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HealthImpact Analyss of Fine Particulate Matter
Inthe San FranciscBay Area
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1.1 Background

Fine particulate matterM, s) is a complex mixture of suspended particles and liquid droplets
in the atmosphere having aerodynamic diameters ofjbor less. An individual particle
typically begins as a core or nucleus of carbonaceous material, often containing trace metals.
Theseprimary (directly emitted) particles usually originate from incomplete combustion of
fossil fuels or biomass. Layers of organic and inorganic compounds are then deposited onto
particleswhile they coalescecausinglte particlesto grow in sizeThedepositedlayers include
secondarymaterialthat is not emitted directlySecondary components instead fothrough
chenical reactions of precursor ges released from combustion, agriculture, household
activities, industry, vegfation, and other sourceg\sparticles grow larger, gravity eventually
causes thento settle anto surface. Most naturally emitted dust particles have diameters too
large to be classified as BM

Numerous studies have demonstrated PMo be deleterious to human health. Major human
health outcomes resulting from PMexposure include aggravation of asthma, bronchitis, and
other respiratory problems, leading to increased hospital admissions; cardiovascular symptoms,
including chronic halening ofthe arteries and acute triggering of heart attacks; and decreased
life expectancy, potentially on the order of years. Smaller particles have increasingly more
severe impacts on human healthan larger particles. This occurs in part because &mnal

particles are able to penetrate more deeply into the human body

The United States Environmental Protection Agency (US EPA) has developed a computer
program named theEnvironmental Benefits Mapping and Analysis Program (BenNAP)
estimate healthmpacts associated witbhanges in ambient levels of pollutan&aff of he
Research and Modeling Section of the Bay Area Air Quality Management DEAADMD)
appliedthis programto estimate te health impacts of Pp4on Bay Area residents.

In this application, lhe healthimpactswere estimated fortwo scenariosThe first scenario
estimatedthe healthimpactsof reducing the2010Bay AredPM, slevels to an assumed natural
background levelThis scenario allowed an estimate of the total pubkalth burden of Plyls
over the Bay Aredlhe secondscenaricestimatedthe healthimpactsof reducingthe 2010Bay
Area PM s levels byhypothetical increments of pg/m? uniformly over the Bay Aredhe
incremental benefits of Pikexposure reduction were estimated down to a moder&fe, 5
level These increments reflectqabtential benefits associated with range of emissions
reduction scenarios that may be feasiloieerthe short to mediumterm.



Thisreport summarizes theegulatory history of PMs, ongoingDistrict research efforts, a
summary of the BenMAP programgdescription of input data preparation and BenMAP
application over the Bay Area, and research results.oMeeallgoal of this studyvasto assess
the potential economi@nd healthbenefits of reducindday Area Pl levelsbelow current
levels

1.2 Regulatory history of PMls

Regulation of airborne particles started with total suspended particulates (TSP)onigieal
federal Clean Air Acf 197Q TSP is effectively a measure of particles with aerodynamic
diameters of 10Qum or less. In 1987, TSP was replaced by,Pd particles with aerodynamic
diameters of 1Qum or less. In 19974 federal PM s standard was created in addition to the
PM;o standard, which was retained. Since then, California has established standardsfor PM
and PMpthat are more stringent than required under federal regulations. Both the California
and federal standards hayeeentightened as more is learned about the consequences of
particulate matterexposure. This trentbward tighter PM standards expected to continuas
on-going research improves our understanding of PM health impacts

Under federally mandated progranthe BAAQMD began measuring ambientBMvels in
1999. PMsis a subset of PN, measured in the Bay Area since 1985. Prior to that,
measurements for coefficient of haze reflected ambient levels of carbonaceous patrticles.

The USEPAestablishedwo National Ambient Air Quality Standards (NAARRSPM, 5. a daily
(24-hour) standardand an annualstandard.The Bay Area currently attains the annual standard,
but it was designated as a naitainment area forthe 24-hour standardoased on
measurementsrn 20062008 Since then, the BAAQMiasmade significanprogress in

redudng emissions and limgingthe PM s levelsbelow the24-hour standard

1.3 BAAQMD research effort

A tremendous effort to advance the scientific understanding of Pivis been carried out in

recent years at the federalnd state levelsBecausd®M, sis a complex mixture of individual
pollutants that can vary considerably from one region to the next, research performed at the
state and federal levels cannot be expectedufficiently address the relevant intricacies of the

Bay Area Plys problem.Therefore, collaborating with federal, state and local agencies, the
Research and Modeling Section of the District began to study the Bay Area PM problem in 2007.

