APPENDIX
I

0041508




" Feb-C7-2001 08:2Tam

- g Py

14~

. Arden Popa lil
igham Young Univaralty, Prova, Utah, USA

From=KAISER LIBRARY

pidemiology of Fine Particulate Air Pollution
iologic Mechanisms and Who's at Risk?
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his article briafly summarizes the spideminiogy of the heath effects of fine particulate air
b fution, provides an eary, somewnat spacutitive, discussion of the contribution of epidarmninlogy

, svuating biologic meshanisms, and eviluates
acts. Sased on preliminary epidemiclogic evide
L fiva paniclednduced pulmonary inflammatian,

who's at fisk of is susceptible  adverse health

nce, it is speculated that a SYSTBMIC Tesponye

including cyiokine relesse ang sttared cardisc

| tanomic function, may be-pant of The pathophysiologic mechanisms of pathways linking
aricuate poliution with cardicpuimonary disessa, The eideny, infants, and paretas with chIonic
srdiopuimonary tiseass, influanza, Of astifa fe Mst suacoptible to Mmortality and sefioud
orendity effects from shormdarm scutaly sisvated exposures. Chriera are suscaptibis 10 lesd
grious Nagitn afACTS BJCH &3 TIANSIGNT INCTEAes i respiratory symiproms, dacreasdd lung
netion, of other physislegic enanges. Chronic axgosure studiss suggost reiativaly broad
uscepLbilty 10 curulative sHacts of IGNGTAM repeatsd expoaurs to fine parmicuise paltution,
psulting in substantive estimatas of population avarage loas of Ife axpacancy in highly polluled
vironments. Additional knowladge is nesdsd about e apacific paliutants o mix of pollutsnts
asponsibla for the advarse health eftacts and the biologic mechanisms inveived. Key wards: air
L aiution, cerdiopulmonary disaass, heaith effects, ife expectancy, particulate poliution, raviaw,
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t has long been known, or ax least suspected,
nat there ase adverse health effects associaeed
ith ambient air polludon ([). Extreme sir
boilution episodes in the 193061950 were
ssociared with dramacically elevared cardio-
sulmenary marbidity and moralizy.
Evidence of serious health effacts provided by
hese episodes spurred 1 growing concern
hout ir pollurion and in the Unired Staces
during the 19503 through early 1570s, there
25 g series of legislarive effores celated v wy-
§ing o control air poliution, Currenr air potia-
tion legislacion is based largely on the 1970
NCiean Air Act and 1990 Amendments to this
act (2). The amended Clean Air Act man-
dared narional ambiant air qualiry srandards
for pollucancs thac ar¢ relatively common and
widespread but may reasonably be antcipated
d o endanger public health. Six polluania that
mer these basic criteria (criceria pollurancs)
were eventually selected, including particulate
marcer (EM), sulfur dioxide, nitrogen diox-
ide, carbon monoxide, ozone, and lead.

Since 1970 there have been hundeeds of
published studies thar have evaluared the
health effects of these air polluranss, A 1996

N teview of the health effecs of these criteria
poliurants {along with two other common
pollurant) was prepared by the Commumes of
the Environmental and Occuparional Healch
Assembly of the American Thoracic Society
{ATS) [2). There have also besn numerous
fl 1:cenc reviews chat have focused on heslth
effects of particulate air poliudon (3-14).
This atticle does not arrampe o replicats the
excellent ATS review of all the criteria

polluzancs or previous geactal reviews of
partculace air pollurios, The overall plin of
this article is w Focus on three basic mopics,
Firm, the epidemiology of the healeh affecs of

finc parriculace air pollution PM; 5 (particles '

% 2.5 pm) will be briefly summarized,
although recant, mare comprehensive reviews
are available. This summary relies heavily on
updates of several previous feviews by
Dockery and Pope (68-11). Second, a same-
whar specilarive discussion of the eatly bur
clearly incomplere contiburion of epidemiol-
ogy vo valuating the biologic mechanisms is
provided. This discussion of biclogic mecha-
nisms is updated fram papers originally pre-
pared for presenration at internazional
sympasia (10,11, Finally, an original discus-
sion of wha risics adverse heulrth effecos due o
exposute to fine parriculace aie poliution
i presenzed.

Characteristics of
Fine Particles

Particulate air pollurion refers to an.4ir-
suspended mixcure of solid and ligwid perddes
thae vary in size, composidon, and wrigin, The
size distribution of toral suspended particles
(TSPs) in the atmosphere is trimodal ane
includes coarse particles, fine particles, and
ulerafine particles, Coarse parricles {often
defined as those with an aerodynamic dizmszer
» 2.5 pmn) are often namrally oceursing and
derived primurily from soil and other erustal
maserials, Fine particles (PM; 5) ave dafiver
chiefly from combustion Processcs it trans-
portation, MInufacturing, powes generarion.
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=2 Sulfate and nitraze particles art commonly
generared by conversion from primary sulfur
and nitrogeh oxide emissions, and a varying
shlfare and nirrate pasticles may be
Fore, in mos urban aress, PM; ¢
brises primary combustion-source
j well as secondary combuscion
cluding sulfates and nicrazes.
icles are oftan defined as pai-
These pacziclas have rolagvely
ence times in the acmosphere
becausa they tcéumulacs or coagulice fo
form largerfine parddes.

" Varioup physiclogic and toxicologic

mogtly
particles
arricles i
lwafine
leax < 0,1 o

contideraribne & thar exposurs to fine
particles myy be 2 health copeern. Their size
is such thad they can be breached mast deeply

in the lungs, They inclods sulfatss, nitaces,
aeide, meals, and carbon parddes with vari-
ous chamidals adsorbed ongo their surfaces,
“Ralative va jcoarse partides, they rore readily
indoors, ars wansported «ver longer
ind are somewhar unifprm within
es, resulcing in highly sbiquireus
EXporure. :

The inftial reference mechad for mear-
ufing p : capeancrations and «stablishing
health srandards in the Uaicec. Statet was

" TSFs. In (1987 the U.5., Environmental

Procection] Agency (U.S. EPA) changed the
reference nethod to include only inhalable

