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ABSTRACT ‘ TUDIES sh

ES ing that current levels of air

Background Air pollution in cities has been linked pollution in the cities of many developed and
to increased rates of mortality and merbidity in devel- developing eduntries are associared with jn-
oped and developing countries, Although these fingd- creased rates of mortaliry and morbidity have

ings have helped lead to a tightening of air-quality heightened concermn
standatds, their validity with respect to pubiic health Pose a threat to publj
has been questioned, that small airborne
Wa assessad tll;: affacts' l«:\f five m?jor gl.gf of urban air polluriof.
door-air pollutants on da martaflty ratas in 2 . . . ]
the largest citles and metropolitan aress in the United :':: cvidence as 3 r:;n ml:édthc Enwmngx:;tfaé I;_;;’
States from 1987 to 1994. The pollutants were partic- ction Agency impemented a new standard for fine
ulate matter that is less than 10 wm in aerodynamic | Particulate matter, e cxsting standard, promul-
diameter (PM,), 0zone, carbon monoxide, suffur diox. gated in 1987, specified the maximal levels allowable
e, and nitrogen dioxide, Wa used & two-stage analyt- | in a 24-hour period ahd on an annual bass for par-
ic approach that pooled data from multiple locations. | Hculare matver with acrodynamic diamerer (the di-
Results  After taking into account potential con- | ameter of a unit-d ity sphere thar has the same
founding by other poliutants, we found consistent sertling velocity in gasjas the particle of interest) that
evidence that the levsl of PM,, is associated with the | e less than 10 um ( 10)- In 1997, the agency add-
rate of death from ali causes and from cardlovagcu- | o4 standzrds for parti¢ulate marter thar is less than
lar and respiratory ilinesses. The estimated increass 2.5 um in acrod c diameter (PM J, since the
in the relative rate of death from all causes was 0.51 size of such particles Hetter o on &"; l:o the size
percent (35 peresnt postarior interval, 0.07 to 0,93 £ icl tﬁ rm:ll_i' . d al
percant) for each Increase in tha PM,, favel of 10 ug | © oLy Liaf can panetrate to the airways an a-
per cubic meter. The estimated increase in the rela. veoli of the lung. This decision has been controversial;
tive rate of death from cardiovascuiar and regpiratory | NUCs question whether the Sﬂﬂnﬂf_i‘: evidence is
causes was 0.68 percent (95 percent posterior inter- | strong enough to take regulatory action.** A more
val, 0.20 to 1.16 percent) for each increase inthe PM,, | detailed version of our methods and findings is avail-
level of 10 ug per cubic metar. Thare was waaker ev- | able clsewhere? -
idence that increases in ozone levals increased tha Key findings on partigulate air pollution have come
ralative rates of death during the summer, when 020ne | from time-series analyses of the association of air-
lavels are highest, but not during the winter. Lavals pollution levels with th number of deaths per day.?
:}Df :;:z :nr::ftra ﬁslgattaents wera not significantly related With the exception of 2 few studies, such as the muiti-
. ‘. . : city Air Pollution and Health: 4 European Approach
Conclusions There is consistent evidence that the (APHEA) projcct!® and|an o, alysis of data from six

levels of fine particulate matter in the air are associ- o ;
ated with the risk of death from all causes and from | U-S. citics, most of thede studies have been based on

cardiovascular and respiratory ilinesses, These fing- single locatons Wl:c“d‘“’ithﬂmf a defined sampling
ings strengthen the rationale for controlling the lev- | plan. Consequently, the generalizability of the find-
els of respirable particles in outdoor air, (N Engl J

Med 2000'343'1742 9'_) : From the Deparements of Epid gy (I-M.S.) and Rigstatisicy (ED,, :
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ings is uncertain, and analytic strategies have differed
among studics, Citing these limitations, critics have
questioned whether the findings indicate an effect of
air pollution generally or of particles specifically. 1213

To address these limitatdons, we combined infor-
‘mation on the associatons of levels of the five major
outdoor-air pollutants — PM,, ozone, sulfur dioxide,
carbon monoxide, and nitrogen dioxide —— with dai-
ly mortality rares from 20 of the largest U.S. cities. 4
Our estimates are based on a defined sample of the
cities; staustical precision was enhanced by combin-
ing information from mulriple locations.

