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Appendix D: Human Health and Welfare Effects
of Criteria Pollutants

Introduction and uncertainties, but still produce a policy-relevant
analysis in a timely fashion. In order to achieve this

ambitious goal, the following principles have been

In responding to the m_andate Of section 312’ EPAUsed to guide the section 812 benefits assessment.
conducted a comprehensive benefits analysis to iden-

tify and estimate the quantifiable health and welfare

: . ) . . Comprehensiveness: The assessment should in-
benefits enjoyed by Americans due to improved air

; . . clude as many benefit categories as are reasonably
quality resulting from the CAA. Health benefits re- believed to be affected by implementation of the Clean

sulted from avoidance_ of air p_oIIution-reIated health Air Act. Comprehensiveness requires assessing effects
effects, such as mortality, respiratory iliness, and hear%vith which greater levels of scientific confidence are

d'sease' Welfare benefits accrueql where improved Albssociated, as well as less well-understood effects. The
guality averted damage to ecological health and mea;

. .~ “degree of relative certainty among effects must be
su_rat_)le resources, SUCh. as _agrlcultural prOduct'oncarefully described in order to fairly present a broad
building materials, and visibility. portrayal of the physical and social benefits accruing
. . . ,_to the nation from implementing the Act. In addition,
This appendix presents an overview of EPA's section 812 of the 1990 CAA Amendments explicitly

approach for modeling human health and weifare ef'directs a comprehensive benefits coverage that pro-

fects. It provides an outline of the principles used Ohibits a default assumption of zero value for identi-

guide the benefits analysis, details methods used tded benefits unless a zero value is supported by spe-
quantify criteria air pollutant exposure nationwide cific data

across the study period (1970 to 1990), and discusses
several critical conceptual and implementation issues

for using health and welfare effect information. Mod-
eling results, estimates of avoided incidences of ad

verse health and welfare effects,' are then prgsentg ffective comparison of the variety of human health,
Ecological and agricultural benefits are examined iny o itare  and ecological benefits with the associated
more_detall in Appendices E and F, respectively. AIO'complianc:e costs requires that these consequences be
pendix | details the gpproach used to tre_mslate health, o asured in terms of a common metric. Expressing
and welfare effects into monetary benefits. the value of these various effects in economic terms
is the most efficient way to accomplish this objec-
Principles for the Section 812 tive, and is consistent with standard practices associ-
Benefits Analysis ated with economic bene_flt—cost analygs. Expre;s!ng
these effects in economic terms requires quantifying
o ~and presenting estimated effects in both physical and
Estimating the effects of even modest shifts in monetized economic terms. Pursuant to this paradigm,
environmental releases involves complex chemicalhe emphasis in the present study is largely on cat-
environmental, biological, psychological and eco- egories having direct and perceptible effects on hu-
nomic processes. The task of estimating the broagnan health. That is, the emphasis of the analysis is on
changes associated with adoption and implementatiogategories such as symptoms and diseases rather than
Of the Clean Air Act Cha“enges the |ImItS Of sclen- on phyS|Cal Changes (SUCh as Ce” |eve| Changes) that

tific knowledge and modeling capability to synthe- go not directly result in a decreased health status no-
size available information and techniques into a practjceable to the individual.

tical framework. A pragmatic plan for a comprehen-
sive assessment must fairly reflect the complexities

Quantification Where Feasible: The central goal
of the present study is to evaluate and compare the
enefits and costs of historical CAA-related programs.
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Efficient Use of Previous Research Results: Sig-pact of a series of linked physical and socioeconomic
nificant research effort has been spent to understangrocesses. The health and welfare benefits model is
and quantify the complex relationships between aircharacterized as a reduced form model because it re-
pollution and human health. The present study hadies orsummarie®f the data output from the air qual-
relied as much as possible on available research rdty models, which rely on emissions summaries and
sults, making adjustments as necessary to apply theummaries of macroeconomic conditions, succes-
existing results to the current analysis. sively. Although results of the independent models

are used in series, the models themselves have not

Incorporate Uncertainty: To properly convey the been integrated into the health and welfare benefits
results of any benefits assessment, it is important tonodel.
include an evaluation and characterization of how
much confidence the analysts have in the estimates. In general, the reduced form health and welfare
Ideally this would include a formal quantitative as- benefits model relies on two fundamental inputs: (1)
sessment of the potential for error, and the sourcesyationwide changes in pollutant exposures across the
directions, and potential significance of any resultantstudy period, and (2) the association between changes
biases. A method for considering and reporting un-in exposure and expected changes in specific health
certainty must be built into the fundamental design ofand welfare effects. These inputs are discussed be-
the assessment. Such a framework was developed arow.
applied in the present study, and was supplemented

where necessary by expert judgment regarding theQuantifying Changes in Pollutant
sources and potential significance of errors in each

analytical step. Exposures

General Mode/ing Approach Estimating changes in pollutant exposures re-
quires characterization of nationwide air quality im-

provements across the study period, as well as the

Consistent with these principles, the EPA devel- 5 jations exposed to the different levels of improve-
oped an approach for quantifying the effects of re-j,ant.

duced pollutant exposure, with particular focus on
those effect categories for which monetary benefits 4 ; ;

. : : ir Qualit
could be estimated. As described previously, the study @ Y
design adopted for the section 812 assessment links a

) . As discussed in Appendix C, the section 812
sequence of analytical models. The macroeconomic : . ; .
) : : . analysis estimated ambient concentrations for both the
modeling (Appendix A) estimated economy-wide ef-

fects of CAA expenditures. These effects provided acontrol and no-control scenarios for the following

basis for the modeling of criteria pollutant emissions pollutants and air quality parameters:
under the two scenarios considered (the factual con-
trol scenario and the hypothetical no-control scenario),
as documented in Appendix B. The emissions esti-
mates were used as input to the air quality models
(Appendix C). Ambient pollutant concentrations es-
timated by the air quality models were used as inputs
to the health and welfare benefits model, the focus of
this appendix.

Particulate matter, less than 10 microns in
diameter (PN))

+ Ozone (Q

* Nitrogen dioxide (NQ

Sulfur dioxide (SQ)

e Carbon monoxide (CO)

* Visibility measures (light extinction and
DeciView}

The approach developed to model health and wel- * Lead (Pb)

fare benefits is known as a “reduced form” or “em- . . L
. Generally, this analysis adopted actual historical
bedded model” approach. The concept of a reduced . : o
) T : . air pollution monitoring data to represent control sce-
form model is to use simplified versions of previously ~_ "~ : . .
: .> nario air quality. No-control scenario profiles were
constructed complex models to characterize the im-

1 While the visibility measures listed are not criteria air pollutants, they provide important measures of a significant welfare
effect resulting from air pollution, visibility degradation. Light extinction (which is related to DeciView, a haziness index) results
from light scattered by fine particles in the atmosphere, especially sulfates and ammonium nitrates. As atmospheric concentrations of
such particles increase, light is attenuated and visibility diminishes.
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derived by running the control and no-control scenariotreated as a county-level pollutant in the western U.S.
emissions inventories through a suite of air qualityand a monitor-level pollutant in the eastern & A&r
models and then using the differences in these modguality data for P\j and ozone were reported for each
eled outcomes to adjust the historical profiles. Sinceyear of the study period; data for the remaining pol-
lead was treated differently than the other pollutantsJutants were reported only for 1975, 1980, 1985, and
the analysis of the CAA impacts on atmospheric lead1990.
concentrations is documented in Appendix G.
In order to reduce the volume of air quality data

With respect to the distribution of air quality data necessary to describe pollutant concentrations for two
across the two decades considered, it should be notestenarios nationwide over twenty years, annual con-
that both the number and location of monitors track-centration profiles were reduced to frequency distri-
ing air quality changed over time. Table D-1 depictsbutions. That is, annual pollutant concentrations for a
the number of monitors for each pollutant across thevariety of averaging times (e.g., 1-hour, 6-hour, daily)
period of this analysis. The number of monitors gen-were summarized as a distribution of values across
erally increased throughout the 1970s and leveled ofthe year. This approach reduced data management
or declined at varying points during the 1980s, de-requirements significantly, while adequately captur-
pending on the pollutant. ing air quality improvements between the control and

no-control scenarios.

Table D-1. Criteria Air Pollutant Monitors Population Distribution
in the U.S., 1970 - 1990.
Health and some welfare benefits resulting from

Pollutant air quality improvements are distributed to popula-
Year PMiw Os NO, SO co tiops in propqrti_on to the rgduction in exposure e_ach
TG o a " B R enjoys. Predicting population exposures, then, is a
1975 1,120 321 303 827 494 necessary step in estimating health effects. Doing so
1980 1131 546 375 1,088 511 for the section 812 analysis required not only an un-
igz 7“’27: 6";277 3325 759316 ;‘22 derstanding of where air quality improved as a result
of the CAA, but also how many individuals were af-

fected by varying levels of air quality improvements.
Thus, a critical component of the benefits analysis
required that the distribution of the U.S. population
For the section 812 modeling, the non-lead pol-nationwide be described in a manner compatible with
lutants have been characterized as either county-levghe air quality data. Described below is the method
or monitor-level pollutants. The distinction was im- |;sed to allocate U.S. Census data to a symmetrical

portant for quantifying the population exposed to dif- grid overlying the country.
ferent levels of air quality improvements, as discussedg

below. PV is considered a county-level pollutant, census Data

since historical concentrations in monitored counties

have been synthesized into a single concentration for  Three years of U.S. Census data were used to rep-
each county.In contrast, @ NO,, NO, SQ, and CO  resent the geographical distribution of U.S. residents:

were reported at specific monitor locations, given by 1970, 1980, and 1990. Population data were supplied
latitude/longitude coordinates. Finally, visibility was at the census block group level, with approximately

2 Two different measures of ambient concentrations of particulate matter were used in the United States during the period 1970
to 1990. Prior to 1987, the indicator for the National Ambient Air Quality Standard for PM was total suspended particulates (TSP). In
1987, the indicator was changed to Pparticles less than 10 uM in diameter). Widespreag Ridnitoring did not begin until
1985; prior to that only TSP data is available. Because the recent scientific literature reports primarily the relationship bgfween PM
and adverse health and welfare effects, Ridta is preferred, if available. Where only TSP is availablg, Bicentrations were
estimated using PMTSP ratios that vary by area of the country and the urban/rural characterization of the area.