" pasticles, Jnhalable parrickes refers 1o thase

particles that can penecrace che thoracie air-
ways; for gurposes of srandard seming, inhal-
abie parrikles were specifically d:gned 18
particles § 10 pm in 2erodynaraic diamerer
(PM;o). I8 1997 the U.S. EPA ;romulgated
new standards (J5) for an ever finer cut of
air poilution—particis £ 2.5 pm
amic diarmerer (PMy 5, ; however, in
L2 U.S. Courr of Ap »zals hlacked
enrarion of thesg scan dards,

Heatth Effects of :
Acuta Exposure
The large fnajoricy of epidémiciogic studies of
particulafe air pollution have been acuce
exposure grudies thar eviluared shoct-rerm

Trus aricla i pan of the moncprgh on Emaranmental
and Oczupational Lung Diseasas.
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{usually daily) variations in healch end poines
such as morealicy counrt, hospitalizarions,
symptoms, and lung funaion associsted with
shore-term variacions in Jevels of pollurien, A
hrief summary of the resulis of chese acure
exposute srudies is presenced in Table 1,
Unfortenacely, undl recently (following the
promulgation of the new PM, 5 standards),
there has been very Linde daily monitaring of
fine particles, and most of the studies surmma-
rizedd in Table 1 used alrernarive measures of
particulare conconerations.

Episods Studies -

I'he eacliest and most methadologically
sinple epidemislogic studies are those thar
cvaluace 2ir polludon episodes. Thesc smudies
compars mormality (and raorbidity) before,
during, and after pollurion episodes. In
December of 193G in the Meuge Valley,
Belgium, in Occober of 1948 in Donomn,
Pennsytvanis, and in December of 1952 in
Lundna, Eogland, stagnant aiz masses
rusuleod in marked increases in the concentra-
rions of ait pollurann. Alchough the biologic
mechanisme wers not well undersrood, the
larpe excess morality and mocbidicy assecis
aced wich the extreme episodes clearly

1-615-528-3444

demenseeated a link berween mortality and
morbidicy and sir pellyzion, During thess
episodes of highly scagnan air conditions, the
PM polludon would have been primarily
from combustion sources, and thesefore PM
thuss would have bean mostly fine parcicles,
Twe recent srudies of less severe gic poilution
spisodes (16.21) suggested smaller murcalicy
and morbidity effects associated with less
exmreme palludon, o

Mortality Counts

Many recent daily rime-sesies morualiny

. studies have 2iso observed changes in dajly

dearh counts associzced with shost-term
changes in particulaze air pollution, even ar
relacively low or moderare concencrations
{Table 1), There have been more chan £0 such
studies conducoid in ac leass 35 cities. The rel~
ative risk of morality increased menotonically
with parriculate concentracions, wsually i &
linear or near-linear fashion. Thess srudies did
noc sbserve o particulaes pollution health
effeces theashold, In addirion, these studiet
often cbasrved a lead-lag relarionship bevween
air pollution and morwality. The results sug-
gested char the increased morality orcurred
concurrently or within 1-% days following an-

Tabiv 1. Summary of apidemiciogic svidence of heaith eifects of acute sxposure to particulate sir poliution.:

Hoanh end polnts Bosic study design Obsarved assaciations with FM ‘Referances
Episades of Evalume chenges in morwlity -~ Elevatad raspitatory ang cordiovascular {16-27)
dusith and and morhidity batore, during, mortality and hospitalizations, T
hospitalizationg.  and after pollution apisatas. .
Martliry Papulation-basad time-serier  Elevated daiiy respiatary and cardio- {£2-55)

studies that include suatistical — vascular movtality counts, Effects parsiging ‘

time-saries modeling to eval- . with various approaches o conwol for .

uate potential agsocistions time trands, seasonility, and weathar, -

with daily moerafity eaunte. Neav-linger associntions with little

avidenck of & dwashaid

Huspitalization Population-bazad time- Elevated hotpiaalizations, amergancy {&-114)
and amhar heatth-  yeriex stodtas that evaluate vigitk, and dinic/oumpatisnt visics for e
card visits FRHEATONE Detwaeh reapinaiony and cantiovascular disoass,

poliution snd gaity changas Effarms qenenilly parsiatsd with various

in haspitalization snd related  approwches 1 coatrol for tima wands, .

haalth-carg Bng pointe. shatondllyy, 2nd waathiy, C
Symptoms/ Panel-basad tima-series increased octutrenc of lower retpirazory {182
Jung luncrion sudies of symptom end/or ympToina, cough, and exscerbation of axthma,

T hnction data {nly ralativaly wirsk azsociations with T

repeaudly coltected from UpRES respimiony Swnpmms. Small,

individuals in well-aafined statistically significant dachines in FEVg 15,

panals or cohorts. FEV,. or PEF, and ingreased ocowrrence of

clinically significant detiinas in lung function.

Ahhrunations: FEVg 75, forad axpitataty vaburv i 0,75 uac; FEV, lorad Expiratary volume In 1 sec- PEF. pear sapirmory fovs

Tabla 2 Overall astimates of daily mortaify sfiects of an increase in exposure 1o pariculata air pallion uy broad

cause-of-death catagovias.
Cavse-spacific percunt Poroant of axcecs

Percent of increass per 50 yg/e? deaths dus to
Cause of dasth ol deathy’ ifcTaagn in Phiys? PM axposure
Al cavsag? u'.lg 14 100
Auaspirotory - 8.0 b
Cardiovascular . L] 1.0 g
(nar dizeasy 47 0.4 v 3

#Bared on updiing Runmary nriimates from pravious reviews |58, 10 %Excliding sccidents, suicate, homlelds, ai

714

Environmantal Healtﬁ Parspectives

001510

T-473  P.OG3/012  F-TH!

iferease in air poliution. Because various
urements of particutate pollution were
ia the different studies, and because vari-
oys modeling stegregies were used, precise
mpuriany of effper estimares across all the
scpidies were diffieuln. Howevar, changes in
ily mortality asspciared with partculacs air
llution were rypically estimared av approxi-
rely 0.5+1.5%/10 pg/m® inerease in PM,
cqnccn:rm'om, or per zbout 5 or & pg/m
infrease in PM; ¢ concentrations, :
Studies thac provided a breakdown of
mbrralicy by broad cause-cf-death categories
served that parciculate air pollution gener-
¥ had the largest effect on respiratory and
diovasaular disexse mortality. Escmarcs of
#ly moralicy effects of an increase in expo-
supe to parriculace ¢ir pollurion by broad
se-of-deach catpgaries are summarized in
Table 2. The estimated camse-specific
ingrease in mortalicy risk is much larger for
refpiratory thas for cardiovascular disease.