Initially, analy®s of ambient measuremenisere conducted These aalysescharacterized
when, where, and to what extent elevated RPMevels occurredn the Bay Arealncreasingly
sophisticated statistical analyses were subsequently applidgbtter understandthe sources
of PMy s and how this pollutants affected by the prevailing weatheflthough instructive,
analyses oambientmeasurementsvere insufficient to fully characterize the Bay Area M
problem.Therefore computer simulations were performed tharacterize Pls at times and



locations for which measuremesivere not feasible. These modeling efforts were initially

based on data resulting from the California Regional Particulate Air Quality Study (CRPAQS),
provided by the California Air Resourdasard (ARBBince thenBAAQMD staff and

contractors contributed tasignificantlyimprove and expand upon these initial simulations. As a
result, a custom computer model was utilized to explain many of the intricacies of the Bay Area
PM, s problem.

Ongong BAAQMZLefforts in data analysisemissions inventory developmerand computer
modelinghave been documesed in an interimreport by Tanrikulu eal. (2009.

HO al GSNAIFfa IyR YSGK2RA

21 ' { 9t ! Qacomp8tgrpragtam

The BenMARomputerprogram(US EPA, 2008)asdesigned to estimatémpacts on human
healthdue to changes in ambient air quality atwdevaluatethe associated monetary value of
thesehealth effects The program calculates the annualized benefits, in real US dollars, upon
reducing pollutant exposurg®r a specified population.

In particularBenMAP computes theonetarybenefits of avoidingnorbidity and mortality.

The \aluationprocess takes intaccount boththe direct costs of illnessesich as actual

medical costs and lost worker hours amdlirect costs reflectingvillingness to payo avoidthe
pain and sufferingThe direct costs aloneaysubstantially underestimate the total value of
avoiding these two outcomedor pollutants capable of causing death, as is the case withsPM
the mortality-based component tends to far outweigh the morbidiigsed componentThe
calculations implemented bgenMAPInclude assessing tiehange in populatioexposure

using healthmpactfunctions toestimat the incremental change iadverse health outcomes
based orthe exposuredifference andevaluating therangeof monetaryvaluationsof these
adversehumanhealth outcomes

Epidemiological datavere used todevelop concentratiorresponse functions whicguantify

the linkages between pollutant exposures and adverse health outcofese functionsire
typically stratified by population subgroup®i example agegroups) and account for the
effectsas®ciated witha specificduration of pollutant exposure. Population data and pollutant
concentrationdata input to BenMAP must be prepared in a manner consistent with the
concentrationresponseunctions Epidemiological data linking BMexposure and mortality

are typicallystratified by age grouge.g., infants,18 years old and overtc.) andreflectan
annual averagingeriod.

The BenMAP program overlays population data onto changasirientpollutant

concentrationgo calculatespatiallyresolvedimpactsassociated with pollutant exposure.
Pollutantconcentrationdata were taken from gridded air quality simulationseBtudy

described in this reporntvas the first of its kind to use higiesolution simulated pollutant fields

to evaluate PMs health impacts over the Bay Area. High resolution simulations reproduced the



sharp pollutant spatial gradients that resulted in significant neighborhimedeighborhood
differences in pollutant exposure$o ensure that the simulated pollutalevels wererealistic,
model performance was evaluated.

An alternative approach is to use monitoring data to estimate pollutant exposaresu of
computer modeling This approach requires interpolating the pollutant levels from a network of
often garsely positioned monitors to construct levels over unmonitored neighborhoods. The
interpolation is problematic in practice because the sampling locations and times are biased by
design. Measurements are typically made at sites distant from sourceslofipo) and they

may not be made continuouslyOverall, modeling can better predict at the local scale how
changes in emissions will impact PM concentrations, population exposure, and thus the health
impacts related to PM exposure.