3 In the western U.S., visibility was modeled using a linear-rollback model and extinction budget approach for 30 major urban
centers (SAl, 1994). The modeling results, reported in DeciView, were applied to the counties in the vicinity of the urban centers and
considered to share a common air basin. In the eastern U.S., Regional Acid Deposition Model (RADM) runs provided visibility
estimates in terms of light extinction coefficients. These were modeled across a 60 km. X 60 km. grid, approximately covering the
eastern half of the country. Since the extinction coefficients were reported at the grid cell centroids, for which the coordinates were
known, visibility in the east was treated as a monitor-level pollutant.
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290,000 block groups nationwide. Allocating air qual- Method One

ity improvements to the population during intermedi-

ate years necessitated interpolation of the three years Air quality improvements (difference between
of population data. Linear interpolation was performedcontrol and no-control scenarios) were applied to in-
at the block group level in order to preserve the vari-dividuals living in the vicinity of air quality monitors.

ability in growth rates throughout the country. For pollutants with monitor-level data, it was assumed
that the individuals in a gridcell were exposed to air
Gridding U.S. Population quality changes estimated at the nearest monitor, as

long as the monitor was within 50 kilometers. Like-

To ease computational burden, block group popuwise, for PM, (for which data was available at the
lation estimates were aggregated to a rectangular gridounty level) the population of each monitored county
structure. The grid, comprised of ten kilometer by tenwas assumed to be exposed to the air quality changes
kilometer gridcells, spanned the entire area of the conreported for that county The remainder of the popu-
tentional United States. This grid size generatedation was excluded from the analysis.

46,885 populated gridcells throughout the U.S.
Unfortunately, by limiting the quantitative analy-

The entire population of each block group was sis to populations within 50 km of a monitor (or within
assumed to reside at the geographical centroid of tha monitored county, for PM), a significant portion of
block group area, the coordinates of which were availthe U.S. population was left out of the analysis (see
able from the U.S. Bureau of the Census. Block grouprable D-2). For most pollutants in most years (ex-
populations were aggregated to gridcells accordingcepting lead), less than three-quarters of the popula-
to the block group centroids encompassed by each cellion lived within 50 km of a monitor (or within a PM-

In addition to the population of each gridcell, the statemonitored county). Clearly, an analysis that excluded
and county names for each gridcell were retained25 percent of the population from the benefits calcu-
permitting aggregation of data at the state and countjations (thus implicitly assuming that the CAA had
level, as well as nationwide. no impact on that population) would understate the
physical effects of the CAA. Conversely, ascribing
Allocating Exposure Estimates to the Population  air pollution reduction benefits to persons living great
distances from air quality monitors is a speculative

Two alternative modeling strategies were used toexercise, and could overstate benefits.
allocate air quality improvements to the U.S. popula-
tion. They differed in terms of both the certainty of Method Two
the estimates and the geographic coverage:

As an alternative modeling strategy, air quality
improvements were applied to almost all individuals
nationwide. Where monitor data were not available
Table D-2. Population Coverage in the “Within  \ithin 50 kilometers, data from the closest monitor,
50 km” Model Runs (percent of continental U.S.  regardless of distance, were used. Similarly, PM

population). concentrations were extrapolated using regional air
quality models to all counties (even those for which
Hs 1e8n less 1990 monitoring data was unavailable) and applied to the
€Q St BHERS  EEAR Tias populations of those counties.
EXT 732%  723%  72.3% 72.2%
NO: 533%  588%  60.8% 615%

Although subject to less certain air quality data,

(@] 55.5% 70.5% 71.5% 74.4% .

° ’ ] ’ 0 the second alternative extrapolates pollutant exposure
PMio 785%  79.5% - 75.8% 67.8% estimates to almost the entire population using the
SO 64.7%  733%  73.0% 70.6% 7 Ire pop 9
Pb AEIT AT . closest monitoring data available (see Table DB-3).

This second alternative was chosen as the preferred

approach in the benefits analysis. The sensitivity of

4 Since the lead (Pb) analysis, which was handled separately from that of the other criteria pollutants, did not require air quality
modeling data, the issue of proximity to monitors is irrelevant. The Pb analysis extended to 100 percent of the population.

5 While this alternative captures the vast majority of the U.S. population, it does not model exposure for everyone. To improve
computational efficiency, those gridcells with populations less than 1,000 were not modeled; these cells account for less than five
percent of the U.S. population.
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the benefits estimate to the extrapolation of air qual-throughout the country, and aggregating the resulting
ity data beyond monitored areas is explored in Ap-incidence estimates, it was possible to generate na-
pendix I. tional estimates of avoided incidence.

It should be noted that a slightly different approach

Table D-3. Population Coverage for was used to compute health effects associated with
“Extrapolated to All U.S.” Model Runs (percent exposure to gasoline lead. Instead of relating health
of continental U.S. population). outcomes to ambient pollutant concentrations, the
concentration-response functions for lead-induced
1975 1980 1985 1990 effects link changes in health effects directly to
co 97.2%  97.2%  98.7%100.0% changes in the population’s mean blood lead level.
EXT 75.6%  748%  TAT% 747% This value is directly related to the concentration of
NO: 97.2%  97.2%  98.7%100.0% lead in gasoline in a particular year. Appendix G docu-
. L ments both the methods used to characterize mean
PMz0 e LS blood lead levels and the approach for estimating hu-
SC 95.4%  956%  97.0% 98.4% man health effects from lead exposure.
Pb 100%  100% 100%  100%

The discussion below outlines the types of health
studies considered for this analysis, and issues criti-
cal to selecting specific studies appropriate for use in
the section 812 context. Next, details regarding use of
Estimating Human Health Effects the results_ of the studiis are explor;:d. Findalllyh, thleh

concentration-response functions used to model healt
of Exposure benefits from reductions in non-lead criteria pollut-
ants are outlined.

It is impossible to estimate all of the physical ef-
fects that would have occurred without the Clean Air Types of Health Studies
Act. While scientific information is available that
makes it possible to estimate certain effects, many  gcientific research about air pollution’s adverse
other, potentially very important, health and welfare hegjth impacts uses a broad array of methods and pro-
effects cannot be estimated at this time. Other physizedures. The research methods used to investigate the
cal effects can be quantified, but it is impossible toneath effects of air pollution have become consider-
assess the economic value of those endpoints baseghly more sophisticated over time, and will continue
on the current economics literature. Table D-4 showsg evolve in the future. This progress is the result of
the health and welfare effects for which quantitative petter available research techniques and data, and the
analysis has been prepared, as well as some of thgyjlity to focus further research more sharply on key

health effects that have not been quantified in theremaining issues based on the contributions of earlier
analysis. work.

In order to translate the reductions in pollutant  The available health effects studies that could
exposure estimated to result from the CAA into healthpotemia”y be used as the basis of the section 812 as-
benefits, it is necessary to quantify the relationshipsessment are categorized into epidemiology studies
between such exposures and adverse health effectgng human clinical studies. Epidemiological research
As indicated below, this analysis relies on concentrain ajr pollution investigates the association between

literature which prOVide estimates of the number Ofin the Study popu|ation_ Human clinical studies in-

fewer individuals that incur an adverse health effectyglve examination of human responses to controlled
per unit change in air quality. Such relationships areconditions in a laboratory setting. Research has been
combined with the air quality improvement and popu- conducted on health effects from exposure to pollu-
lation distribution data to estimate changes in the in+jon using each approach, and studies using these tech-
cidence of each health endpoint. By evaluating eachhjques have been considered in various formal regu-
concentration-response function for every gridcell |atory proceedings. Each type of study (as it is used
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Table D-4. Human Health Effects of Criteria Pollutants.