ménx of daily cours of momality, Mors chan
504 daily rime-series sradies have reporred

pciztions berween pamiculate air poliuton
hospirglization or relared health care end
potnes (Table 1). Most of these snudies have

pulmonery discacs] and other respirazary ail-
ns, and observed assostations with partic-

air pollution; More racent studies have
observed associadgns berween particulare air
pollution and heppitalizacions for cardio-
discase (73.74,87,.98~100).

symproms and/or lung funcrion and par-
lace air pollution (Table 1). Alcthough
y af thase studias focused on asthmatics
exgcerbation of asthma, odhers followed
thmarics and) cvaluated changes in acure
iratory healch status more generaily.
. oftens statisdcally asignificane, aseocia-
& berweesi particulaze pollurion and upper
iratory symproms were observed.
iations with lpwer tespiraroty syraproms
cough, however, wers typically larger and
y satistically significanr, Exacerbacion
thrns, based an recorded aschioa acacks
gacreased bronchoditator use, were also
a3sgciated wirh parciculate air pollucion.
Assgciations betwgen more general measures
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of acute discase have been studied, including
evaluations of the dming of restrictad activiry
days of U.S. adult workers due to illness
(231,132) and school absences in grade
school children (J41).

Measures of lung funcdon have also been
used as an cbjective and porengally sensidve
indicator of acute response o air polludon.
Various studies have mken repeaced rneasuee-
menis of the lung funcion of panels of ehil-
dren and/or adules. These studies have
rypically reported very small but often smast-
cally significanc decreases in lung function
associnted with elevaced levels of parrculace
air pollution concentrations, Lagged effect of -
up t 7 days wese observed.

Effects of Chronic Exposure

The previously discussed acutc exposure
srudies indicare that shor-erm sxposures ©
elevared parviculate 2ir pollucion are associ-
sred with short-term chuages in cardio-
pulmonary health. These acuts expoture
studies provide Bade informarion abour bow
much lifs is shorrened, how pollution affects
jonger-verm morralicy sates, ot pollurian’s
potsutial role in the process of inducin
chronic disease that may or mey aor be ]
threatening, Chronic exposurs studies evalu-
ace heslth end points across communities ar
neighbothoods with differen levels of average
pollution over longer time periods {usually 1
year ot more). Chronic exposurs srudies
arcempt to evaluase the effecrs of low or mod-
erace exposure thar persists for long periods as
well as the cumulative effeces of repested
exposure to sabstansially elevared levels of
pollution. A brief summary of the resuls of
the chronic exposuce stadies is provided in
Table 3.

Monuality Races
Several populacion-based, crass-sectional
morualiry snudier have evalnared associsrions

~ berween annual moreality races and particu-

Iace gir pollution across US. metropolitan
areas (Table 3). The batic conclusions from
these S:puluim-bmd cross-secdonal srudies
wwere thar mormality rates wers associaced with
air pollution, and they were most strongly-
associated with fine or sulfars PM. Such asso-
ciagons are illustraced in Figuee 1. Age. sex,
and race-adjusted populaton-based motwlicy
caves for U.S. cities in 1980 aze plowed over
various indices of particulate air pollution
lobuined from Lipfert et al. (158) and T1.5.
EPA (J63)), Alchough much spparendy sto-
chastic variabilicy exists, adjusted morralicy
rates are positively correlated wich fine
(PMa.s) and sulfare patticles but not with
TSPs. Multiple regression modeling tech-
niques to evaluare crogs-sectional differences
in aic pollurion and morality and 1o control
for other ecologic variables have been used.
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Whereas the populasion-based crosi-sectional
studies from the United Srates dealr with
roral morrality, a study from the Czech
Republic focused on infanc mortalicy (154).

LTI
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Infant morality, especially respicatoty post-
neppatal infane mormlity, wat strongly atsoc-
aved with particulats air pollution. All of
thise populasionsbased cross-sectional

Tabie 3. Summary of spidemiologic avidance of health atfects f chronis exposure panicylata air polluton.

Health

e points Basie study design

Merslity Fopulation-tassd cross-sactionm]

raws analyzis of morulity rates 46r085
commnities with diffarent leals
of pollution. ‘

Survival/life  Cohort-oased croxs-sactional studies

wpaciatey  that link commuhity-hased a -
pallytion date with indiidual fisk-
factor and survivel dut.

Dizaasa Cross-sctional studies of community
air pullution with indbvidumt symprom/
disease dath frem surveys of collacted
cahorts,

Luhg Cragy-sectiona) srdies of coomnudity

functian ambiant air pollution Sk with

individual lung function date from
national autveys of coliscted cohora.

wih particuinta pollution
r mortelity in anses with higher fing
iculate &nd/or auityia pollution levels,
luice affect sancitivg to model ’
ifeation and choicaof covarimes
intha mﬂwin:
tiak of ragpiratory and cardio-
lar martality it adois, 803 rEapiR.

Ruferences
{ 153-180)

{15i~164

(165170

| : :
juulats air palfution nseocidted with
I bwit ofuan stavisically significant
vk it viwiouy maasurea of fung
finction i both childfen and adanz.

(171176}

| :

aoh

P m M mnmM® R
Madisn PM, ¢ for appraxmatety 1850

Adijosted mortabty tor 1920 {deathsyon s 100,000]

% -1'01'“'4;\'”'1505152'11150#54
Maan II'M,_, tor approximataly 1950

Adjusted maortakiy o 1960 {dealhsfyeary 100,000

R EEEEEE
Maen culfate for approximataly 1580

s 2 45 e W 0% 13 138 150 165
Maan TSP for spproximataly 1580

Figure 1, Age-, 3ax-, and race-adjustad populstion-based tanaiity ratas In LS. cirins for 1980 piotied over various

indices of partrulste air palivtion
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Tabis 4. Comparisons of mortality rizk ravis [and 95% confidence interval) for air pollition ftam the Harvard Six-Citins, ACS, and postmeonatal infant mortality sudies.