2.2 BenMAP inputs prearation

Air quality simulations were conducted to prepare pollutanhcentrationdata to serve as
BenMAP inputs. Annual average Pevels were estimated as the average of the quarterly
averages over four seaso(fsigure 1) PM slevels were explicitlgimulated for the winter

season during which PMlevels were much higher than all other seasons. The winter
simulations were representative dhe PM sspatial distribution associated with the bulk of
annual exposurer-or the purposes of this studyvias assumed that the winteseason PMls
spatial distribution was valid for the other seasons. The gridded ws#ason Plls field was
scaled uniformly across all grid cells to produce spatial distributions for the other seasons. The
seasonal scaling ¢eors were derived from ratios of monitoring data for the respective seasons.
Summer PMslevels were assumed to be offieurth of the winter levels, while spring and fall
PM; slevels were assumed to be ostleird to one-half of the winter levelsThis scaling to

account for seasonalityntroduces uncertaintyespeciallyfor summerfor which the PMs

spatial distribution may differ considerably from the winfeé

PMyslevelswere simulatecdza Ay 3 G KS | { 9t! Qa / 2VYEMAQN(G& adz GA
model computer programSimulations were conducted usiagl-km horizontal grid size. This
high-resolution modeling accounted for sharp Pdépatial gradients antbok advantage othe

spatial resolution of thgpopulationdata. Simulations were conducted using emissions

inventoryfrom 2005previousy developed as part of th A & (i Cam@unify Air Risk

Evaluationprogram This is the most comprehensi¥ak, smodeling inventory develogd for

the Bay Area to datévieteorological inputs to CMAQ were prepared based on the D06

winter season. This winter was a representative year in terms ofsRMelsand weatherin the

Bay Area.

Population data, including age distribution information, were taken ftbe2000 US Census
andprojected to 2010. They were resolved at the census block level. For BenMAP use, the data
were aggregated to the sameldn resolution as the pollutant concentration data. Age

distribution information was used to account for sensitivelgys such as infants. Sensitive

groups may benefit more from a given level of exposure reduction. Income distribution
information was used to account for spatial variability in the willingness to pay to avoid



exposure. Subpopulations with higher incomesdéea be willing to paynore, and they are
associated with higher indirect mortality costs.

2.3 Health impacts scenarios

BenMAP estimates public health benefits based on changes in ambient air quality between
baselineand controlledpollutant levels. In ttg study, the same baseline RPbevel reflecting
year 2010 was used in all BenMAP calculations. Two scenarios involving diffeoentolled
levels were examined. For both scenarios, health benefits were estinfiateéde year 2010 Bay
Area population.

The baseline Ph4 levelwas adjusted from the simulatiooutput to matchobserved PMs

levelsfor year 2010 For this purpose, a Bay Area "design value" for 2010 was computed in a
manner consistent with US EPA attainment designation did@# PM s. The computed design
value (98' percentile of observed P levek) was around 31 pg/f The design value for the
simulation outputs, based on the grid cells containing the monitoring locations, was around 36
ng/m®. A scaling factor of 31/3@bout 0.86)was applied to the simulation output tgield

baseline concentration fields reflecting RMevels for 201{Figure 1)

The firstcontrolled scenarioexploredthe benefits of eliminating 90 percent of all 2005
anthropogenic emissions to bring Bay Area,BMvels to an assumed naturaackground

level For this scenario, emissions were not reduced by a full 100 percent to avoid unduly
stressing the chemistry adule of the computer model. Natural emissions were not modified.
Otherwise, the simulation was conducted and outputs were processed identically to the
basdine scenario

The second controlled scenario explored the benefitsicrementally reducing PMlevels
uniformly across the Bay Area. The HasePM s spatial distribution wasystematically scaled
downby 1 pg/n? increments,uniformly for all model grid cellVe generatedL1 such

controlled pollutantfields, corresponding to design values ranging frétpg/nt to 20 pg/nt.
These eleven scaled control levels were used in separate BenMAP calculations as end points
relative to the 2010 badime level.
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3.1 Benefitsof reducing2010PM, s levels to anatural backgroundlevel