Pollutant Quantified Health Effects Unquantified Health Effects Other Possible Effects
Ozone Mortality* Increased airway responsiveness Immunologic changes
Respiratory symptoms to stimuli Chronic respiratory diseases
Minor restricted activity days Centroacinar fibrosis Extrapulmonary effects (e.g.,
Respiratory restricted activity Inflammation in the lung changes in structure,
days function of other organs)
Hospital admissions
Asthma attacks

Changes in pulmonary function
Chronic Sinusitis & Hay Fever

Particulate Matter/ Mortality* Changes inpulmonary function | Chronic respiratory diseases
TSP/ Sulfates Bronchitis - Chronic and Acute other than chronic bronchitis
Hospital admissions Inflammation in the lung

Lower respiratory illness

Upper respiratory illness

Chest illness

Respiratory symptoms

Minor restricted activity days

All restricted activity days

Days of work loss

Moderate or worse asthma statu
(asthmatics)

Carbon Monoxide Hospital Admissions - Behavioral effects Other cardiovascular effects
congestive heart failure Other hospital admissions Developmental effects
Decreased time to onset ofangin

[

Nitrogen Oxides Respiratory illness Increased airway responsiveness Decreased pulmonary function
Inflammation in the lung
Immunological changes

Sulfur Dioxide In exercising asthmatics: Respiratory symptoms in non-
Changes in pulmonary function asthmatics
Respiratory symptoms Hospital admissions

Combined responses of
respiratory symptoms and
pulmonary function change

Lead Mortality Health effects for individuals in
Hypertension age ranges other than those
Non-fatal coronary heart disease| studied
Non-fatal strokes Neurobehavioral function
IQ loss effect onlifetime eaming$ Other cardiovascular diseases
IQ loss effects on special Reproductive effects

education needs Fetal effects rom maternal
exposure

Delinquent and anti-social
behavior in children

* This analysis estimates excess mortality usingda8 an indicator of the pollutant mix to which
individuals were exposed.

for air pollution research) is described below, and the  Epidemiology studies can examine many of the
relative strengths and weaknesses for the purposes tfpes of health effects that are difficult to study using

the section 812 assessment are examined. a clinical approach. Epidemiological results are well-
suited for quantitative benefit analyses because they
Epidemiological Studies provide a means to estimate the incidence of health

effects related to varying levels of ambient air pollu-

Epidemiological studies evaluate the relationshiption without extensive further modeling effort. These
between exposures to ambient air pollution and healttestimated relationships implicitly take into account
effects in the human population, typically in a “natu- at least some of the complex real-world human activ-
ral” setting. Statistical techniques (typically variants ity patterns, spatial and temporal distributions of air

of multivariate regression analysis) are used to estipollution, synergistic effects of multiple pollutants and
mate quantitative concentration-response (or expo-other risk factors, and compensating or mitigating
sure-response) relationships between pollution leveldehavior by the subject population. Suspected rela-
and health effects. tionships between air pollution and the effects of both
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long-term and short-term exposure can be investigated Drawbacks to epidemiological methods include
using an epidemiological approach. In addition, ob-difficulties associated with adequately characterizing
servable health endpoints are measured, unlike cliniexposure, measurement errors in the explanatory vari-
cal studies which often monitor endpoints that do notables, the influence of unmeasured variables, and cor-
result in observable health effects (e.g. forced expiratelations between the pollution variables of concern
tory volume). Thus, from the point of view of con- and both the included and omitted variables. These
ducting a benefits analysis, the results of epidemio-can potentially lead to spurious conclusions. However,
logical studies, combined with measures of ambientepidemiological studies involve a large number of
pollution levels and the size of the relevant popula-people and do not suffer extrapolation problems com-
tion, provide all the essential components for associimon to clinical studies of limited numbers of people
ating measures of ambient air pollution and health stafrom selected population subgroups.
tus for a population in the airshed being monitored.
Human Clinical Studies

Two types of epidemiological studies are consid-
ered for dose-response modeling: individual level Clinical studies of air pollution involve exposing
cohort studies and population level ecological stud-human subjects to various levels of air pollution in a
ies. Cohort-based studies track individuals that arecarefully controlled and monitored laboratory situa-
initially disease-free over a certain period of time, with tion. The physical condition of the subjects is mea-
periodic evaluation of the individuals’ health status. sured before, during and after the pollution exposure.
Studies about relatively rare events such as cancdPhysical condition measurements can include general
incidence or mortality can require tracking the indi- biomedical information (e.g., pulse rate and blood
viduals over a long period of time, while more com- pressure), physiological effects specifically affected
mon events (e.g., respiratory symptoms) occur withby the pollutant (e.g., lung function), the onset of
sufficient frequency to evaluate the relationship oversymptoms (e.g., wheezing or chest pain), or the abil-
a much shorter time period. An important feature ofity of the individual to perform specific physical or
cohort studies is that information is known about eachcognitive tasks (e.g., maximum sustainable speed on
individual, including other potential variables corre- a treadmill). These studies often involve exposing the
lated to disease state. These variables, called corindividuals to pollutants while exercising, increasing
founders, are important to identify because if they arehe amount of pollutants that are actually introduced
not accounted for in the study they may produce anto the lungs.
spurious association between air pollution and health
effect. Clinical studies can isolate cause-effect relation-

ships between pollutants and certain human health

A second type of study used in this analysis is aeffects. Repeated experiments altering the pollutant
population-level ecological study. The relationship level, exercise regime duration and types of partici-
between population-wide health information (such aspants can potentially identify effect thresholds, the
counts for daily mortality, hospital admissions, or impact of recovery (rest) periods, and the differences
emergency room visits) and ambient levels of air pol-in response among population groups. While cost con-
lution are evaluated. One particular type of ecologi-siderations tend to limit the number of participants
cal study, time-series, has been used frequently in airand experimental variants examined in a single study,
pollution research. An advantage of the time-serieslinical studies can follow rigorous laboratory scien-
design is that it allows “the population to serve as itstific protocols, such as the use of placebos (clean air)
own control” with regard to certain factors such asto establish a baseline level of effects and precise
race and gender. Other factors that change over timmeasurement of certain health effects of concern.
(tobacco, alcohol and illicit drug use, access to health
care, employment, and nutrition) can also affect health.  There are drawbacks to using clinical studies as
However, since such potential confounding factors areghe basis for a comprehensive benefits analysis. Clini-
unlikely to vary over time in the same manner as aircal studies are appropriate for examining acute symp-
pollution levels, or to vary over periods of months to toms caused by short-term exposure to a pollutant.
several years in a given community, these factors ar&Vhile this permits examination of some important
unlikely to affect the magnitude of the associationhealth effects from air pollution, such as
between air pollution and variations in short-term bronchoconstriction in asthmatic individuals caused
human health responses. by sulfur dioxide, it excludes studying more severe
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effects or effects caused by long term exposure. Anpanded? For example, if the subjects in the clinical
other drawback is that health effects measured in somstudy were healthy male college students, should the
well-designed clinical studies are selected on the baresults be applied to the entire population, including
sis of the ability to measure precisely the effect, forchildren? Second, how many people in the general
example forced expiratory volume, rather than a largempopulation are exposed to conditions similar to those
symptom. The impact of some clinically measurableused in the clinical setting? Frequently, clinical stud-
but reversible health effects such as lung function ories are conducted at relatively high exercise levels (in-
future medical condition or lifestyle changes are notcreasing the dose, or the quantity of pollutants actu-
well understood. ally delivered to the lungs). In the general population
few people experience these conditions very often,
Ethical limits on experiments involving humans and people do not reach these exercise levels with
also impose important limits to the potential scope ofequal frequencies during the day and night.
clinical research. Chronic effects cannot be investi-
gated because people cannot be kept in controlled In addition, the analyst must determine the num-
conditions for an extended period of time, and be-ber of people that are exposed to the levels of ambient
cause these effects are generally irreversible. Particieonditions seen in the laboratory. Air quality varies
pation is generally restricted to healthy subjects, or athroughout a city and is typically reported by data from
least to exclude people with substantial health condi-monitors located at various places throughout the city.
tions that compromise their safe inclusion in the study.However, people are not exposed to the conditions at
This can cause clinical studies to avoid providing di-any one monitor all day. As people move around in
rect evidence about populations of most concern, suclhe city, they are exposed to ambient air quality con-
as people who already have serious respiratory disditions represented by different monitors at different
eases. Ethical considerations also limit the exposuretimes during the day. To further compound the prob-
to relatively modest exposure levels, and to examindem, air quality also varies between indoors and out-
ing only mild health effects that do no permanent dam-doors, within a car or garage, and by such factors as
age. Obviously for ethical reasons human clinical evi-proximity to a roadway or major pollution source (or
dence cannot be obtained on the possible relationshipink). The exposure model must account for the am-
between pollution and mortality, heart attack or stroke,bient conditions in the “microenvironments” that the
or cancer. population actually experiences.

One potential obstacle to using dose-response in- The issues of study subjects, exercise and mi-
formation from clinical research methods in a ben-croenvironments can influence the choice of clinical
efits assessment is the need for an exposure modedtudies selected for the section 812 assessment. Clini-
The dose-response functions developed from clinicakal studies that use exposure regimes and exercise lev-
research are specific to the population participatingels more similar to what larger groups of the popula-
in the study and the exposure conditions used in théion see are easier to apply in a benefits model than
laboratory setting. It is therefore difficult to extrapo- are more narrow studies. Similarly, studies that use a
late results from clinical settings to daily exposuresdiverse group of subjects are easier to apply to the
faced by the whole population. For example, manygeneral population than are more narrow studies.
clinical studies evaluate effects on exercising individu-
als. Only a small portion of the population engagesin  Given the major advantages of epidemiological
strenuous activity (manual labor or exercise) at anystudies—exposures do not need to be modeled and
time. Reflecting these fundamental differences be-health effects are observed in a large, more heteroge-
tween the laboratory setting and the “real world” im- neous population—epidemiological studies are used
poses a formidable burden on researchers to providas the basis for determining the majority of health ef-
information about human activity patterns, exercisefects and dose-response curves. The diverse activity
levels, and pollution levels. This requirement adds arpatterns, microenvironments, and pollution levels are
additional step in the analytical process, introducingalready considered in the aggregate through the con-
another source of uncertainty and possible error.  centration-response functions derived from epidemio-

logical studies. Clinical studies are used if there are

To apply the clinical results to model the general health effects observed in clinical studies not observed
population, two decisions must be made. First, howin epidemiological studies.
far can the conditions in the clinical setting be ex-
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Issues in Selecting Studies To Estimate use in the section 812 assessment, and has been used
Health Effects if it is determined to be the most appropriate avail-
able study. Research accepted for publication by peer