: METHODS
Data Collection -

Dwara were collected from 1987 through 1994, We began with
the 20 counties deemed the largest in the 1990 ULS. Census on
the basis of popularion (or with logical grouping of counties),
and for the analysis, we uted data for the countcs that induded
the associated cities, thus encompassing a population of more
than 50 million, Analysix was carried out at the county level be-
cause the county was the common coding unit for the variows dam
sctz, En this article, we refer to citics and metropolitan areas rarher
than aounties. Daily mortality rates were abtained from the Nation-
al Centor for Health Statistics (Table 1). After excluding dearhs

from external causcs (¢.g., accidefs, suicide, and homicide) and
deaths of nonrcsidents, we ificd the deaths acconding o age
group (<65 years, 65 to 74 years,(and &75 years) and canse (car-
diovascular and respiratory and 1% Data on scleeved demo-
graphic characteristics were obingd from the 1990 ULS, Conpas ¢

Hourly temperature and dew-péine data were available from dhe
EarthInfo compact-disk!? data base of the Nadonal Clinvatic Data
Centee. For analysis we wed the 2¢-hour mean value for cach day.
The air-paliution data were obtained from the data base of the
Acromenic formation Rewieval Systom, P which is maintained
by the Environmental Protection ncy. For population-oriented
monitoring variables, we downlogded all swailable data for PM;,
ozone, carbon monoxide, sulfur jdioxide, and nigogen dioxide,
For the pollutans measured on an hourly basis, we caloulated the
24-hour average., If the lewels of pollutanty were monitored
multple locatons in 2 metropolifan arcs, we averaged the dam.
To awid the potcntial conscque of cutlying vilucs, we ¢x-
ciuded’ the highest and lowest 10 percent of values (10 percent
timmed mean) and then averaged the values for cach set of mon-
itarg, afier the value for cach mohitor had been correcred for ins

yearly average.

. Statistical Anziysis
We uscd a two-srage log-linear jon model.1?3! In the first
stage, a scparate log-linear inn of the daily mortality ratc on

air-pollution measures and other donfounders was fitted to obtain
estimates of the relative rate of mpreality associared with the pol-
lution variable and the degree of fatistical uncertainty for cach of

Tante 1. RATES OF DEATH FROM ALL CAUSES AND FROM CARDIOVASCULAR AND Reserratory Cuses i 20 ULS. Crmies
AND METROPOLITAN AREAS, ACCORDING TO VARIOUS SOCIOECONOMIC CHARACTERISTICE, 1987-1994.*

Cri'r on MeTioeouTan Aria  Counrs POMAATION

Lot Angeles Los Angeles 8,863,164
New York Bronx, Kings, New 7,510,646

York, Richmond,

Queens, Wentchester
Chicagn Cook £,105.067
DaliasFort Worth, Tex Collin, Dallas, 3,311,553

Rodewall, Tarrant
Houston Harria 2.B18.199
San Dicgo, Calif San Dicgo 2498 016
Santa Ama-Anaheim, Calif Orange 2,410,566
Yhocnix, Ariz. Maricopa 2,122 101
Dicrroir Wayne 2,111,687
Miami Drade 1,937,004
Philadelphia Thikadelphia 1,585,577
Minncapolis Hennepin, Ramscy 1,518,195
Scamde King 1,507,319
San Jese, Calif Sants Clara 1497577
Cleveland Cuvazhogz 1,412,141
San Bernardine, Calif San Bernardino 1.412,140
Plresburgh Alleghicny 1,336,449
Ouakland, Calif. Alameda 1279182
Atlanta Fuleon, DeKalb 1,194,788
San Anronio, Tex. Besar 1,185,394