3.1.1 Total numbers of avoided incidents by health endpoint

Table 3.1 summarizes thenorbidity- and mortality-related human health impacts in terms of

the change irthe number of incidents of each health endpoint group per yeae to reducing
ambient PM s levels to @ assumed naturddackgroundevel The values represent totals for all
nine Bay Area counties, including all of Solano and Somomaies as estimated by BenMAP
Note that not all age groups are addressed within each health endpoint group. This is because
BenMAPonly estimatesimpactson the subpopulationsassociated wittihe availablehealth



impactfunctionsfor the particular health outcomelherefore, information provideth Table
3.1 isconstrainedby the defaulthealth impact functiorage range

As can be seen in the tableguterespiratory symptoms were by far the most common health
effect attributed to PMs. These health endpoints impacted the Bay Area adult (18 to 64 years
old) population of approximately 5 million people in 200D average, there was
approximatelyone-third of a restricted activity dagcaused by acute respiratory symptonpex
adult peryear in the Bay Area, as compared to a natural clean background scdnarikely

that the same people experienced multiple restricted activity days throughout the igatr,
BenMARcan onlyestimate aggregate risk$he model does not tr&andividualrisks so it

cannot state whether the overall riskse experienced by a small group or spread out over the
adult population.Nevertheless, the large number of incidents indicated that curren £M

levels have a sizeable effect on the Bay Area population.

Asthma exacerbation was also prevalent, with over 35,000 cases per year including hospital
admissions, emergency room visits, and exacerbated asthma. The latter two of these asthma
related healthend points impacted only the Bay Area childhood (undeyda&rs old) population

of existing asthmatics. The percentage of affected individuals can be high in areas having both
large numbers of asthmatics and elevated Rldoncentrations. In addition to the pervasive
impacts on the wider population, some subpogtibns can experience disproportionally large
impacts due to their health status as well as their locale.

The rate of premature mortality due to the 2010 PMevel was estimated to be 1,705 per
year.For purposes of comparison, approximately 40,000 &&a residents die each year from
all causes combined.

Table3.1.Reductions in the umber of incidents of various health endpoint groups.

Health Endpoint Group Total Incidents Reduce( Age Groups Include
Mortality (all causes) 1,705 Infants, 30+
Chronic bronchitis 1,446 27+
Acute myocardial infarction (nonfata 1,569 18+
Hospital admissions, respiratory 477 All ages
Hospital admissions, cardiovascular, 873 18+
Emergency room visits, respiratory 1,116 0-17
Acute bronchitis 2,723 8-12
Lower respiratory symptoms 35,613 7-14
Upper respiratory symptoms 29,146 9-11
Acute respiratory symptoms 1,722,345 18-64
Work loss days 294,127 18-64
Asthma exacerbation 35,363 6-18




3.1.2 Spatial distribution of key health endpoints

Figures2-4 map the number ofivoidedincidents of three important health endpoint groups,
respectively: asthmaelated emergency room visits by children under 18, nonfatal acute
myocardial infarctior(heart attack) and mortality.Figures-7 map the samehree health

endpoint groups, respectivelgs rates per population Asthmarelated emergency room visits

are shown as rates per 10,000 children, while myocardial infarction and mortality are shown as
rates per 10,000 adults.

Asthmarelated healthincidents were highestwherethe affectedpopulation density wa high
andlocal anthropogenic emissions contributed significanfily example in West Oakland and
Alameda (Figurg). When normalized by populatioriF{gure 5), the incidenceof asthmarelated
emergency room visits wadsghestin the East Bafor Alameda, Contra Costa, and western
Solano CountiesespectivelyThus West Oakland/Alameda would stand to benefit most on
both absolute and normalized bases.

Incidents of myocardial infarction tended to track population density (Figurecidence ates
(Figure6), however, were relatively uniform throughout the Bay Area.

The largest mortalitympacts wee seen over San Francisco and West Oakland (Fyurae
number ofpremature deaths per year from exposure to PM2.5 maynbexcess of 100 pgrid
cell in certain of thel-km grid cekin these areasTheseurbanareaswere bothdensely
populatedand exhibited®M, s concentrationghat were strongly influenced by locally emitted
direct PMs. These areas benefited the greatest, and would be expected to benefit the fastest,
when reducing anthropogenic emissions across the Bay Xaan normalized by population,
however,the benefitswere mosly distributed uniformly across the Bay Argsee Figurd).
Exceptions includiéseveral mortality rate hot spotsutside of densely populated centers
Grizzly Bay near Vallejo, arouéhinut CreekRussell Citgg community in the western area of
HaywardLivermore and Milpitas.Theseareasreflected Iacally high baseline mortality rates
such as thosassociated with communities havipgoportionatelymore elderly residents.