A number of issues arise when selecting and link-réviewed journals (in press”) has been considered to
ing the individual components of a comprehensivehave been published. Indications that EPA intends to

benefits analysis. The appropriate procedure for hanSUbmit research to the CASAC (such as inclusion in a
dling each issue must be decided within the contexgraft Criteria Document or Staff Paper) provide fur-
of the current analytical needs, considering the broadef €’ €vidence that the journal-published research
analytical framework. While more sophisticated or Should be used.

robust studies may be available in some circumstances, . _ _ o

the potential impact on the overall analysis may make Air pollution health research is a very active field

using a simpler, more tractable approach the pragmati@f Scientific inquiry, and new results are being pro-
choice. In considering the overall impact of selectingduced constantly. Many research findings are first

a study for use in the section 812 assessment, impof€!€ased in University Working Papers, dissertations,
tant factors to consider include the likely magnitude 90Vernment reports, non-reviewed journals and con-
the decision will have on the overall analysis, the bal-fér€nce proceedings. Some research is published in
ance between the overall level of analytical rigor ang@PStract form in journals, which does not require peer
comprehensiveness in separate pieces of the analysiEVIeW. In order to use the most recent research find-

and the effect on the scientific defensibility of the NS and be as comprehensive as possible, unpublished
overall project. research was examined for possible use in the section

812 assessment. Any unpublished research used is
This section discusses ten critical issues in selectS@refully identified in the report, and treated as hav-
ing health information for use in the section 812 as-IN9 & higher degree of uncertainty than published re-

sessment: use of peer-reviewed research, confoundU!tS- The peer review of the section 812 assessment
ing factors, uncertainty, the magnitude of exposure Py the Advisory Council on Clean Air Compliance

duration of exposure, threshold concentrations, the¢"Nalysis provides one review process for all compo-
target population, statistical significance of relation- Nents of the assessment, as well as for the way in which

ships, relative risks, and the need for baseline incit"€ components have been used.

dence data. The previous discussion about the types _
of research methods available for the health informa-Confounding Factors

tion alluded to some of these issues, as they are po- _

tentially important factors in selecting between stud- _ €onfounding can occur when the real cause of

ies using different methods. Other issues address hofiS€@se is associated with a number of factors. If only
scientific research is used in the overall analytical®N€ contributing factor is evaluated in an epidemio-
framework. logical study, a false association may occur. For ex-
ample, in epidemiology studies of air pollution, it is
important to take into account weather conditions,
because weather is associated with both air pollution
Whenever possible, peer reviewed research rathef"d health outcomes. If only air pollution is evalu-
than unpublished information has been relied upon€d; & false association between air pollution and
Research that has been reviewed by the EPA’s ow#€@lth could result; one may incorrectly assume that
peer review processes, such as review by the Cleaft reduction in air pollution is exclusively resp(_)n5|ble
Air Science Advisory Committee (CASAC) of the for a redu_ctlon in a health outcome._Potentlal con-
Science Advisory Board (SAB), has been used whenfounders |_nclude Weat_her-related yarlables, age_and
ever possible. Research reviewed by other public scig€nder mix of the subject population, and pollution
entific peer review processes such as the NationafMiSsions other than those being studied. Studies that

Academy of Science, the National Acidic Precipita- control for a broad range of likely confounders can

tion Assessment Program, and the Health Effects In©ffér @ more robust conclusion about an individual

stitute is also included in this category. pollutant, even if the staFisticaI confiden(_:e inter_val is
larger due to the inclusion of more variables in the

Peer-Review of Research

Research published in peer reviewed journals bufna!ysis-
not reviewed by CASAC has also been considered for
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In many cases, several pollutants in a “pollutantcause they are highly uncertain or controversial, but
mix” are correlated with each other—that is, they tendthose benefit categories that are reasonably well un-
to occur simultaneously. Therefore, although therederstood must be distinguished from those which are
may be an association between a health effect and eachore tentative.
of several pollutants in the mix, it may not be clear
which pollutant is causally related to the health effect  The ideal approach to characterizing uncertainty
(or whether more than one pollutant is causally re-is to conduct a formal quantitative uncertainty analy-
lated). This analysis includes epidemiological mod- sis. A common approach develops an estimated prob-
eling of the health effects that have been associatedbility distribution for each component of the analy-
with exposure to a number of pollutants. In most casesis. A Monte Carlo procedure draws randomly from
where the health effect is being modeled for the seveach of these distributions to generate an estimate of
eral correlated pollutants of interest, regression coefthe result. Evaluating the result for many such ran-
ficients based on PM as a surrogate for the mixturedom combinations, creates a distribution of results that
were chosen in preference to multiple pollutant mod-reflects the joint uncertainties in the analysis.
els and single pollutant models. The most important
example of this occurs in estimating mortality effects. = The most serious obstacle to preparing a formal
There is substantial evidence that exposure to criteriguantitative uncertainty analysis is identifying all the
pollutants, either individually or collectively, is sig- necessary distributions for each component of the
nificantly associated with excess mortality. Generally, analysis. The Monte Carlo procedure requires that all
this association is related to particulate matter. Thereeomponents of the model be rerun many times. How-
fore, even though particulate matter cannot be showrever, the section 812 project links the outputs from
to be the sole pollutant causing pollution-related ex-independent modeling activities. It would be imprac-
cess mortality, it can be used as an indicator of theical to simultaneously rerun the macroeconomic,
pollutant mixture which appears to result in excessemissions, air quality, and exposure models because
mortality. This analysis estimates excess mortality (forof the diverse origins of the models. Therefore, in-
all criteria pollutants other than lead) using PM as anstead of a complete formal uncertainty analysis, the
indicator of the pollutant mix to which individuals section 812 assessment includes a less rigorous analy-
were exposed. This issue is discussed further belowsis of the inherent uncertainties in the modeling ef-
where details on estimating mortality effects are ex-fort. The uncertainty analysis combines quantitative
plored. and qualitative elements designed to sufficiently de-

scribe the implications of the uncertainties. A primary

The one exception to the use of single pollutantgoal of the sensitivity/uncertainty analysis is to iden-
regression models is estimating hospital admissionstify the health effects that make a sizable contribution
Both PM and ozone are generally found to have a stato the overall assessment of the monetary benefits.
tistically significant and separate association with There may be situations where there are significant
hospital admissions. Using separate regressions (frordifferences in the available information used to pre-
single pollutant models) for each pollutant may over-dict the incidence of a particular health effect (i.e.,
state the number of effects caused by each pollutarthe uncertainty bounds are large). It is important to
alone. On the other hand, using PM as a single indicaalert the reader to situations where using the lower
tor of the pollutant mix could underestimate the totalincidence estimates may portray the health effect as
hospital admissions caused by different mechanismsonly modestly contributing to the overall total ben-
Separate PM and ozone coefficients for hospital ad<fits, but using reasonable alternative higher estimated
missions are selected from regression models thaincidence figures (or higher monetized values) would
consider the effects of both pollutants simultaneously substantially impact not only the monetized value of

the individual health effect, but actually make a no-
Uncertainty ticeable difference in the total benefits assessment.

The stated goal of the section 812 assessment is Consideration of the overall uncertainties inher-
to provide a comprehensive estimate of benefits ofent in the section 812 assessment has several impor-
the Clean Air Act. To achieve this goal, information tant implications for health study selection. It was im-
with very different levels of confidence must be used.portant to carefully examine the balance between the
Benefit categories are not to be omitted simply be-level of uncertainties in the analysis and the need for
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comprehensive coverage of all benefit categoriesThresholds

There were frequently situations in which a direct

tradeoff existed between more comprehensive cover-  Exposure-response relationships are conceptual-
age and the restriction of the analysis to more certairized as either exhibiting a threshold of exposure be-

information. Also, the relationship between the un-low which adverse effects are not expected to occur,
certainty in other parts of the analysis and the unceror as having no response threshold, where any expo-
tainty for each particular health effect was carefully sure level theoretically poses a non-zero risk of re-

considered. sponse to at least one segment of the population. The
methods employed by health researchers to charac-
Magnitude of Exposure terize exposure-response relationships may or may not

explicitly analyze the data for the existence of a thresh-

One component of the section 812 analysis esti-old. Studies may analyze relationships between health
mates the air pollution levels that would have occurredand air pollution without considering a threshold. If a
in the absence of the Clean Air Act. These estimateshreshold for population risk exists but is not identi-
are larger than currently observed levels of U.S. airfied by researchers, then Clean Air Act benefits could
pollution, and perhaps even levels currently observede overestimated if CAA levels are below the thresh-
elsewhere in the world. This aspect of the analysisold, because the risk reduction from the no-control
poses difficulties for the application of concentration- scenario could be overstated. On the other hand, if a
response functions that have been based on exposurdweshold is artificially imposed where one does not
at much lower pollution levels. The shape of the con-exist, the relative benefits of the Clean Air Act may
centration-response function much above observede underestimated. In general, those studies that ex-
exposures levels is unknown. It is possible that bio-plicitly consider the question of a threshold (whether
logical mechanisms affecting response that are unima threshold is identified or not) provide stronger evi-
portant at low levels of exposure may dominate thedence; consideration of this question is a positive fea-
form of response at higher levels, introducing ture when selecting studies for this analysis.
nonlinearity to the mathematical relationship. In gen-
eral, studies that include exposure levels spanning th&arget Population
range of interest in the section 812 assessment are
preferable to studies at levels outside of the range, or Many of the studies relevant to quantifying the
that only include a narrow part of the range. A pos-benefits of air pollution reductions have focused on
sible drawback to this approach is that studies whichspecific sensitive subpopulations suspected to be most
fit this criterion have often been conducted outsidesusceptible to the effects of the pollutant. Some of
the U.S. The application of foreign studies to U.S.these effects may be relevant only for the studied sub-
populations introduces additional uncertainties regardpopulation; effects on other individuals are either un-
ing the representativeness of the exposed populatioknown, or not expected to occur. For such studies, the
and the relative composition of the air pollution mix challenge of the analysis is to identify the size and
for which the single pollutant is an indicator. These characteristics of the subpopulation and match its oc-
difficult issues were considered in selecting studiescurrence to exposure. Other studies have examined