Mzan No.  CAmbrvancuLak Anryal,
OF DRATHS!  AND RESMAATORY INCOME

Maan No.
oF Deati mom

ANNUAL
HiGH-SeHooL  Incowmm

Day Causas/Day <RIZE1%  GRADUATE  >E100.000
paltentege of populstion

148 87 4.8 70.0 79

190.9 108.3 17.6 714 75

1139 62 14.0 734 5.5
479 26 1.7 7.0 . 5.6
309 20 155 74.0 5.5
4l.6 126 109 512 6.0
224 137 23 R1l.2 11.0
384 209 12.1 315 42
4.9 265 19.8 70.0 3l
43.8 3.6 176 65.0 49
42.3 215 198 o4.3 2.2
26.3 13.9 9.7 372 5.5
25.6 134 73 BR.2 159
19.7 10.7 73 B2.0 114
36.5 0.1 135 74.0 4.0
206 T2 12.3 754 39
376 1.0 11.3 79.0 4.1
21.2 122 . 10.3 Bi.4 6.7
i75 BB 145 E06 73
20.1 10.5 194 737 a0

“The demographic information wa obained from the 1990 1.5, Census,
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the 20 cities. In the second seage, the astimares of the relagve rates
were combined for all cities {afeer adjustment for the various levels
of unccrminty) to obtain an overall estimare and to assess whether
city-specific charaeteristies modified the cstimated effect of air pol-
lurion on the relative rare of death.

In the first-stage log-lincar regressions, we conzrolled far pos-
sible confounding by longer-term trends resultng from changes
in the size and characteristics of the populaton, health stams, and
health care and from shorter-torm effects of scasonalicy and the pres-
ence or sbsence of influenza cpidemics. To do this, we used a flex-
ible function thar took into account the variation in the morzality
rate over periods of scveral months (a smoothing Auncdon with re-
spect to calendar time with 7 degrees of frecdom per year per city,
which was allowed to differ in the three age groups). We also ad-
justed for the shore-term effecr of weather on the risk of death by
in¢luding similar smoothing finctions with respect o 2 spedfic day’s
temperarure and the average temperatuce for the three days pre-
ceding it (6 degrees of freedom) and to dew point (3 degrees of
frecdom), Finally, we included indicaror variablcs for the day of the
week, This model specificarion was bascd on extonsive, previousty
reporied explomatory analyses 1523 In this article, our resuhts do
not reflect the degrees of freedom used. We have found that the
relative races of air pollution were not sensitive 1o the aumber of

degrees of frecdom selected for the smoothing funcrions of vme, -

tcmperanre, and dew point, 141523

In the first-stage analysis, we analyzed the cffect of the diy on
which the pollution dara were obtained (the cuwent day, the day
before, oF two days before) on the associarion with mormlity rarcs.
The overall effzer did not vary with the lag interval sclecred. Con-
sequently, we report data for a onc-day lag berween pollution vari-
ables and mortalicy. .

We considered the effccts of multiple pollutants on the relative
rare of mortality. We inially conducred univariate analyses that
included PM,, alone and ozone slone. We then consicered the ef-
fects of these two pollurants in 4 bivariate model and devcioped
mrivariite modals that also included sulfur dioxide, nitrogen dioxide,
or carbon monoxide, The trivariare models provided escimates of
the individual effects of carbon monuoxide, sulfur dioxide, and ni-
gogen dioxide on the risk of death after adjustment for PM,, and
ozone levels.