3.1.3 Monetary valuations

Table 3.2 summarizes the monetary valuatiassociated with the health endpoint groups,
aggregated at the county level and totaled for the Bay Area. Valuations are shown separately as
sums for the morbidityand mortalityrelated health endpoint groups listed in Table 3.1. The
mortality-related valation is typically an order of magnitude larger than the morbidéiated
valuation for a given County. Mortality is the dominant driver for the overall monetary

valuation of the health impacts of P



Table 3.2. Monetary valuations associatedhwiealth impacts estimated for 2010 PM levels
(relative to a clean baseline).

County Mortality Morbidity Total Mortality Valuation
Valuation (million) | Valuation (million)| (million) | per Capita

Alameda $2,715 $201| $2,916 $1,751
Contra Costal $2,206 $154| $2,360 $2,050
Marin $410 $25 $435 $1,618
Napa $216 $11 $227 $1,515
San Francisc $1,893 $119| $2,012 $2,314
San Mateo $1,000 $69| $1,069 $1,357
Santa Clara $2,728 $237| $2,965 $1,485
Solano $614 $44 $658 $1,392
Sonoma $806 $50 $856 $1,626
Grand Total $12,588 $910| $13,498

Note: Vdues are given in 2006 dollars.

The total benefit of reducing current RMconcentrationgo a clean backgrounikvelwas

estimated asp13.5 billion. Over 93 percent of the total was the mortatiyated component.

Santa Clara and Alameda counties show similar benefits, together accounting for 44 percent of
the total. They are followed by Contra Costa ($2.4 billion) and San Francidzti¢$2

Counties. Napa County has the smallest benefit, approximately $228 million.

Valuations on a per capita basis varied significantly, ranging from $1,357 for San Mateo County
to nearly twice as high at $2,314 for San Francisco County. These $ingéng influenced by a
combination of factors: simulated PMchanges in response to emission reductions, population
density, population proximity to areas impacted by local emissions, baseline incidence rates for
each health endpoint, and age demograhic

3.2 Impacts of incremental reductions iR010PM, s levels

Figures 8 and 9 showthe response ofhe mortality- and morbidityrelated valuatiors,
respectivelyto incremental reductions ithe ambient PM s level. The annual benefitkr each
1 pg/n? reductionin PM s levelswere approximately $500 millioand$37 millionfor the
mortality- and morbidityrelated health endpoints, respectivellyor the range of commtration
differences exploredh this study, boththe mortality- and morbidityrelated valuations were
linear with respecto changes inthe PM, s level Changes in the number of incidentsezich
health endpoint grougper 1 pg/nt reduction inPM, s levek are shown in Table 3.3.



Table 3.3. Benefits of incremental (fepg/m°) reductions in ambient PM2.5.

Health Endpoint Group Total IncidentsReduced
Mortality (all causse) 66
Chronicbronchitis 61
Acutemyocardialinfarction (nonfatal) 71
Hospitaladmissionsyespiratory 19
Hospitaladmissionsgardiovascular 29
Emergencyoom visits, respiratory 46
Acutebronchitis 117
Lowerrespiratorysymptoms 1,493
Upperrespiratorysymptoms 1,126
Acuterespiratorysymptoms 68,348
Worklossdays 11,530
Asthmaexacerbation 1,362