for the benefits analysis. specific cohorts who may be less susceptible than the
general population to health effects from air pollu-
Duration of Exposure tion (e.g., healthy workers), or who differ in age, gen-

der, race, ethnicity or other relevant characteristics
Selection of health studies for the section 812 asfrom the target population of the benefits analysis.
sessment must consider the need to match the healtxtrapolating results from studies on nonrepresenta-
information to the air quality modeling conducted for tive subpopulations to the general population intro-
the assessment. For example, information on the healtluces uncertainties to the analysis, but the magnitude
effects from short term (five minute) exposure to sul- of the uncertainty and its direction are often unknown.
fur dioxide cannot be readily combined with infor- Because of these uncertainties, benefit analyses often
mation on average daily sulfur dioxide levels. In se-limit the application of the dose-response functions
lecting studies for the benefits analysis, preference wasnly to those subpopulations with the characteristics
shown for studies whose duration of exposure matcheaf the study population. While this approach has merit
one of the averaging times of the air quality data. in minimizing uncertainty in the analysis, it can also
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severely underestimate benefits if, in fact, similar ef- put parameters (e.g., for different lag periods or con-

fects are likely to occur in other populations. For thesecurrent exposures). In these cases, only significant

reasons, studies that examine broad, representativieesults were included.

populations are preferable to studies with narrower

scope because they allow application of the functionsRelative Risks

to larger numbers of persons without introducing ad-

ditional uncertainty. Many studies reported only a relative risk value

(defined as the ratio of the incidence of disease in two

Many studies included in the section 812 analy-groups exposed to two different exposure levels). The

sis focus on a particular age cohort of the populatioranalysis required conversion of these values to their

for the identification of health effects. The choice of corresponding regression coefficients when the coef-

age group is often a matter of convenience (e.g., exficients were not reported. When converting the rela-

tensive Medicare data may be available for the eld+ive risk to a coefficient value, the analysis used the

erly population) and not because the effects are, irffunctional form of the regression equation reported

reality, restricted to the specific age group (evenby the authors of the study.

though their incidence may vary considerably over

the life span). However, since no information is avail- ~ The coefficients from a number of studies mea-

able about effects beyond the studied population, thisured the change in the number of health effects for

analysis applies the given concentration-response rethe study population rather than a change per indi-

lationships only to those age groups corresponding taidual. These coefficients were divided by the size of

the cohorts studied. Likewise, some studies were perthe study population to obtain an estimate of change

formed on individuals with specific occupations, ac- per individual. The coefficient could then be multi-

tivity patterns, or medical conditions because theseplied by the size of the population modeled in the cur-

traits relate to the likelihood of effect. In these casesrent analysis to determine total incidence of health

application of dose-response functions has been reeffects.

stricted to populations of individuals with these same

characteristics. Baseline Incidence Data
Statistical Significance of Exposure-Response Certain dose-response functions (those expressed
Relationships as a change relative to baseline conditions) require

baseline incidence data associated with ambient lev-

The analysis includes as many studies related to a&ls of pollutants. Incidence data necessary for the cal-
given health effect as possible, except for studies inculation of risk and benefits were obtained from na-
applicable to the current analysis. For some endpointgjonal sources whenever possible, because these data
the group of adequate studies yielded mixed resultsare most applicable to a national assessment of ben-
with some showing statistically significant responsesefits. The National Center for Health Statistics pro-
to pollutant concentrations and others with insignifi- vided much of the information on national incidence
cant associations. Unless study methods have beerates. However, for some studies, the only available
judged inadequate, dose-response functions with botincidence information come from the studies them-
statistically significant and insignificant coefficients selves; in these cases, incidence in the study popula-
have been included to characterize the possible ranggon is assumed to represent typical incidence nation-
of risk estimates. Excluding studies exclusively on theally.
basis of significance could create an upward bias in
the estimates by not reflecting research that indicates  Studies were excluded if health endpoints could
there is a small, or even zero, relationship betweemot be defined in the U.S. population. For example, in
pollution and specific health effects. It should be noted,Pope and Dockery (1992) the authors developed a
however, that some studies that found insignificantunique definition of symptomatic children in Utah
effects for a pollutant could not be used because thewhich has no correlation in the incidence data bases
did not report the insignificant coefficient values.  which were available; consequently, the results could

not be applied to the general population.

In some cases, a single study reported results for
multiple analyses, yielding both significant and non-
significant results, depending on the nature of the in-
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Estimating Mortality Effects of the PM-related premature mortality, as well as pre-
mature mortality that is more premature, than the
Using PM as an Indicator short-term studies.

There is substantial evidence that exposure to cri- ~ 1he degree of prematurity of pollution-related
teria pollutants, either individually or collectively, is death may be an important uncertainty in the effort to
significantly associated with excess mortality. This €Stimate the benefits of reducing pollution concentra-
association is most closely and consistently related tdions, as discussed in Appendix I. The willingness to
the ambient air concentrations of PM. pay to save a few days of life may be significantly

less than the willingness to pay to save a few, or many,

Several studies have found small but statisticallyyears of life. Evidence concerning the degree of pre-
significant relationships between ozone and mortal-maturity of pollution-related death would, in this case,
ity, while other studies have not found a significant P& crucial. Such evidence is, however, still scarce.
relationship. There is inconclusive evidence whetherThere is some limited evidence that the relative risk
ozone has an effect independent of the effect of othepf mortality from exposure to PM is higher for older
pollutants (e.g., PM or CO), has a synergistic effectindividuals than for younger individuals. This, com-
in combination with other effects, or is a confounder bined with the fact that the baseline incidence of mor-
in the relationship between mortality and other pol-tality consists disproportionately of people 65 and
lutants. For example, in a recent study HEI (1996)0Ver, suggests that PM-related mortality is dispropor-
found a significant and relatively stable ozone coeffi- tionately among older individuals. The extent to which
cient for most of the model specifications presentedPrematurity of death among older individuals is on
in the study. However, the measured ozone effect wate order of days or weeks versus years, however, is

largest and most significant in the winter and autumn,more uncertain. The short-term exposure studies can
when ozone levels are low. provide little information on this. It is possible that

premature deaths on high pollution days would have

This analysis estimates excess mortality (for alloccurred only days later, if the individuals were sick
criteria pollutants other than lead) using PM as an in-2nd therefore particularly susceptible. The fact that
dicator of the pollutant mix to which individuals the long-term exposure mortality studies found sub-
were exposed. Even if particulate matter exposurestantially larger relative risks, however, suggests that
cannot be shown to be an independent causal factdiot all of the premature mortality is on the order of
of excess morta"ty’ it iS, at a minimum’ a good indi- dayS or even weeks. Shortening of life of such a small
cator measure of the exposure to the pollutant mix-duration would not be detectable in a long-term epi-
ture that has been shown to be related to excess mofiemiology study, ensuring that the effects detected in
tality. Because PM is used as an indicator, the conSuch studies must represent longer periods of life short-
centration-response functions from single pollutant€ning. This suggests that at least some of the prema-
models (i.e., statistical models including PM as theture mortality associated with exposure to PM may
only pollutant) are preferred. To the extent that ozong’®duce lifespans by substantially longer amounts of
is correlated with PM, the effect of ozone, either as arfime.
independent association or acting in combination with
other pollutants, will be captured by this approach. Even if an individual's PM-related premature

mortality is of very short duration, on the order of
Estimating the Re|ationship Between PM and dayS, however, it may be miSIeading to characterize
Premature Mortality such a PM-related loss as only those few days if the