The second stage of the analysis provided pooled estimates of
the relative rates of mortality associared with specific pollurants and
a characterization of the effects of air pollutants among the ciges.
We also cramined factors detcrmining hererogencity in the cffect
of air pollution on morality. With respect to detcrminants of her-
:mgmcityinthu:cmdsﬂgcof:hcma&ysis,mmmedth::ﬁm—
sﬂgﬂﬁﬁmﬂ:ﬂnfthemhﬁv:mntﬂﬁtymmmdmdwizhspcdﬁc
pollutants followed a lincar regression with the selecred city-spe-
cific demographiic characueristics (Table 1) as predictor variabes. The
second-swage analysis provided an estimate of the effect of ¢ach pre-
dicvor variable on the relurive rate of mortality assodared with PMyg.

Mode! firring was performed with use of a Bayesian scaristical
approach,® which provides an estimate of the postcrior distribu-
rion of the variablc of interest. We carricd our this analysis with-
our making # $trong prior assumption s to the value of the rcl-
avive ratc, The pestcriur disaribution is used o determine the
probabilivy thar the relarive rate of mortality associated with I'M,,
has 3 particular vatue — that is, it is 2 measure of the scrength of
the cvidence. One importnt calculaton is the posterior proba-
bility that the relarive mte of mortality associaed with PM,, is
grearer than zeyo. The posterior distribudion can also be used to
derermine the 95 percent postcrior intervals. The 95 percent pos-
terior interval encompasses 95 percent of the posterior diseribu-
tion, a Bayesian formularion similar to the 95 percent confidence
incerval. All analyscs werc performed with use of 5-Flus starizneal
sofrware B

RESULTS

The 20 cities and metropolitan areas broadly rep-
resented the United Stares. The number of days for
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which pollution data were| available varied (Table 2).
Since the Environmental Drotecrion Agency requires
levels of PM,, to be measured only every six days,
dara for ozone and other| pollutants were generally
available on more days. The mean daily values for
PM,, ranged from about |20 pg per cubic merer to
nearly 50 pg per cubic meter; the present maximal
allowable level of PM,, in a 24-hour period is 150
pg per cubic meter. The average numbers of deaths
per day were substantial, ranging from less than 20
to nearly 200 (Table 1). The correlation cocfhcients
of all corrclations between pollutants for all 20 cities
and metropolitan arcas arg provided in Table 3. The
cotrelation structure gengrally refiects the common
sources of the primary cofnbustion-related gases (sul-
fur dioxide, nitrogen dioxide, and carbon monoxide)
and of PM,,. The level of ozone was only slightly
correlated with that of PM,, and was not correlared
with the levels of other gascous pollutants.

In initial univariate analyses, the level of PM,, was
positively associated with the rate of death from all
causes in most of the 20|cities and metropolitan at-
cas {Fig. 1). Adjustment for the effect of azone levels
had little effect on the association, whereas the cf-
fects of the ozone level, before and after adjustment
for PM,, levels, tended to be more variable. The anaty-
sis of each pollutant was|also stratified according o
the causc of death. The gity-specific associarions be-
tween PM,, levels and the rate of death from cardio-
vascular and respiratory ¢auses were similar to those
for the rate of death from all causes. A previous uni-
variate analysis stratified sccording to 2gc showed no
age-associated end M

“The combined analysis for all 20 cides and met-
ropolitan arcas confirmg¢d the association berween
PM,, levels and the rate of death from all causes
(Fig. 2) and of death fram cardiovascular and respi-
ratory causes. Figure 2 shows the posterior distribu-
tions of the estimated increases in the relative rates

of death from all causds associated with each n-

crease in the PM,, level ¢f 10 g per cubic meter be-
fore and after adjustment for levels of 6zonc, nirro-
gen dioxide, sulfur dioxidle, and carbon monoxide, as
well as the probability thar overall effects are greater
than zero for ecach mogdel. With respect to death
from all causes, the distributions are shifted toward
the right, with the respgctive mean increases in the
number of deaths per day for each increasc in the
PM,, level of 10 ug percubic meter (i.c., estimated
relative rates) ranging bctween approximately 0.3
percent and 0.6 percent, An increasc in the relarive
rate of 0.3 percent corrgsponds to a relative risk of
death of 1.003. In the| model thar included TM,,
alone, the estimated ingrcase in the relative rate of
death from all causes whs 0.51 percent for cach in-
crease in the PM,, Jevel 6f 10 ug per cubic merer (95

percent posterior interyal, 0.07 w 0.93 percent). .