Note: Totals include aflortions of Solano and Sonomaunties.
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Results obtained in this studyere comparedo estimates from other sources. One such
source is the 2010 Clean Air P{@APadopted by the District in September, 20Qthe health
burden created byPM, sin the Bay Area was estimated to total abouf@) prematuredeaths
for 2008. This compares well with thiglgR & Q& FA Y RA Yy 3 2@18 TherBainn p
differencearisesfrom estimates of the difference in current and background,BMvels The
estimated totalpublic health burder{$20 billionper year)based orthe CAP methodologgiso
comparegeasonablywell against theébenefits estimated irthis study $13.5 billion per year)in
2006dollars

puj
(Vo))
(e

A
Q)¢

Results from this study were also compatedecent work done by the California Air Resources
Board (ARB, 2010\RB staff essentially applied tkame version of BenMAP apdtimated the
benefitsassociated witheducing2006:2008 PM s levelsto 5.8 pg/m®. They found that tal
avoidedprematuremortalitiesfor the Bay Areavould bebetween 520 and 1,100, with a mean

of 810.While the estimates among the three studies are in the same vicinity, they do represent

I N} y3aS 2F @IftdsSas gAGK GKS /! tlovoedd ghdthis & G KS
study being in between.

One key difference in methodology between this work and the othergtudliesis the use of

an air quality simulation to produce highly spatially resolgedcentrationfields. While the use

of observed PMsdata is desirable, it presents twinnitationsfor BenMAP analyses. First,

spatial interpolation is necessary where no observations are available. Because monitoring sites
are chosen to capture the higher pollutant levels, this may introduce bias iregiolated

concentration fields. Second, apérhapsmore importantly, BenMAP requiressat of both

base and controlled concentration fieldsven if the observationgeld a representative

baseline field, the controlled field is typically developediwflingbacé G KS ol aS Ol &8



therefore,the spatial distribution in theontrolledfield may not reflect thepattern of emission
reductions This has important implications in BenMAP since the proximity of affected
populations to concentration changegyrificantly impactghe results.In this study, the
simulation results were tied to the monitoring data by scaling the simulated concentration
fields to match the design value calculated from the monitoring data for year 2010.

Results of this study were al€ompared against spatial patterns of headtdpoint groups
impacts tabulated as part as the BAAQMD CARE Program (BAAQMD, 2006). Nundbeas of a
asthmarelated hospitalizationsvere compiledby zip code These raw hospitalization data
were ageadjustedfor children 14 years old and younger usingehr incrementsand mapped
spatiallyover the Bay Area usingkim horizontal grid resolution (Figul®). The CAREudy
found that the northwest quadrant of Alameda County had the highest astrefaed
hosptalization rates for children under the age of Results of the CARE program were not
directly comparable with this current study due to differences in the-agjeistment and
spatial mapping processeBhe CARE results, were, however spatially congisiéh the age
adjusted spatial distribution ofsthmarelated emergency room visits (Figusge Together,
these studiesuggesthat this hotspotarea is the most sensitive to asthmatic triggansl
stands toreap the largest asthmeelated benefits fronredudng the ambient PM s level

5. Concl ussi on

This studyestimatedthe health and associatemhionetarybenefitsof reducing ambient Pl

levelsin the Bay AreaWe found that current pollutant levels contribute significant negative

health impactstothe I @ | NS I Qa LJ2 LJdzf | { As2ayf resulyilRhalfiafolllion NB R dzO .
dollars in benefitor everyreduction of1 pg/nr. San Francisco and Oakland experiehte

largest health impacts from PM.On a per capita basisowever,the health impactsare fairly

uniform with the exception of asthmeelated hospitalizations, which affect children in the East

Bay disproportionately.

One limitation of the current studis the assumption that the winter season spatial distribution
of PM, 5 concentrations igpplicable to other season$his can ba poor assumption because
some emissiolsources are moreactivein one seasothan othersandthe spatial distributions

of emissions vary by sourdeor instancethe absence of wood smoke emissions during
summercan be accounted for more accurateljan has been assumed in ttsgidy. Another
refinement to this work is the use of updated data they become available. One important
input to BenMAP is population data. For this work, population data from the 200DedSus
were projected to 2010 level3his extrapolationmayhave misrepresentethe spatial
distribution ofpopulationgrowth within the BayAreaover the pastdecade These refinements
and others argolanned for futureupdatesto thiswork.
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Figure 1Basdine annual averag®M, s concentration field.
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Figure 2 Reductions of emergency room visits for asthmated symptoms for children
under 18.
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Figure 3 Reductions of acute myocardial infarctions.
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Figure 4 Reductions of mortality incidence.



Figure 5 Reductions of asthmeelated emergency room visits per 10K population of children
under 18.