Pamiculate gt pailution irenge of pothutian)

AHSMDE

ASMOG
Six-Citing AlS ALS Intant {roabee) {fmmaias)

Causa of geath {18.6 pg/m? P, o) {245 py/m? Phza) {19.9 py/m® 50, (28,9 pg/m? P ) 1280 b/ Mgl (24,1 e P,
All 125 [1.08-1.47) 1.17 [1.08-1.26) 1.15{1.09~1.22) 125112147 1.1110.88-1.28) (.84 (0.84-104}
Cardiopuimaonary 137{1.11=1 58} 1.5 [1.17-1.48) 126 {1.)6=1.371 - 1.13{0-9;!—1 301 0.92 {0.80-1.05)
Ragpiratory mentionad? - - - - 1,23 {0 8p-1.61) 1.10108E-1,40
SID3. NBW — — - 1.9 4624 - -

Lung cancer 137 [D.81=Z.31} 1031085133} 1.3811.11-1.28) — 3.35(1.@-7.19) 1.33{0.60-2.96)
All othary 1.01 (0.78-1.301 1.07 [0.92-1.24) 1.0110.92-1.11) 1.00210.94-1.08) . — —_

Abbreviafions: NBW, normal Birth wanpgnt: PM, paricuiaw maren SIDS, sucden infant amgth wyncroma,
Rifry ManTion oft th daath carrificets of RONMAGRANT rrApinary pimn 21 B0 uiahiying OF EotrDULing ause of dastn, HBW,

mortality Rudies have severe liminsions snd
havs been discounved for sevaral roasont, An
overriding concern is chat they canast
directly contrel for individual differences in
other imporranrc risk facrors including
ClgaretTs smoking,

Several cohort-based mormalicy studies have
evaluated effecrs of Jong-term pollution expo-
sure. The Spec of chess studios, often refomed
o ot the Marvard Six-Cities srudy (162),
invelved a 14+ to 16+yeur prospecrive
follow-up of more than 8,000 sdults Eving in
six UL, ciries. Jr comurolled for individual dif-
ferences in age, sex, ci smoking, educs-
tion levels, body mass index, and ather risk
facrors. Cardiopulmonary mortality was sig-
nificantly associated with mean sulfare and
fine particulice concancracions over the years
of che srudy periad,

A second erudy, referred re as the ACS
soudy, linked individual risk facror dara Bom
the American Cancer Sociery, Cancer
Prevendon Seudy IT (CPS-MT) with nariongl
ambiznr air polludon dawe (163). The analy-
sis used dawa for more chan 500,000 persuns
who lived in up to 151 different U.S, mecre-
poliran areas and who were followed
prospectively from 1982 through 1989. [e
conuolled for individual differences in age,
s=X, race, cigarerre smoking, and other risk
factors, and evaluated che srsociation of
adjusced mormalicy with two indices of long-
Term exposwre 1o combuston-source particus
lae air pollution, mexn sulfare, and median
fine particles. Both indices of combustion-
souree particulate sir pollution were agsoci-
ated wich sverall mortulicy and sspecially
with cardiopulmonary morraliy.

In bath the Harvard Six-Cides study (J62)
and the ACS smdy (/43), the posidve assoda-
don berween combusdon-relared air polludon
and ardiepulmonary moraliry was dominaced
by cardiovascular disease deaths, However,
becase of concemns abour cause-of-dearh cross-
cardiovascular deuths wers grouped rogedher
and analyzed a5 cardiopulmoniry deaths,

716

A study of posensonacal infane moreaficy
in the U.S.-linked Nacional Cencter for
Health Seatistics birth and deach records for
infanes borp berween 1989 and 1991 with
PM g daca from the 1.5, EPA's Asrometric
Database (764). The full data set included
ippeeximacely four million infant i 86 ULS,
meuopolitan areas. Becausy all infancs in the
scudy had PMyp exposure for v et pare of
2 months, tha analyls compared postncons-
wal infane moreality across different levels of
smbient PM,p concentracions during the
2 monchs followiag bicth, The analysis con-
trolled for individual differences in maternal
race, marernal educarion, marital srarus,
month of birth, marernal smoking during

-pregnancy, and ambienr remperarures.
Parriculate pollution exposure was associated
with pestneonatal infanc mortalicy for all
causes, respiratary cawscs, and sudden infanr
deach syndrame. o

A FRnal eshore study, Lkaown as
the Advencize Health Scudy of Smog
(AHSMOG), relared air pollution o
1877-1992 morulity in more than 6,000
aonstoking adules living in California, pre-
dominandy from the three metropolican arezs
of San Diego, Los Angeles, and San Francisco
{161). All natoral cause morralicies, non-
malignanr respiratory mortalities, 914 lung
cancer morvalities were significandly associ-
ared wich ambient PM ), concentrations in
malss, buc nox in females. Cardiopui:aenary
disease mormlity was not significantly assoaci-
ated with PM,y, in either males or famalas,
Unfortunaccly, this study did not bave direc

measures of PMa 5 bur ralied on TSP and

PM 4 data. Furthermare, the cohorr was rela-
tively small and was predominanty from only
three mecropalitan areas, San Dicgo, Los
Angeler, end San Fransises.

Comparisons of morcality risk ratios for
air pollution from the Sx-Cines, ACS, infant
merality, and AHHSMOG scudies are pre-
sented in Table 4. The esrimared everall
excess rigk from the infant mortality sudy is
similar to those esrimgred for adule in the
Harvard Six-Cities and ACS srudies, even
though the fime frame of expasure for the

Mmﬁlnﬂn Prrspect

ipfants was :lnrlglr far shorzer than for che
wlss. This observasion suggests that the tcle-
ac time frame of exposure is shore {a few
onths vs years) and/or thar infanes are at
tisk for % air pollution.
Fuinerion
bave also bedn several sudies evalyaring
ociztions between chronic exposure and
ticulats air pollution aad respirarory
mpteims acd discase or lung Gﬂn::ian
sbla 3). The effaces of air pollurion on res-
y diseats oritymprome were often et
ated while adjusting for individual
flerences in various other risk facrors.
gnificant wssociytions berween parvicnlace
t pollution and lvarious respiratory symp-
ms were aften dbserved. Chronic cough,
nchiris, and chis illness (bur not asthma)
assacizied with various measures of par-
ace air pollution. Studics thar evaluaced
effects of air pollution on lung Fancrion
afljusred for individual differences in age,
sex, height, 4nd weight, and coamo
for smoking or restricted the analysis to
-smokers. These studies observed small

he averall cp‘dcmiulogi: evidence is
ced if adverse effects of exposure are
réproducibiy obsdrved by different investige-
s in different sertings. Thar is, there shoukd
bt consistency off effecry across independent
dies. The evi is Further strengrthaned
by 2 coherence df effects obscrved across 2
3scade of related heplth ourzomes. Figure 2
presents 3 siylizéd summary of effect evri-
#tes of exponird 1o pargeulate air pollution.
he effect estimgess are not precise because
different smudies used various measures of pol-
igtion, different models, and differently
defined health epd points. In 2ddition, the
recent rapid growth of the lisesamure in chis
anea makes effect asrimares 2 moving warger.
Flgure 2, thersfbre, should be considered
stylized bur ilusgadve. The csomares for the