The posterior distribugons of the PM,, levels did
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TagLE Z. MEAW LEVELS OF POLLUTANTS IN 20 11.8. CITIES AND METROPOLITAN AREAS.*
Na. or Dave ON
No.or  Winon DATA ' Canuoh
Cory of METAOROUTAN Artd  MONTORE Wirx COLLECTED ‘Orons M, Nrmoaen Doxpe  BuLrsk Doxbe Moot
OZORE My
ppb . wgim pob

Los Angeles 7 2977 580 22.8(65,402) 46.0 (215,731 0.4 (232, 58.6) L9 (-0.2,500 151(5%, 28.3)
New York 15 2022 489 194 (7.3, 340) 28.8 (16.1, 44.8) 38.9(27.0,537) 128 (4.3,25.1) 204 (148, 27.6)
Chicago 16 027 2683 18.6(61,325) 356 (157, 60.3) 243 (144, 35.0) f6(03,103) 79 (4.5, 119
Dallas—Fort Worth, Tex. 2 2933 624 253 (114,412) 2338 (114,398) 138 (59,227 L1 (-0%43) 74 (36,120}
Houston 2 2972 793 20.5(9.3,351) 30.0(135,486) 18.5 (9.0, 29.4) [2.B (0.6, 5.6) B.O (4.0, 14.2)
San Diego, Calif 4 2932 531 316{181,458) 23.6(181.521) 229(11.2, 384} |17 (-0.3,48) 11.0{45 20.5)
Santa Ana~Anaheim, Calif ) 2923 480 230 (75, 385) 374 (134,592) 351 (18.0,59.0) |1.3(~04,40) 123 (37,25.2)
Phoeniz, Aniz. 10 2919 436 229 (10.3,35.3) 397 (214, 584) 16.6 (8.8, 26.0) |3.5(1.0,68) 126(54, 22.6)
Derroit 3 1861 1388 226 (9.1,575) 409 (164,711 21.3 (11.5, 32.3) |64 (L8, 124) 6.6 (3.2, 11.1)
Miami 4 2887 484 259 (145, 40.0) 257 (160, 36.6) 110 (4.5, 20.2} MA 10.6 (5.5, 159
Philadelphia B 2001 495 205 (39, 39.5) 354 (19.0,540) 312 (207,450} {99(1.7,193) 11L8(7.0, 17.2)
Minneapolis a MA 2764 MNA 265 (109, 452) 17.6 (36,274) |26(0.1,59) 118 (7.0, 17.0)
Seartle 7 1520 2305 19.4 (8.7, 30.0) ~ 5.3 (10.2, 44.8) NA MA 17.8 (10.5, 264)
San Jeae, Calif 2 w22 945 179 (77,381) 30.4(9.3,6L86) 251 (117, 44.1) NA 9.4 (17, 2L3)
Clevelund 3 1712 1798 275 {137, 445) 45.1(19.7,780) 152 (152, 367) 103 (27,199 BS (37, 13.8)
§un Bermarding, Calif. 8 2927 3B 359 (14.5,60.2) 37.0(16.1, 562} 279 {15.3, 415) | 0.7 (-07,30) 103440, 17.5)
Piraburgh 20 2883 2899 207 (7.0, 36.6) 31.6(39,6L.2) 276 (17.6, 38.6) 042 (4.5,265) 12.2(61 19.8)
Qalland, Calif 3 932 S08 17.2(7.7,269) 26.3(0.3,47.8) 21.2 (9.6, 35.2) NA 9.1(29,17.0)
Arlanra 3 2300 482 245 {11.6, 37.4) 3.4 (158 564) 204 (117, 304) | 6 (04, 140 (3.2, 14.3)
San Aztonio, Tex 2 2918 670 Z22(114,345) 238 (124,363 NA HA 10.1 (4.1, 17.3)