individual’s underlying susceptibility was itself ex-

Long-term exposure versus short-term exposureacerbated by chronic exposure to elevated levels of
studies and the degree of prematurity of mortality Pollution. Suppose, for example, that long-term ex-
Both long-term exposure (cohort) studies and shortPosure to elevated PM levels compromises the car-
term exposure (longitudinal or time-series) studiesdiopulmonary system, making the individual more
have estimated the relationship between exposure t§Usceptible to mortality on peak PM days than he oth-
PM and premature mortality. While there are advan-erwise would have been. If this is the case, then the
tages and disadvantages to each type of study (as dignhderlying susceptibility would itself be either caused
cussed above), the long-term studies may capture mory chronic exposure to elevated PM levels or exacer-
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bated by it. Characterizing the individual’s loss as atage over ecologic, or population-based, studies in that
few days could, in this case, be a substantial undereshey gather individual-specific information on such
timate. important risk factors as smoking. It is always pos-
sible, however, that a relevant, individual-specific risk
In addition, the long-term studies estimate sig- factor may not have been controlled for or that some
nificantly more PM-related mortality than the annual factor that is not individual-specific (e.g., climate) was
sum of the daily estimates from the short-term stud-not adequately controlled for. It is therefore possible
ies, suggesting that the short-term studies may behat differences in mortality rates that have been as
missing a component of PM-related mortality that is cribed to differences in average PM levels may be
being observed in the long-term studies. For exampledue, in part, to some other factor or factors (e.g., dif-
if chronic exposure to elevated PM levels causes preferences among communities in diet, exercise,
mature mortality that is not necessarily correlated withethnicity, climate, industrial effluents, etc.) that have
daily PM peak levels, this type of mortality would be not been adequately controlled for.
detected in the long-term studies but not necessarily
in the short-term studies. Two of the long-term expo-  Another source of uncertainty surrounding the
sure studies suggest, moreover, that the associatioprospective cohort studies concerns possible histori-
between ambient air pollution and mortality cannot cal trends in PM concentrations and the relevant pe-
be explained by the confounding influences of smok-riod of exposure, which is as yet unknown. TSP con-
ing and other personal risk factors. centrations were substantially higher in many loca-
tions for several years prior to the cohort studies and
Uncertainties surround analyses based on epidehad declined substantially by the time these studies
miological studies of PM and mortality. In addition were conducted. If this is also true for PMnd or
to the uncertainty about the degree of prematurity ofPM, , it is possible that the larger PMand or PN,
mortality, there are other uncertainties surroundingcoefficients reported by the long-term exposure stud-
estimates based on epidemiological studies of PM andes (as opposed to the short-term exposure studies)
mortality. Although epidemiological studies are gen- reflect an upward bias. If the relevant exposure pe-
erally preferred to human clinical studies, there isriod extends over a decade or more, then a coefficient
nevertheless uncertainty associated with estimates diased on PM concentrations at the beginning of the
the risk of premature mortality (and morbidity) based study or in those years immediately prior to the study
on studies in the epidemiological literature. Consid-could be biased upward if pollution levels had been
ering all the epidemiological studies of PM and mor- decreasing markedly for a decade or longer prior to
tality, both short-term and long-term, there is signifi- the study.
cant interstudy variability as well as intrastudy un-
certainty. Some of the difference among estimates On the other hand, if a downward trend in PM
reported by different studies may reflect only sam-concentrations continued throughout the period of the
pling error; some of the difference, however, may re-study, and if a much shorter exposure period is rel-
flect actual differences in the concentration-responseevant (e.g., contained within the study period itself),
relationship from one location to another. The trans-then characterizing PM levels throughout the study
ferability of a concentration-response function esti- by those levels just prior to the study would tend to
mated in one location to other locations is a notablebias the PM coefficient downward.
source of uncertainty.

The relevant exposure period is one of a cluster

Although there may be more uncertainty aboutof characteristics of the mortality-PM relationship that
the degree of prematurity of mortality captured by are as yet unknown and potentially important. It is
short-term exposure studies than by long-term expoalso unknown whether there is a time lag in the PM
sure studies, certain sources of uncertainty associategffect. Finally, it is unknown whether there may be
with long-term exposure studies require mention. Al- cumulative effects of chronic exposure — that is,
though studies that are well-executed attempt to conwhether the relative risk of mortality actually increases
trol for those factors that may confound the results ofas the period of exposure increases.
the study, there is always the possibility of insuffi-
cient or inappropriate adjustment for those factors that  Estimating the relationship between PM and pre-
affect long-term mortality rates and may be con- mature mortality.The incidence of PM-related mor-
founded with the factor of interest (e.g., PM concen-tality used for estimating the benefits of the CAA is
trations). Prospective cohort studies have an advan-
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based on the concentration-response relationship resures of cohort members being more similar than
ported by one of the two recent long-term exposurewould be indicated by assigning city-specific annual
(prospective cohort) studies (Pope et al., 1995, ancverage pollution levels to each member of the co-
Dockery et al., 1993). Because it is based on a muclhort. The more intercity migration there is, the more
larger population and many more locations thanexposure will tend toward an intercity mean. If this is
Dockery et al. (1993), the concentration-responsegnored, differences in exposure levels, proxied by
function from Pope et al. (1995) was used in this analy-differences in city-specific annual median PM levels,
sis. The results of Pope et al. are consistent with thoswill be exaggerated, resulting in a downward bias of
of Dockery et al., which reported an even larger re-the PM coefficient (because a given difference in mor-
sponse, but in only six cities. Moreover, Pope et al. igtality rates is being associated with a larger differ-
also supported by several ecological cross-sectionagnce in PM levels than is actually the case).
studies of annual mortality based on 1960 and 1970
census data (using either TSP or sulfate as indicators In summary, because long-term exposure studies
of PM), including the work of Lave and Seskin (1977) appear to have captured more of the PM-related pre-
and Lipfert (1984). mature mortality, as well as premature mortality that
is more premature, they are preferable to the short-
Numerous short-term exposure (time series) studterm exposure studies. Among the long-term expo-
ies have also reported a positive and statistically sigsure studies, the Pope et al. study has several advan-
nificant relationship between PM and mortality. Of tages, as discussed above, which are likely to reduce
the fourteen studies that estimated the relationshiggthe possibility of a key source of confounding and
between daily Pl concentrations and daily mortal- increase the reliability of the concentration-response
ity listed in Table 12-2 of the PM Criteria Document, function from that study. For these reasons, the con-
twelve reported positive and statistically significant centration-response function estimated in this study
findings (Pope et al., 1992; Pope and Kalkstein, 1996js considered the most reasonable choice for this analy-
Dockery et al., 1992; Schwartz, 1993a; Ozkaynak efsis.
al., 1994; Kinney et al., 1995: Ito et al., 1995; Ostro et
al., 1996; Saldiva et al., 1995; Styer et al., 1995; Ito  Matching PM Indices in the Air Quality Profiles
and Thurston, 1996; Schwartz et al., 1996). Whileand Concentration-Response Functidine Pope et
these studies lend substantial support to the hypothal. study examined the health effects associated with
esis that there is a relationship between Padhd  two indices of PM exposure: sulfate particles and fine
mortality, they may be capturing only the portion of particles (PN,). The reported mortality risk ratios are
that relationship involving short-term effects. For this slightly larger for PN, than for sulfates (1.17 versus
reason, they are considered in this analysis only a4.15 for a comparison between the most polluted and
supporting evidence to the results of the study by Popéeast polluted cities). The PMrelationship is used in
et al. this analysis because it is more consistent with the
PM,, air quality data selected for the analysis. Esti-
The Pope et al. study has several further advanmated changes in PMair quality must be matched
tages. The population followed in this study was with the PM ; mortality relationship. However, only
largely white and middle class, decreasing the likeli-PM, profiles were used for the entire 20 year period.
hood that interlocational differences in premature mor-Therefore, the same regional information about the
tality were due in part to differences in socioeconomicPM, ,components (sulfate, nitrate, organic particulate
status or related factors. In addition, the generallyand primary particulate) used to develop the Rivb-
lower mortality rates and possibly lower exposures tofiles were used to develop regional PWM,  ratios.
pollution among this group, in comparison to poorer Although both urban and rural ratios are available,
minority populations, would tend to bias the PM co- for computational simplicity, only the regional urban
efficient from this study downward, counteracting a ratios were used to estimate the RMrofiles from
possible upward bias associated with historical airthe PM, profiles used in the analysis. This reflects
guality trends discussed above. the exposure of the majority of the modeled popula-
tion (i.e., the urban population), while introducing
Another source of downward bias in the PM co- some error in the exposure changes for the rural popu-
efficient in Pope et al. is that intercity movement of lation. In the east and west, where the rural ratio is
cohort members was not considered in this studylarger than the urban ratio, the change in, Péd&po-
Migration across study cities would result in expo- sure will be underestimated for the rural population.
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In the central region the PJyichange will be overes- An ex anteestimate of life-years lost per indi-
timated. These ratios were used in each year duringidual is contingent not on the individual having died
1970-1990, introducing another source of uncertaintyprematurely but only on the individual having been
in the analysis. Table D-5 summarizes the, PRM, | exposed. Suppose, for example, that a 25 year old has
ratios used in this analysis. a life expectancy of 50 more years in the absence of
exposure and only 49 more years in the presence of
exposure. Given (chronic) exposure from the age of
25 on, the 25 year old exposed to (some elevated level
Table D-5. PMs/PMy Ratios Used to Estimate of) PM might expect a shortening of life expectancy
PM:s Data Used With Pope et al. (1995) of one year, for example. That is one expected life-
Mortality Relationship. year lost due to chronic exposure. This is the life-years
lost that can be expected by evexposedndividual.