1 .

| .
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Peo dme-serics studies are evised from
AgEnt revicws (6.8. The cffect estimares for
crass-secuonal and cobort studiss are

.d on sciecead studies thar are reasonably

cencative, The papulation-based mortal-
¥ cimare is based on resulu preseoted by
L« ex al. (159, Lipfest (257, Lipfert et al.

8), and Orkaynak and Thutston (160).

¢ cohart-based mortalivy sstimates are

sed on Dockery et al. (163), Pope ot al-
163, and Woodruff ex al. (164), respec-
Lelv. Bronchitia, children’s lung funesion,
RJ adulr lung funcrion esumarcs are based
X, resules reporved by Dockery et al. (J67),
Lizenne et al, (173), and Ackermano-
Ribrich et al. (27D, respeecively.

As illustrated in Figure 2.2 remmarkable

B ode of cardiopulmonary health end poins
| been obacrved. Thess includs death forn
hrdise and pulmonary disease, EIOGIRAEY
o and phytician office vatirt for aschoma
d other cardiorespinatary disorders, bospie
L1 Jdmissions for cardiopulmondry disense,
ncreased reporsed respizatory sympiems,
4 decreased raeasured lung function. The
verall epidemiologic evidence indicares 2
Lrobable link berween fine particulate air
L ollurion and adverse effects on cardio-
uimonary health. Nevertheless, there
arnains wncerwinty abour the sole of chem-
hsery versus size of the parricles, che role of
opollucants, and the use of cantralssite air
quality monitoring © estimae the effecst on
individuals who spend most of their rime
indoors. In additon; here remains subsan.
cial uncertainty with regard to the biologic
plansibilicy of these associxdons.
What Are the Biologic
Mechanisms?
{ Our Lnowiedge abous the undetlying bielogie
mechanisms remains limiced and requizes
rnuch additiona) study, The zerules of the epi-
{ demiclogy oudined above, however, provide
| o pasern of effects that may be biclogically
genmane., Bislogic plausibilicy is enhanced by
the observation of a4 coherent cascade of
_ cardiopuimonary health effects and by the
fact thar noncardiopulmonary health end
points are Dot eypically associaced with the
pollution. Ia addirion, a¢ summarized in
- Table 5. very recant epidemiologic studies
have acrempred 1o laok at specific physiclogic
end poings, in addigon lung funcdon, thar
may be pare of the pachophysiologic pushway
linking cardiepulmonary morality and
jculate air polhution.

One hyposhesized general pathway
includes pollu:ion-induccd lung damage
(porenrially including oxidative lung damage
and infammarion), declines in lung funcrion,
sespirarory distress, and cardiovascular disease
porentially related ro hypoxemia {177).
Evidence of pollution-related inflammation
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Table & Brief summary of sevacal pacent epideminlogic ynidies of spesific

inlogic and poidts.
Prisiaiogic Observad associations with :
&nd prims alinvatad, particulats MatHer aXposune Authiorsfyear Irefarancal
Lung functien Srall ceclinaa in hung funetion: 1rgs sk of substantial decraments Hook etal, 1888 (125Y
Hyposetmia No tiesr Aasocintons with klood pngen SATLIATION Pape stal. 1938 (170
Praxcna viscosity - (ncraused risk of sivated biood plastna viscasity : ‘Pators ot oL 1997 {179)
Haart rate Increasad maan HR and odds of & subsiantiafly slavated HR. i Popa et ok, 19881177)
- Patart ot 21.19981774)
Hear e Changes in cardiac mythi. Decranse in overall HAV. + Liao etal. 1938 180)
variability . | Pope & al. 1899(167)
y | ol wval, 2000(782)
Pulmanary Elevated whits biood cell counts, band cells exiresad a8 parceniags { Tan exal. 2000(783)
infiamamation of polymorphonuciest laukocyies, platelers, iwnt ue ansinoghits | Salvi stal. 12897 e
#This i a<Tuliy & COTGAHG (inin B Ky, : '
. -
nd zir polludon, aithough they

as been observed (183-185) md.mnaiu_méli"

above, seversd srudies Bave reporved declines
in lung fanction assdciared jth elevared par

ticulare pollution exposures. However, 2.

smdy of porantial PM-relaced hypoxemia did
not obsarve declines in blood oxygen sATuLE-

tion aisociated with elevared exposures 1o
putiuﬂltni:pollutiun {177)

Alternatively, the autonomic nervous
system foay play an important role in t:e
pathaphysiologic pathwiy berween pacticu-
late exposure cardiopulmonary discuss.
Searon ec al. (186) hypothesized thar fice
parculare air pollunon may provoke alveclar

iaflammasion, resultag in che release of

 potendally harmfiul eyrokines gnd increated

blood coagulability. Autanomis nervous
systemeactivated changes n hleod viscosivy,
heart rate (HR), and bears rate variabiliey
(HRV) may incscase the likelihood of cardiac
death (787). A few recent epidemiclogic
sradies (177-183) have evaluaced such auto-
nomic nervous systemerelazed physiologic
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MEASUICS
have bedn extremely limited and mosty
arory pilos sudicd.! :
Pererd et al, (178) evaluared blood plasma
viscosity from a2 random. sample of men
womcn vm? in Augsbusg, Germany. during
the wintgr of 19841985, Berween Januacy 4
and 7, 1985, there waj 2 pollucion &pi
with marked increases in sulfur oxide and
particulaee pollution concenmations. During
this epishde 4 significatir increase in the risk

of clevated plesma vigcasicy was ahserved.

The odds ratios (and 95% confidence inter-
vals {CI4]) for phsmlviﬁnﬂﬁitymr:nhwnhe
95¢ch pekcentile of tha sample distibuion;
they wele 3.6 (1.6-8.1) and 2.3 (1.0-5.3) for
men ang women, exivaly.