«Ciics ape listed according to sample population size. Vajus shown are 10 percent wimmed means, 3 deacxibed|in the Methods section. Valuea in p-

rcndtnesm:h:lm.hmd'?mhpmmﬁles. I‘de:nn:upuﬁwht:mcr:hnthlﬂuﬂmlbpminumdmnm diamerer, and NA pot available.

TaBLE 3. CORRELATION COEFFICIENTS OF ALL PAiRWISE CORRELATIONS BETWEEN POLLUTANTS
voR THE 20 CITIES AND METROPOLITAN AREAS.*
POLLUTANT PAL, Qxons MmromiN Deoxion Suurm DICHmE Carmon Monoxan
mudian (10th and 30th percerdilan}

M, LO0  0.24 (-0.21, 0.4L) 0.5 (0.22, 0.74) 0.39 (016, 4.51) 0.45 {0.15, 0.67)
Ozone 1.00 0.02 (—0.34, 020) -Q.06 (=0.3L, 0.0%) +0.19 (=0.52, —0.04)
Mitogen diovide 1.00 0.51 (0.32, 0.70) 0.64 (051, 0.86) -
Sulfur dioxide 1.00 0.41 {0.30, 0.71)
Carbon moncxide 1.00

*The cortelaripn cocflicients were caleutated for vaues for all monders within the cities. PM,, denotes particulate mat-

tet rhat is lexs than 10 pm in acrodynamic diameter.

bility that the effect
mated increase in the
diovascular and respiragory causes was

greater than zero. The esti--
ative rate of death from car-
0.68 percenc

not change substantially afier adjustment for the oth-
er pollurants, suggesting that the univariare findings
were not affected by confounding by other pollut-

ants (Fig. 2}. for cach increase of 10 pg per cubic meter in the
The PM,, level had a somewhat grearer effect on PM,, level (95 percent gosterior interval, 0.20 to 1.16
the ratc of death from cardiovascular and respiratory | percent).

of ozone levels were exam-
eriod and according to sca-

The univariate cffec

causes than on the rate of death from all causes and
ined during a one-year

was associated with a correspondingly larger proba-
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Figurs 1. Regression Cosfficiants for the Changes in tha Rate of Death from All Causes for Eagh Incraase in the PM,, Leval of 10 ug
_per Cubic Meter, befora and after Adjustment for Ozona Lavals, and for Each Increase in the Oone Lavel of 10 ppb, before and after
Adjustmant for PM,, Lavals in 20 Cities and Metropolitan Areas.

PM,, denotes particulata matter that s less than 10 um in aeradynamic dismeter, Bars indicatp 95 percent confidence intarvals. No
data on ozona ware available for Minneapolis.

son. Overall, the posterior distributions of the ef- | season, we compared jthe cffects of ozone levels dur-

fects of nzone were concenrrated near zero, and there

“was only an even chance that the effect was larger than -

zero when death from all causes and death from car-
diovascular and respiratory causes were considered
separately. Because ozone levels vary strongly with the
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er months (June, July, and
are highest, and three cold
ecemnber, and January), when
t. With the use of this smman-
relarive rates of death from all




——= Unadjustad PM,, [2.951}

= PM,, ndjusted for O, 10.989)

------ PM,, adjusted for O, and NG, (p.984}
=== PM, adjustad for Oy and 50, (0.568)
——r PM,, ndjusted for 0, and CO (0.988)

Increase in Daaths from All Causes
for Each incraase in PM,, of 10 xg/m? (%)