East Central West National
Urban 0.59 0.58 0.48 0.55 Anex posestimate of life-years lost per individual
Rural 0.68 0.53 0.49 057 is contingent on the individual actually having died
from exposure to PM. When an individual dies of
exposure to PM, he is said to have lost the number of
years he would have been expected to live, calculated,
Prematurity of Mortality: Life-Years Lost as a Unit for example, from age- and gender-specific life ex-
of Measure pectancy tables. Suppose that the life expectancy of
25 year olds is 75 — that is, a 25 year old can expect
Perhaps the most important health effect that isto live 50 more years. A 25 year old who dies from
examined in this analysis is mortality. Although this exposure to PM has therefore lost 50 expected years
analysis does not take into account the degree of presf life. This is the life-years lost that can be expected
maturity of death (that is, the ages of those individu-by every 25 year oldffectedindividual (i.e., every
als who die prematurely from exposure to PM are no25 year old who actually dies from exposure to PM).
considered), considerable attention has been paid to
this issue and, in particular, to life-years lost as an  Estimates of the total life-years lost by a popula-
alternative to lives lost as a measure of the mortalitytion exposed to PM depend on several factors, includ-
related effects of pollution. ing the age distribution and the size of the exposed
population, the magnitude of the change (or changes)
Because life-years lost is of potential interest andin PM being considered, the relative risk assumed to
because there is a substantial potential for confusiome associated with each change in PM, and the length
in understanding apparently disparate estimates of lifeof time exposure (i.e., the change in PM) is presumed
years lost from pollution exposure, this section at-to occur. A population chronically exposed to a given
tempts to present a clear discussion of the variousncrease in PM will lose more life-years than a popu-
possible measures of life-years lost, what they dependation exposed to the same increase in PM for only a
on, and how they are related to each other. year or twd. A population that is generally older will
lose fewer life-years, all else equal, than one that is
Because the actual number of years any particugenerally younger, because older individuals have
lar individual is going to live cannot be known, “life- fewer (expected) years of life left to lose. And a popu-
years lost” by an individual actually refers to ex: lation exposed to a greater increase in PM will lose
pectedloss of years of life by that individual. The more life-years than if it were exposed to a smaller
expected loss of years of life by an individual dependsincrease in PM. Finally, the life-years lost by the popu-
crucially on whether the expectation is contingent onlation will increase as the relative risk associated with
the individual only having been exposed to PM or onthe increase in PM increases.
the individual actually having died from that expo-
sure. Life-years lost are usually reported as averages
over a population of individuals. The population be-
ing averaged over, however, can make a crucial dif-

5 Even in the absence of cumulative effects of exposure, exposure of a population for many years will result in a greater total
number of pollution-related deaths than exposure for only a year or two, because the same relative risk is applied repeatedly, year
after year, to the population, rather than for only a year or two.
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ference in the reported average life-years lost, as notedorld, the life expectancy of the cohort of 25-30 year
above. The average life-years Ipgrr exposed indi- old Dutch males was calculated to be 51.32 years in
vidual(theex anteestimate) is just the total life-years the hypothetical cleaner scenario. (In calculating life
lost by the population of exposed individuals divided expectancies in both the “dirty” scenario and the
by the number of exposed individuals. This average‘clean” scenario, itis assumed that any individual who
will depend on all the factors that the total life-years does not survive to the next 5-year age group lives
lost depends on except the size of the exposed popuero more years. For example, a 30 year old individual
lation. The average life-years lost by an exposed indi-either survives to age 35 or dies at age 30.) The change
vidual is a statistical expectation. It is the average ofin life expectancy for this cohort of 25-30 year old
the numbers of life-years actually lost by each mem-Dutch males, due to a change in PM exposure of 10
ber of the exposed population. Alternatively, it can bepg/ne for the rest of their lives (until the age of 90),
thought of as a weighted average of possible numberaas therefore 51.32 years - 50.21 years = 1.11 years.
of years lost, where the weights are the proportions offhat is, the average life-years lost by an exposed in-
the population that lose each number of expected yeardividual in this population, under these assumptions,
of life. Although those individuals who do die prema- is 1.11 years.
turely from exposure to PM may lose several expected
years of life, most exposed individuals do not actu-  The estimate of 1.11 years of expected life lost
ally die from exposure to PM and therefore lose zerodepends on several things, as mentioned above. If the
life-years. The average life-years lost per exposed instudy authors had used the relative risk from Pope et
dividual in a population, alternatively referred to as al., 1995, alone, (1.07 instead of 1.1), for example,
the average decrease in life expectancy of the exposdtie change in life expectancy (te antemeasure of
population, is therefore heavily weighted towards zero life-years lost) for this cohort of 25-30 year old Dutch
The average number of life-years lp&r individual ~ males would have been 0.80 years. Similarly, chang-
who dies of exposure to P{the ex postmeasure of ing the assumption about the duration of exposure also
life-years lost) is an average of the numbers of ex-changes the estimate @f antdife-years lost. Using
pected years of life lost by individuals who actually a relative risk of 1.1, but assuming that exposure lasts
died prematurely because of PM. Because everyonenly during the first 5 years (i.e., that the death rate in
who dies prematurely from exposure to PM loses soméhe first five years, from age 25 through age 30, is
positive number of expected years of life, this aver-lower but that after that it is the same as in the “dirty”
age, by definition, does not include zero. scenario), the average life-years lost by an exposed
individual in this population is reduced from 1.11 years
An example of arex antemeasure of life-years to 0.02 years.
lost is given by a study in the Netherlands (WHO,
1996), which considered a cohort of Dutch males, aged By their construction and definitions, the average
25-30, and compared the life expectancy of this codife-years lost per exposed individual and the average
hort to what it would be in a hypothetical alternative life-years lost per affected individual (i.e., per indi-
scenario in which these individuals are continuouslyvidual who dies prematurely from PM) take the same
exposed to concentrations of PMhat are 10 pg/fn  total number of life-years lost by the exposed popula-
lower than in the actual scenario. The life expectancytion and divide them by different denominators. The
of this cohort of 25-30 year old Dutch males was cal-average life-years lost per exposed individual divides
culated to be 50.21 years in the actual scenario, basetie total life-years lost by the total population exposed;
on a 1992 life table from the Netherlands. Assumingthe average life-years lost per affected individual di-
that the relative risk of mortality associated with anvides the same total life-years lost by only a small
increase of 10 ug/MPM, is 1.1 (the average of the subset of the total population exposed, namely, those
relative risks of 1.14 from Dockery et al., 1993, and who died from PM. The average per exposed indi-
1.07 from Pope et al., 1995), the study authors calcuvidual is therefore much smaller than the average per
lated death rates in the hypothetical “cleaner” scenariaffected individual. Because both types of average may
by dividing the age-specific death rates in the actuabe reported, and both are valid measurements, it is
scenario by 1.1. Using these slightly lower death ratesimportant to understand that, although the numbers
and assuming that the effect of PM does not beginwill be very dissimilar, they are consistent with each
until 15 years of exposure, the authors constructed ather and are simply different measures of the esti-
life table for the cohort in the hypothetical “cleaner” mated mortality impact of PM.
scenario. Based on this new life table in a cleaner
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To calculate the total (estimated) life-years losttions on these measures, death rates from the 1992
by a population, it is necessary to follow each ageU.S. Statistical Abstract were used to follow a cohort
cohort in the population through their lives in both of 100,000 U.S. males from birth to age 90 in a “dirty”
scenarios, the “dirty” scenario and the “clean” sce-scenario and a “clean” scenario, under various assump-
nario, and compute the difference in total years livedtions. Death rates were available for age less than 1,
between the two scenarios, as WHO (1996) did forages 1-4, and for ten-year age groups thereafter. The
the cohort of Dutch males 25-30 years old. Thisten-year age groups were divided into five-year age
method will be referred to as Method 1. In practice, groups, applying the death rate for the ten-year group
however, it is not always possible to do this. (Otherto each of the corresponding five-year age grdgps.
changes to the population, such as those from recruitanteand ex postmeasures of life-years lost among
ment and immigration, for example, would make suchthose individuals who survive to the 25-29 year old
an exercise difficult.) An alternative method, which category were first calculated under the assumptions
approximates this, is to predict the numbers of indi-in the WHO (1996) study. These assumptions were
viduals in each age category who will die prematurelythat the relative risk of mortality in the “dirty” sce-
from exposure to PM (i.e., who will die prematurely nario versus the “clean” scenario is 1.1; that exposure
in the “dirty” scenario), and multiply each of these does not begin until age 25; that the effect of expo-
numbers by the corresponding expected number ofure takes fifteen years; that individuals at the begin-
years remaining to individuals in that age category,ning of each age grouping either survive to the next
determined from life expectancy tables. This methodage grouping or live zero more years; and that all in-
will be referred to as Method 2. Suppose, for exampledividuals age 85 live exactly five more years. Under
that individuals age 25 are expected to live to age 75these assumptions, the expected life-years lost per
or alternatively, have an expected 50 years of life re-exposed individual in the 25-29 year old cohort is 1.32
maining. Suppose that ten 25 year olds are estimategears. There are 96,947 exposed individuals in this
to die prematurely because of exposure to PM. Theilage cohort. The expected life-years lost per affected
expected loss of life-years is therefore 50 years eachindividual (i.e., per PM-related death) is 16.44 years
or a total of 500 life-years. If the same calculation is(Method 1). There are 7,804 affected individuals. The
carried out for the individuals dying prematurely in total life-years lost by individuals in this cohort is
each age category, the sum is an estimate of the totdl28,329.3 (1.32*96,947 = 16.44* 7,804 = 128,329.3).
life-years lost by the population.

If the relative risk is changed to 1.07, the expected

Using Method 1 (and retaining the assumptionslife-years lost per exposed individual in the cohort of
made by WHO, 1996), the average life-years lost pe25-29 year old U.S. males is reduced from 1.32 to
PM-related death among the cohort of Dutch males i€.95 years. The expected life-years lost per affected
calculated to be 14.28 years. Using Method 2 it is esindividual (i.e., per PM-related death) is 16.44 years
timated to be 14.43 years. (Method 1). Using a relative risk of 1.1 but assuming

no lag (i.e., assuming that exposure starts either at

Although thisex postneasure of life-years lostis birth or at age 25 and has an immediate effect), the
much larger than thex antemeasure (1.11 life-years expected life-years lost per exposed individual in the
lost per exposed individual), it only applies to those 25-29 year old cohort changes from 1.32t0 1.12. The
individuals who actually die from exposure to PM. expected life-years lost per affected individual (i.e.,
The number of individuals in the age 25-30 Dutch per PM-related death) becomes 19.7 years (Method
cohort example who eventually die from exposure tol).

