

Land cover information has been used in pref-from measurements at rural sites (an example is
shown in fig 1A). The daily maximum running erence to published NOx emission inventories

which are currently only available for the UKeight hour average ozone concentration in
urban areas tends to be different from the grid at a grid resolution of 10×10 km.2

The strength of urban influence factor “a”square value interpolated from rural meas-
urements because the NO present in urban will not necessarily be constant across the coun-

try on a particular day due to variations inareas (a large proportion of which is emitted
from vehicles) reacts with ozone to produce meteorology over distances greater than several
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Emergency hospital admissions for respiratory disorders attributable to ozone 961

ResultsTable 1 Estimated number of additional hospital admissions for respiratory disorders that
can be attributed to photochemical ozone episodes in Great Britain for the summers of It is estimated that the number of additional
1993 and 1995 hospital admissions for respiratory disorders

Log admissions per Estimated additional that can be attributed to photochemical ozone
ppb O3 coefficient hospital admissions episodes in Great Britain for the summers of

Estimate for 1993 0.00163 184 1993 and 1995 are 184 and 643, respectively
Estimate for 1995 0.00163 643 (table 1). These estimates represent 0.10% and1995 lower 95% confidence limit 0.00083 324
1995 upper 95% confidence limit 0.00242 964 0.35% of the total admissions for respiratory
1995 coefficient derived from WHO18 0.00381 1545 disorders during the summers of 1993 and
A threshold ozone concentration of 50 ppb and an expected hospital admission rate of 35.4 per 1995.
10 000 were assumed. Estimates derived using coefficient from Ponce de Leon et al14 are shown Figure 2 shows the estimated number ofalong with estimates for 95% CI and WHO coefficient for 1995.

daily additional hospital admissions for the two
summers. This illustrates the greater impact of
ozone episodes during 1995 and the relatively

tens of km. An interpolated map of “a” was small number of episode days on which these
therefore calculated for each day and combined additional hospital admissions are expected to
with the land cover information to calculate a have been caused. Most high ozone days oc-
map of UI for each day. A map of daily max- curred as part of a cluster of several high days.
imum running eight hour average ozone con- Estimates for these two summers provide an
centration in urban and rural areas was then indication of the likely range of the impact
calculated from the rural ozone map and the of photochemical ozone episodes on hospital
map of UI (an example is shown in fig 1B): admissions from year to year because there

were relatively few ozone episodes in the UKEstimated ozone= UI× rural interpolated
during 1993 and many more during 1995.19

ozone
The sensitivity of the estimates was in-

vestigated in relation to the choice and precision
of the exposure-response estimates, threshold   
of effect, baseline hospital admission rate, and
ozone mapping procedure.The relative risk of hospital admissions for

The estimated total number of additionalrespiratory disorders for each day and each grid
hospital admissions for respiratory disorderssquare was calculated if the mapped ozone
depends approximately linearly on the relativeconcentration was [50 ppb:
risk coefficient used. Table 1 shows that the

relative risk=exp((ozone – 50)×0.00163) estimates derived for the summer of 1995 from
the 95% confidence limits of the combinedThe percentage increase in hospital ad-
coefficient used in this study range from 324missions (the additional risk) can therefore be
to 964.calculated as 100×(relative risk – 1). The num-

An estimate of additional hospital admissionsber of additional hospital admissions for res-
for the summer of 1995 was also calculatedpiratory disorders due to ozone for each grid
using a relationship between this health out-square for each day was then calculated from
come and changes in peak daily ozone con-the relative risk for each square, population
centration presented by WHO18 of a 10%census data, and an estimate of the expected
increase in admissions for a 25 ppb change inaverage number of hospital admissions for res-
eight hour ozone concentration. This gave anpiratory disorders for England for the summer
estimate over twice as high as that obtainedmonths. The total number of additional ad-
using the coefficient derived from studies inmissions for each day attributable to ozone was
London.then summed from the admissions in each

The calculated number of additional hospitalindividual grid square and these daily totals
admissions is extremely sensitive to the valuewere summed to provide an estimate of the
of the threshold ozone concentration used andtotal number of additional admissions for the

whole summer. this is the cause of one of the largest un-
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Figure 2 Estimated number of additional hospital admissions for respiratory disorders due to ozone for the summers of
(A) 1993 and (B) 1995.
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DiscussionTable 2 Variation in the estimated number of additional
hospital admissions for respiratory disorders that can be This study has estimated, for the first time, the
attributed to photochemical ozone episodes in Great effects of ozone on daily hospital admissionsBritain for the summer of 1995 according to threshold

for respiratory disease in the UK by combiningozone concentration
locally based exposure-response relationships