Figure 2, Posterior Distributions of the Cvarsli Relative Rate of
increase in Death from All Causas for Each incraase in the PM,,
Leval of 10 ug per Cubic Metar. before and after Adjustment for
tha Levels of Qzone (O, Nitrogan Dioxide (ND,), Sulfur Dinxida
{50,), and Carbon Monaxide (CO),

values in parentheses are the posterinr probabilities that the
overall effacts ars greater than zero. PM,, denotas particulate
mattar that is lass than 10 2m in agrodynamic diametar.

causes with each increase in the ozone level of 10
pb were 0.41 percent (95 percent posterior interval,
20.20 to 1.01 percent) during the summer months
and —1.83 percent (95 percent posterior interval,
3 69 to —0.96 percent) during the cold months,

The differences berween citics in the reladve rares
did not depend on average PM,, or ozone levels in
a city or on city-specific demographic charactcristics;
for these variables, all associated 95 percent postcti-
or intervals included zero. Consequently, the analyses
and results for PM,, were not adjusted for these ciry-
specific characteristics.

We also analyzed the cffects of levels of carbon
monoxide, sulfur dioxide, and nifrogen dioxide in 2
fashion similar to that of the analysis of PM,, levcls.
Afier adjusement for PM,, and ozone fevels, we found
little evidence that these pollutants had a significant
effect on the relative rare of death.

DISCUSSION

We found consistent evidence thar the level of PMy,
s associated with the rares of death from all causes
and from cardiovascular and respiratory causes. The as-
sociation of PM,, was not affected by the inclusion of

001482

. formed a meta-analysis

other pollutants in the statigtical model or by the tme
at which data were collected. Our findings strongly
support the findings of priot studics of particulate mat-

ter and mortality. 2 These dics, which were largely
based on data from singlg cities, uscd a variety of
measures of particulate mager, including levels of roral

suspended particles, black smoke (a measure of soil-
ing of a filter that provides index of particle levels),
PM,,, and PM, ;. The sta stical methods used to as-
sess the relatons berween fevels of pollution and the
risk of death were also heferogencous; for example,
chere was 0o uniformity {n the approaches used to
control for factors that vatied over time or for other
pollurants, Nonetheless, ing a weight-of-evidence
approach, the Environme tal Protection Agency in-
terpreted the results of the studics as indicatng a
possibly causal associatio berween levels of partic-
ulate matter and adverse pffects on health.?
In a mcta-analysis of ULS. studies of particulate air
pollurion published berween 1990 and 1993, Dock-
and Pope? estimated that cach increase in the
PM,, level of 10 ug per) cubic metcr increased the
relative rate of death from all causes by 1 percent. In
a subsequent update that included data from reports
published through 1995} Dockery and Pope found
fittle change in this esrimate.?? Schwartz?® also per-
studies published berween
1990 and 1993 but inchjded data from London and
Minneapolis in addition ko the data on the eight cit-
jes considered by Dockdry and Pope. The resulting
estimated increase in the relative rate of death from

- 4ll causes was 0.7 percent for each increase in the

PM,, level of 10 pg pe cubic meter. The APHEA
project analyzed data fiom 12 European cites and
then estimated summary measures. For the six west-
ern European cites in the study, the morality rate
was estimated to increase by 0.4 percent for each in-
crease in the PM,, leveljof 10 ug per cubic meter. In
our 20-city analysis, our estimatc of an increase of
approximately 0.5 percgnt in the ratc of death from
all causes for each incregse in the PM,, level of 10 pg
per cubic meter is very kimilar to the estimate of the

APHEA project.! The fact that our estimate was low-
¢r than those of Do and Pope? and Schwartz®
mmay reflect differences analytic techniques and the

cities sclected, The inifial reports included in the meta-
analyses may havc bec biased by the fact that srud-
jes with posidve findings are more hikely 1o be selece-
cd for publication than those with ncgative findings.
Our 20-city estimatc i§ not subject 1@ such bias and
our results should thys be more applicable to the
United States in generl.