A ddily time-serics panel study of dderly
subjece with repeared measurcs of blood
oxygendion did not observe poliution-relared
hvpaxainia but did ohscrve that clavared par-
riculaed air pollutior levels were associared

" with indreased pulss re (177). A 100-mg/m?

- 77
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inerease in PMyp on the provious {5 days
was associated with an ayerage increase in the
pulse rate of 0.8 beass/min and 2 29% and
95% increase in the odds of the pulse ram
being elevarad by 5 or 10 beass/min, respec-
rively.

. In a relared study (181), repeaccd 24-br
ambulatory elecrrocardiograph (ECG) monix
toring wis conducted on scven subjeco for a
romal of 29 days dusing episadas of high pol-
lutien 2nd during perieds of relatively low
pollution. HR was poritively asociated with
pamiculate air poliution. Addicionally, beats
torbear (R=R) HRV was analyzed o assep
cardiac suronomic sanerol. Pariculace aic
pellucion was assaciazed with changes in
HRY including;: reduced 24-hr SDNN (the
srandard deviation of all normal R-R iater-
vals and zn estimarte of averall HRV);
reduced SDANN (standad deviation of the
averages of R-R. intervals in all S-min seg-
ments of the 24-hr FCG recording and 10
estimate of long-term componenu of HRV);
and inceeased -MSSD (the square rooc of
the mean of squared differences berween
adjacent R-R intervals and an estimare of the
shore-term coraponena‘of HRV). The asic-
clarions berween HRV and pariculars poliu~
tion persisted even after concrolling for mean
HR, suggeting a possible link barween ele-
vared exposure to PM and lower cardiac
zutonomic conrrol,

A prospecuve sudy of HRV and moralicy
in subjeces with chronlc hewrr failure wra
recencly teparced (187). Survival analysis
conducced in this study included 2 Cox
Proportional Hazards regression model ro
contzol for multiple cisk fctors. Based on this
model the ertimared risk ratio for 2 41,2-ms
decrease in SDNN (from 24-hr ambularery
ECG monitoring) was 1.62 (95% CI,
1.16-2.44). As an interssting bur highly spee-
wiative look ar plausibility, the 24-hr SDNN
mertality relationship from chis study can be
combined with the decline in 24-hr SDINN
associated with PM,q from the abave HRV
study (18)). The expecred increuse in morei-
ity risk can then be estimated and compared
with the PM-related cardiovascular morralivy
risk direcdy esomared from the FM morzalicy
epidemiclogy studies. For exumple, the eoti-
marted decling in 24-hr SDNN sssociared
with 100 pgfm® PMp was approximarely
18 ms (SE = 4.9). Using che cocfficients
reported in these owo srudies (J81,787), the
estimared momality risk rado of an 18-my
decline in 24-hr SDNN san be calculared as
1.25 («l'87(n162041.20 Thic rigk msio seemns
somewhar plausible. It is larger than itk rados
for total or cardiovascular discase morealivy
thar are generally sstimarted from daily time-
series srudies buc smaller chan risk rados esd-
mated from the prospective cohort moralicy
studies of long-tarm chronic exposure.

ba !
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Two addivional sadies have alto seccady
evaluazed associstions borween pardeulars aif
pellution and HRV. One of thee studies
explored daily changes in HRY assaciared
with daily changes in Ane pardeulase sir pal-
lurion with a panel of eldecly subjects livin
in metropolizn Baldrnore {788). Daily
moniroring way conducred wich resting,
suping, S.min R-R, interval data collecred
each day. The second srudy involved subjects
53-87 years of age liviag in Boston,
Massachuuerss (182). Weekly ECG monitor
iag waa conducted using miulumry (idolrer)
maniters continuously for 24 min, includin

"5 min of rest, § min of standing, § min o

ourdoor exercise, 5 min of recavery, and 20
cycles of siow breathing, Although the pollu-
tion levels were relatively low during the
srudy periods in both of these sudies, lower
HRYV was amsaciared with dlevaced conctnm-
tions of fine particulace pollution, and the
amociation was srronger for subjects with
pre-axisting cardiovasculsr copditions,

In zhe shres currancly available seadies
of particulnte air pollurian and HRV
(180-182), a acgarive asiociation with par-
siculare exposurs and overall HRY was
observed. "The resules, however, are not
enrirely consiscenr, especially with meatures
of the short-term {or high-frequency) compo-
nenus of HRY., To whar degres thess incon-
sistencies across studics can be explained by

differences in ECG monitoring time frames, - 8

make-up of mbjecss. differences in poliution

levels, or arher diffecences nceds o be

A study of rabbirs found thar alvgolar
rmacraphage phagocytosis of mall carbbn par-
ticles < 10 pm in aerodynanic diamerer
resuired in the release of cyrokines rhar ed ©
stirnulation of the bane marrow to Ielesse
young polymorphonuclear leukncyres
(PMN3). The authors postulared that these
PMN; caused the healrh effecrs noeed-in epi-
demiclogic studies (188). A follow-up sudy
was conducrsd of ¢n @it pollunon episote due
to fires in Southeast Asia in 1997 (143, Bload
samples from 30 healthy male military pecson-
nel were collocted during and afver the pisode.
The pollurion episode was assaciared with sig-
nificent incrsases in rotal whice blood call
counts, band sells expressed as a percenmage of
PMNG, placelets, lymphocyves, and eosino-
phils. The suthors suggear thac thess resulo
imply a cysremic rasponse vo PMorelized pul-
monary influtunarion. A recent controfled
human study of exposure to diess) exhaix also
observed & well-defined and marked symemic
and pulmonary inflammartory responsc in
bezlthy human voluntesrs ( 184). '