Threshold ozone concentration Estimated additional
with modelled estimates of ozone exposure for(daily maximum running eight hospital admissions

hour average, ppb) the population of Great Britain.
We chose to concentrate on the effects of0 11 195

30 2 574 ozone above the EPAQS standard of 50 ppb as
50 643

a running eight hour mean because this would60 317
estimate the additional admissions associated

A coefficient of 0.00163 and an expected hospital admission
with ozone episodes. Moreover, evidence fromrate of 35.4 per 10 000 were assumed.
the London area has indicated a threshold
at about this point.14 The size of effect was
influenced by the ozone levels of the summers
studied, the choice and precision of the re-
gression coefficient, the assumed baseline ad-certainties in the estimates. The estimated

number of admissions is halved by increasing mission rate for respiratory diseases, and
assumptions about the urban influence onthe threshold from 50 to 60 ppb, which is the

health based air quality guideline for Europe ozone concentrations. However, whatever
these assumptions, the size of the effect wasrecommended by WHO18 (table 2). The daily

maximum running eight hour average ozone found to be quite small (less than 1% of ad-
missions explained by ozone episodes).concentration is frequently in the range of

0–50 ppb during the summer months. The The other approach explored was one which
did not assume a threshold and estimated ex-number of additional hospital admissions cal-

culated with no threshold – that is, a threshold cess admissions across the whole range of ozone
exposures. This led to estimates of effect whichof 0 ppb – is therefore much higher (see table

2), this figure representing more than 6% of were of an order of magnitude greater than
those obtained using the threshold approach.total admissions for respiratory disorders.

The estimated total number of additional Individuals probably vary in their threshold
level and are exposed to a wider range ofhospital admissions for respiratory disorders

depends linearly on the expected rate of hos- pollutant concentrations than indicated by the
community monitor. This argues against thepital admission for respiratory disorders used.

The rate of admission per 10 000 for English threshold approach at the population level and
was the rationale for the WHO decision tohealth authorities for the summer of 1993

varied from 26.4 for the lowest regional health describe exposure-response relationships to
ozone and other pollutants as a continuum.18authority to 46.4 for the highest, with an av-

erage value of 34.5. This is an estimate of the We believe that the most appropriate estimate
is in the range between the threshold and norange of likely admission rates for any given

area. threshold estimates.
Another uncertainty concerns the possibleThe estimates of the number of additional

hospital admissions are sensitive to the mapping effects of the clustering of the highest ozone
days into a small number of episodes each ofprocedure and, in particular, to the way that

the ozone concentrations in the urban areas several days duration (fig 2). This might lead
to an overestimation of additional admissionsare estimated. This estimation procedure is

dependent on several assumptions concerning if the vulnerable population was reduced on
the second or successive days of the episode.the relationship between urban ozone con-

centrations and those in the surrounding rural Alternatively, if the effects of ozone on the lung
were cumulative, then the effects might beareas. An example of a map of interpolated

rural ozone concentration and the same map greater on subsequent days than on the first
days of high exposure. Chamber studies havewith the correction for urban areas applied is

shown in fig 1. It is reasonable to assume, shown that the response of lung function to
ozone falls after the second day of exposure.4however, that under UK conditions the ozone

concentration within a city may be lower but The mechanisms underlying this effect are not
well known and there is a suspicion, based onwill be no higher than that in the surrounding

countryside. An estimate of the number of experimental studies, that the inflammatory
response of the airways is maintained despiteadditional hospital admissions has therefore

been calculated for the summer of 1995 using the fall off in changes in indices of lung func-
tion. This response might reflect enhanced de-interpolated rural ozone concentrations for the

whole of the country with no correction for fence mechanisms or damage resulting in a
failure to respond.4 We have therefore not at-urban areas. This gives a total of 1177 ad-

missions for a relative risk coefficient of tempted to take the effect of this clustering into
account in our estimates of the number of0.00163, a threshold of 50 ppb, and an ex-

pected rate of hospital admissions of 34.5 per additional hospital admissions.
The daily time series approach estimates10 000. This is rather less than twice the es-

timate of 643 admissions obtained for urban the additional admissions attributable to an
increment of ozone on a particular day. In itself,corrected ozone maps. This estimate therefore

provides an upper limit to the sensitivity of the the analysis does not provide information about
how these additional admissions arise. In par-admissions estimates to the treatment of urban

ozone concentrations. ticular, it is unclear whether these are ad-
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