We did not find aneffect of ozone levels on the
overall rare of death from all causcs or from cardio-
vascular and respiratory causcs during the full year pe-
riod. Ozone levels werd positively associared with mor-
tality rates during the|summer months when ozone
fevels were highest, although the 95 percent poste:
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rior interval cxtended into the range indicating no
cffcet of ozone levels on mortality. The finding of an
cffect of ozone levels only during the summer may
rcflect the higher levels of ozone during these months
or, possibly, differences in the characreristics of pho-
tochemical pollution during th varions seasons. Oth-
er recent studies have generally found an association
berween ozone levels and the risk of death.?® In the
APHEA project, the maximal ozone levels during a
one-hour period were associated with the numbers
of deaths per day in four cities (London; Athens,
Greece; Barcelona, Spain; and Paris), and a quanti-
-~ tatively similar effect was found with additional data
from three cites (Amsterdam; and Basel and Zur-
ich, Switzerland) that were not part of the APHEA
project.?® For each increase of 50 pg per cubic meter
in the one-hour maximal level, the estimated relative
risk of death was 1.029 (i.e., a 1.1 percent increasc
in the rate of death for each increase in the ozone
level of 10 ppb), with the use of a random-cffects
model for combining the city-specific data. Thurs-
ton and Ito? pooled data from 15 studics and est-
mated that the relative risk of death was 1.036 for
cach increase of 100 ppb in the daily one-hour max-
imal level of ozone (i.c., a 0.36 percent increase in
the rate of death for cach increase in the ozone level
of 10 ppb). For the summer months, our estimate {(a
0.41 percent increase in the ratc of death for each
increase in the ozone level of 10 ppb) was similar to
those of Thurston and Ire. Taken together, the results
of these three studics provide consistent evidence that
exposure to ozone also increases the risk of death.
The limitations of our analyses should be consid-
ered, Data on levels of PM, ; are not yet available na-
ticnally, since a monitoring network for particles in
this size range is currently being implemented. We
used PM,, levels becansc they have been monitored
since 1987; therc is variatdon across the United States

in the propordon of PM,, mass that is made up of -

PM,,, so that the PM; level is an imperfect surro-
gate for the PM, ; level.? In addition, for regulatory
purposcs, PM,, levels must only be measured every
six days, limiring the extent of available data.

Our apalyses also did not address the exrent to
which life is shortened in association with daily ex-
posure to the varions pollutants. The finding that the
associarion berween PM, levels and the risk of death
was strongest for cardiovascular and respiratory causes
of death 1s consistent wich the hypothesis that per-
sons made frafl by advanced heart and lung diseasc
are more susceptible to the adverse effects of air pol-
tugon. The findings from several epidemiologic stud-
ics of the longer-rerm effects of air poliution on the
risk of death suggest that exposure 1o air polluton may
do more than stmply shorten life by a few days. 3142
Several analyses of daily mortaliry data also indicate
that the cffect of air pollution may go beyond shorr-
cning life by a few days,33.34
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We found no evidence that key sociocconomic fac-
tors such as low socigeconomic starus affect the as-
sociation berween PM,, levels and the risk of death
in lincar regression models. The medical conditions
and poor health that fincrease the risk of death may
not be adequately reflected by the sociceconomic
indicators recorded by the U.S. Census. Thus, more
specific information on health status, rather than on
social factors, may bd needed to explore this issue,
particularly in refation to the susceptibility of partic-
ular groups of pcopid Finally, we nsed county-level
data for these social rs because most of our data
were categorized according to county. The variation
in sociocconomic status in a typical urban county,
however, is usually copsiderably larger than the vari-
ation among, counties.| Thus, the demographic factors
considered in the secpnd stagcs of the models may

rethinking of guidelines for particulate marter in Eu-
rope. Our analyses provide evidence that particulate
air pollution continudgs to have an adverse effect on
the public’s health and strengthen the rationale for
Emiting levels of respirable particles in outdoor ait.
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