The physiologic relevance of no PM-
relaecd hyporsmip bur FM-relaced changes in
blood plastna viscosicy, HR, HRY, and pul-

monary inflammation is not well underscood. -

T-473 P.OOT/012  F-TSI
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¢ animal seudiet have observed soms-
whiat complemencary resulo (J86-194), bus
epidemiclogic obacrvations are prelimi-
and based on onjly a few srudics, o of
which were explotacory pilat studia. Thee
changes may refiece PM-induced pulmonary
inflamnmarion, cyrolfine release, and altered
cardiac autonemic function as part of che
pathophysiologic mechanisms or pachways
ing PM and cardiovascnlar mormaliry. In
general, it is specudated char interactions
petween inflammarion, sbnoreesl hemasraric
fuderian, apd alcerkd cardise rhythm may
plaly an important sdle in the pachogenesis of
cufliopulmonary diseases celared o air pollu.
tiofh. An adequate understanding of these
slyrionships clearly ?cquire.s further rescarch,
o's at Risk?
THe question of who iy at risk or who is
sugceprible to adverse health effects of fine
M pollution doss pot have an ey answer,
It seems evident cha the elderly, young chil-
dren, and persons wicth chronic cardia-
bl - isease, |nfluenss, und asthesa ace
més li ro be susceptible. Flowever, this
ashwer s far to0 simplisric. For example,
sstupne 2 large population of nonsmokers.
Raquize all in the populacion co tmoke a pack
of|cigarcties for a day aod chen stop, Who
will be susceprible tp this relatively shorr-cem
expagure ta cigarerse smoking? Morealicy and
ious morbidiry pffects would most likely
ffect the very old, young, and thase with
asthmna or chronic cardiopuimonary disease,
This does nor mean thar others are un-
affecrat, For heslchy, middle-aged adults, the
ecte are unlikely o be immedianaly life
arening, but short-tarm sdverse effects
1 coughing, throar xnd eye irmimasion, or
evien mild or moderate cigaretre smoke-
infuced pulmongry inflammation may be
experienced. Further suppase trookiog does
gt scop after | day buc conrinues throughour
lives of all in the populadon. Now who is
subceptible to explusure o cigarette smoke?
Orver a liferime, the chronic exposure bas the
pgrenrial ro evencually effect sii. Although the
edposures and effeccs far active cigarecte
smpoking are much larger, cigarewe smoking
has been associargd with a spectrum of car-
dibpulmonarty diedases similar to those associ-
ackd wirh fine PM! Incerascingly. 4 decrsace in
IR and an incredss in HRV have also been
ofpserved following smoking cessarion (795).
‘ , the.answer 1o the question of who is
susceprible is not simple but is dependent on
che health effeces being eveluared and the
level and lengrh of exposurs.

Ar Risk from Short-Term,
‘..

summary of whe raay be mucepable ro
virious adverse healch effects fram PM
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b arg and averall hezlch rclevance is people {compared o an expected race of ° To lustdate the porential camulative
nced in Table 6. With respect 10 acurely  approximarely 24/day). This minimal mxcess  moralicy effets of FM, survival curves and life
vared EXposures, reflected by day-to-day  deachs per day reflects the fact that the  cxpectandes Have becnt estirnaed under six dif-
g:;inPM.:hmauMPﬁblemdyingm inctmed:iskofmumﬂqrduemmtdyde- fereny scenarias illuserared in Figure 3. The first
ddmy.:hcwwynmpmdpmmwidn mdPMupmchmaﬂ.uﬂonmygiwn curve i 2 bastline survival urve based on pro-
Yionic cardiopulmonary discase, influenza,  day thers may only be a very small fracvion of  jected U.S. lif
aschma. During the London cpisode of the populatian at serious sisk of dying due o  che Chief A
52, for czample approximately 80-00% of  this acute exposure. Administratidn and obrined frpm the Berkelay
K. axcess deaths were in adules with rospinze As summarized ia Table &, the number of  Morualicy Dagabase (197 Although 2 survival
ty and/or cardiovascular disgase thac was those susceprible to being hospitalized  curve for neye semokers and For persons not
nerally chronic in paree. There was also an  because of aquee PM exposurc is prabably exposed 0 uban wif polluzion’was 20¢ i
preximate doubling of daashs in children  also quitc limited aod similar to the aurmber chis
[i¢ then | yesr of age {20Y, At suramnasized of thada a5 tak of dying. Howeves, she aum- 2 represent o mrasonable bascline eprimase for
“Table 2. more recens daily rimesteried  ber of thost susceptible 10 Lais saious health the roal U.3. popuiagen. The lifs expecrancy
udies also observe that most of the excens  ¢ffects such as increased sespifacary sympe ‘of chis basclie curve is oqual i 764 yeurt.
harality from PM exposure is from respira-  voms, decreased lung function, or erher phyt=  The se dnd, thitd, and| fourch survival
ry and cardiovascular disease deaths. iologic changes pay be quits broad, Foe mogt  curves e g od from die basline curve
{ 'How much life shorcening is due to  people, these efiects are Jikely small, massienr, assuming ar additicnal relative risk of morwal
urely elevared Jevels of PM and how much  and maybe even sanoticed. Foc a few, the - ity from PHL exposurs equa} to 1.25, This is
£ the moreality is due o shore-terin momaliy  decling ia lung fanceion may be clinically el * approximagely the selative figk sstimared in

-

iisplacement (harvesting) remains upeerrain.  evant (125), or the effacts may be esulc in  boch the Harvard Six-Citics study (162) and-
£ the increased morality is only in the most  shortetem dbeence from work (132,132) or _ the pos Anatal infant merpality study (164)
rail pcrm::l: w.ldﬂ:: rl;ttle r;cmﬂninidli‘f; school (141). " for the relevant range of M &ir poltution
emectancy, then may van thar exirs in ULS. urban zrgs able 4). The
;;E;y o fow days or weeks. However, reeent AtRileﬁ'um]'.mg-T:nn " ouly diffefence berwesn the second, third,
ressarch using data from Philadelphia. Chronic Exposure " and fourdy cusves is the nia:whidt peopic
Pennsylvania observed that the increase in  Long-term, tepearsd PM cxposure has been ' begin to bé susceprible to effects of pollu-

morality wis inconsistent with oaly shorr asociated with incrassed populasion-based  don. C two, thres, angd four assume that
reren, moralicy displagemant and suggesss that  morceliry s (155-160) ag well is incrensed - suscepribilicy begine at age 45 yeass, age 1
moreality for many may be subscancially  zisk of morcalicy i broad-Dased cohorts of " year, and dr birth, tespectively. As can be seen
advanced (196). These results alco suggest sarnples of adulee {162,763) and childzen  in Figuse 3, cheso shree sugvival GuEves appear
chat those who aré susceprible to inereased  (J64) (Table 4). Chronie exposure studies of tobe idensical, The close concurrence
risk of mortality from acutely elevated PM PM suggest rathes brosd susceptibility to”  betwesn these thres curves ls because dhe
msy include more than just the mosold 20d ~ eumaularive effecrs of long-term repeated " baseline tortality fisk for infants, children,

‘ fﬂilwhomalmdywrymdu:h. upmm,ﬂmhmmdbmﬁuincms:d and yo aduluismlowmmpnx:dm&m
On any given day, the pumber dying due  mertality risk is unigue o ARY well-defined  baseline moralicy risks for older adules. The

o PM exposure i extremely nmall. Based on susceprible subgroup. All who are chromically  estimaced life expecrangy for curves twa, ;
the 1996 average deach race for the United  exposed mey wlimarely be offected. However,  thrse, anfl four equal 73.9, 73.3, and 73.4
Stmzes (8.8/1000/yeas) ¢nd the SUMIGATY on-  because the relarive risk 1 small, che long- . years, sctively, This suggests 2n average
maces presented in Tebie 2. 3 S0-pgim®  term cumuicive «ffecrs are mowt likely to be . loss of lide expecrancy wal 1o 2.5, 2.9, and
increase io PMyy would resulr in 3o average ohserved in ojder age groups wich relacivaly 3.1 yeach, respecuvely. ICbviously, earlier

of only 1.7 deaths per day per ons million  higher baseline rigks of moraalizy, - © onser ages of suscepibifity result in preazes
Jable & Sunmary of who's suscapibie to adverse healtn aftects from PM axpasure and overall heatth reievance. ‘ ; i
Haalth etfscts T Who's suscapuble? j - Ovgrail hesith rejevance )
Acute axposurs . ) ) o : : il
Murality Eioady, infants, parsons with Chienic - Obvicusly felevant, How mucl ife shortaeing i ivalved a4 how much 2
cardiopuimonary disanse, mviusnza, of asthima (8 du 1o Short-taim marlity displacement (hariesting) s uhGeTaIN !
Hogpitafization/ omher Eldarly, infanta, persons with oyt eardiopuimonary  Ra0ects substantve haaimh Irkpacrs in tamns of fliness, discomfort, :
hoatth can: visits diaanse, pABUMANG, infuenza, of asthmd Teatman costa. work or scrjool time lost, 81, _
Incraased respiratory Mast consistantly chearved in people with astima Mastly wanzient affects witvminimal ovardll uglth corasquence,
EynpTomS and children - aithough for a few thera may be short-Tem ansence fram wnk of
‘ sthoot dud ™ lness. : 3 _
Degreasad lung function  Dbsapved in bath childran and aduls For mast, affects sesm to bemiall and pansient For 3 Tew, tung function
losang mlf{hecﬁni.:ally relévant '
Plagma viscosity, heart ruts, Otissrves in both hsalthy and unhaaniy aduns. No Eftacts seam t be small and Tansient. Dveralt health relevance
hieart raTe varabiliy, sudies of chitdran s unclear, bt may Da part t patnopinyalologic pathwey linking
puimanary inflammation B0 with cardiopulmanary artafity. '
Chwonic exposufa ‘ . !
increagad moriality rTes, Opservad ift bioad-based sohorts of samplas of Lanig-tarm, rapaated @XpoSIT npoArs ta incraass the sk of cardie-
ceducad survival times, chionic aduits and chilaran fincluding infants). Al pulrmanary diseass ang meytaliyy, May result in lowsr luag function.
cardiopulnanary digaase, enfonically expossd potentiatly are aftacted Papuiation average loss ite axpactancy in ighly polinnd cities
raducad fung functian may be as much as 3 few yaars, i
Environmental Health Perspectives ¢ Vol 108, Supplemant 4 » August 2000 : '; ' : . ral)
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overall loss of lite, Differences in agumprions
abour the age when tuscepribilicy begins,
bowever, make only small differences for the
younge: ages because of the rafatively low
baseline mozelity risks.

- Swrvival curve five in Figuse 3 was calen-
lared from che baseline curve assuming an
addirional zelarive risk of pornlity fram aga-
revte smoking from age 20 equal o 2.00.
This is approximarely cha relative risk
of approximarely average levels of smoking
versus never smoking thar was estimacad in
both the Harvard Six-Cities study (J62) and
the ACS srudy {1£3). The asrimarad average
life expestancy for smokers was 67.9, 1 loss of
Life expectancy equal 1o 8.8 yrazs. Cleasly,
cigaretee smoking has o mueh larger impace
on mortality than ambienc air pollurion.
However, this ettimace of loss of life
expecrancy is not a popularion average, bue
the averags los w imokers anly.

The sixrh curve was calculated from the
bassline surve aspuming an addirional rela-
tive titk of martality from PM exposure
tqual zo only 1,15, This is approximarely
the ralarive rigk chae was esrimzred from che
ACS study (163) for the relevanr range of
PM air pollurion in the United Scaces
{Table 4). Suscepribilicy wis assumed to
bagin afrer infancy ar age 1 year. The esti-
mated life expectancy was 74.6, a loss of life
expectancy ¢qual o 1.8 years, Thess resules
ars comparable ro those obrained from owo
similar analytas (108, 199,

. Although the devated risk associared with
parciculate air pollution expaosure is relatively
small compared with cigarerte smoking, the
" public health significance of Ene pariculare air

polluden, ac least as measured in papulasion

720

average loss of life, is substandal for ewo basic
remsont, Exposure is ubiquitous. Because fine
parvicies are aften generated indoors and ambi-
enf fina particles penectara many indoar eavie
tonments, esseatially averyone is sxpossd.
Furthermore, sxpesure iy not & valuatey deci-
sion mads as ¢ taanager o¢ ia adulthood bur
occurs chroughour ife.

The sbove estimares of population aver-
agtﬂfclnn&omdxcpoﬂutmnmpmbnblya
worst-cass seenitio for the United Stares.
They wse relatively large esrimaces nf e
risk from chronic exposure w from
the reeent prospecrive cobort scudies of sdult
and the postheonzm! infanr memalivy smdy,
They assums that the sk effocts are cumuda-
tive for all or a large parc of persons” lives, and
they assume lifelong residency in one of the
most pallured U.S, ciries. Loss of life esti-
mares due o pollution expasurts of =3 yean
for lifelong mﬁennu of higl}r poliuced cidet,
howevet, is not nnreasonable. especially in
some of the more polluted sitas in the wordd
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