PM (7,646) is much smaller than the number of indi-
viduals in the age 25-30 Dutch cohort who are ex-
posed to PM (98,177). The total life-years lost can be
calculated either as the number of exposed individu-
als times the expected life-years lost per exposed in-
dividual (98,177*1.11 = 109,192.1) or as the number
of affected individuals times the expected life-years
lost per affected individual (7,646*14.28 = 109,192.1).

To further illustrate the different measures of life-
years lost and the effects of various input assump-
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Estimating Morbidity Effects response coefficient, each corresponding to a particu-
lar year or particular study area. For example, Ostro

In addition to mortality effects, this analysis quan- @nd Rothschild (1989) report six separate regression
tifies effects for a number of non-fatal health end- coefficients that correspond to regression models run

points. Several issues arise in implementing the studfor six separate years. This analysis combined the in-
ies selected for this analysis. dividual estimates using a fixed coefficient meta-

analysis on the six years of data.

Overlapping Health Effects

Conversion of coefficients dependent on symptom

Several endpoints reported in the health effectsstatus during the previous dagrupnick et al. (1990)

literature overlap with each other. For example, the€mployed a Markov process to determine the prob-
literature reports relationships for hospital admissionsability of symptoms that were dependent on symp-
for single respiratory ailments (e.g. pneumonia ortom status of the previous day. The current analysis
chronic obstructive pulmonary disease) as well as fodjusts the regression coefficients produced by the
all respiratory ailments combined. Similarly, several model in order to eliminate this dependence on previ-
studies quantify the occurrence of respiratory symp-Ous day’s symptom status.
toms where the definitions of symptoms are not unique ) )
(e.g., shortness of breath, upper respiratory symptomg;oncentration-Response Functions:
and any of 19 symptoms). Measures of restricted acHealth Effects
tivity provide a final example of overlapping health
endpoints. Estimates are available for pollution-in- After selecting studies appropriate for the section
duced restricted activity days, mild restricted activity 812 analysis, taking into account the considerations
days, activity restriction resulting in work loss. This discussed above, the published information was used
analysis models incidence for all endpoints. Double-to derive a concentration-response function for esti-
counting of benefits is avoided in aggregating eco-mating nationwide benefits for each health effect con-
nomic benefits across overlapping endpoints (seesidered. In general, these functions combine air qual-

Appendix I). ity changes, the affected population and information
regarding the expected per person change in incidence
Studies Requiring Adjustments per unit change in pollutant level. The following tables

present the functions used in this analysis, incorpo-
Applying concentration-response relationships rating information needed to apply these functions and
reported in the epidemiological literature to the na-references for information.
tional scale benefits analysis required by section 812
required a variety of adjustments. Particulate Matter

Normalization of coefficients by populatioho The concentration-response functions used to
be applied nationwide, concentration-response coefquantify expected changes in health effects associ-
ficients must reflect the change in risk per person perted with reduced exposure to particulate matter are
unit change in air quality. However, some studies re-summarized in Table D-6. The data profiles selected
port the concentration-response coefficient, , as thdor use in this analysis are PMiIn those cases in
change in risk for the entire studied population. Forwhich PM, was not the measure used in a study, this
example, Thurston et al. (1994) reported the total numanalysis either converted P)Mir quality data to the
ber of respiratory-related hospital admissions/day inappropriate air quality data (e.g., PMr TSP) or,
the Toronto, Canada area. To normalize the coeffiequivalently, converted the pollutant coefficient from
cient so that it might be applied universally across thethe study to the corresponding PNbefficient, based
country, it was divided by the population in the geo- on location-specific information whenever possible.
graphical area of study (yielding an estimate of the
change in admissions/person/day due to a change in
pollutant levels).

Within-study meta-analysig some cases, stud-
ies reported several estimates of the concentration-
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The health effects literature includes studies of
the relationships between ozone and a variety of
non-fatal health effects. Many of these relationships
are provided by the same studies that reported the
particulate matter relationships shown above. For
some health endpoints, most notably hospital ad-
missions, multiple studies report alternative esti-
mates of the concentration-response relationship.
The variability between these reported estimates is
incorporated into the Monte Carlo approach used to
combine estimates of avoided health effects with
economic valuations (discussed in Appendix ).
Table D-7 documents the concentration-response

functions used in this analysis.

Ozone
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Nitrogen Oxides

Nitrogen dioxide (NQ) is the primary focus of health studies on the nitrogen oxides and serves as the basis
for this analysis. The primary pathophysiology of Nhumans involves the respiratory system and the con-
centration-response function identified for Nf@scribes the relationships between measures pahifrespi-
ratory illness.

A number of epidemiological studies of lN@re available; however, most have either confounded expo-
sures (with other pollutants) or insufficient exposure quantification (e.g., exposure assessment indicates only
absence or presence of a gas stove). Most studies consiggeNéated by gas stoves or other combustion
sources in homes and are therefore not directly usable in concentration-response functions. However, studies by
Melia et al, 1980 and Hasselblad et al, 1992 provide a reasonable basis for development of a concentration
response function. Table D-8 presents the function obtained from their work. The function relgi@ses(-
ratory illness in children.
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Carbon Monoxide

Three concentration-response relationships are available for estimating the health effects of carbon monox-
ide. The first relates ambient CO levels to hospital admissions for congestive heart failure (Morris et al., 1995).
The second equation (Allred et al., 1989a,b, 1991) relates the CO level in the bloodstream to the relative change
in time of onset of angina pain upon exertion. The third relates the CO level in the bloodstream to the relative
change in time of onset of silent ischemia. Due to the lack of quantitative information relating silent ischemia to
a meaningful physical health effect, this analysis uses only the first two dose-response functions shown in Table
D-9.
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Sulfur Dioxide

This analysis estimated one concentration-response function fars81@ clinical data from two sources
on the responses of exercising asthmatics tg & measured by the occurrence of respiratory symptoms in
mild and moderate asthmatics (see Table D-10).
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The Benefits and Costs of the Clean Air Act, 1970 to 1990

Estimating Welfare Effects of mate such benefits using reported relationships be-
Exposure tween ozone exposure and yields of a variety of com-

modity crops.

In addition to avoided incidences of adverse hu- |t should be noted that the method used to allo-
man health effects, the air quality improvements esti-cate monitor-level ozone concentrations to estimate
mated to result from the CAA yield additional ben- crop exposure differed from that used to estimate
efits, namely welfare benefits. Table D-10 indicates apzone health effects. Instead of assigning concentra-
variety of benefits expected to have accrued throughions from the nearest monitor, the agricultural ben-
the avoidance of air pollution damage to resourcesefits analysis estimated ozone concentrations for each
As indicated, data supporting quantified estimates ofcounty nationwide. This was necessary because of two
welfare benefits are more limited than those quanti-factors specific to the agricultural analysis. First, crop
fying the relationship between air pollution exposure production is reported at the county level, so changes
and human health. While evidence exists that a variin crop yields associated with changes in ozone levels
ety of welfare benefits result from air quality improve- must be estimated for each county. Second, much of
ments, currently available data supports quantifyingthe nation’s agricultural production of “commodity
only a limited number of potential effects at this time. crops” (corn, wheat, soybeans, etc.) occurs at signifi-
The Table lists the effects quantified in the sectioncant distances from the location of the population-
812 analysis; each is discussed below. oriented ozone monitors. Thus, an algorithm was used

Table D-11. Selected Welfare Effects of Criteria Pollutants.

Pollutant Quantified Welfare Effects Unguantified Welfare Effects
Ozone Agriculture - Changes in crop yields| Changes in other crop yields
(for 7 crops) Materials damage
Decreased worker productivity Ecological - effects on forests

Ecological - effects on wildlife

Particulate Matter/ Materials Damage - Household Other materials damage
TSP/ Sulfates soiling Ecological - effects on wildlife
Visibility

Nitrogen Oxides Visibility Crop losses due to acid deposition|
Materials damage due to acid
deposition
Effects on fisheries due to acid
deposition

Effects on forest

Sulfur Dioxide Visibility Crop losses due to acid deposition
Materials damage due to acid
deposition

Effects on fisheries due to acid
deposition

Effects on forest

to assign ozone concentrations for the agricultural
analysis for the control and no-control scenarios to
) ) ) ] county centroids based on a planar interpolation of
This analysis was able to quantify the benefits to.qncentrations at the nearest three monitors. Appen-

economic welfare attributable to the increased CroPgix F documents the details of the triangulation of
yields expected from CAA-related air quality improve- ,one air quality data.

ments. Appendix F describes the method used to esti-

Agricultural Effects
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Materials Damage of the average DeciView change per person in the
modeled population.

Welfare benefits also accrue from avoided air
pollution damage, both aesthetic and structural, to arWorker Productivity
chitectural materials and to culturally important ar-
ticles. At this time, data limitations preclude the abil- Available data permits quantification of a final
ity to quantify benefits for all materials whose dete- human welfare endpoint, worker productivity. Crocker
rioration may have been promoted and accelerated bgnd Horst (1981) and U.S. EPA (1994c) present evi-
air pollution exposure. However, this analysis doesdence regarding the inverse relationship between
address one small effect in this category, the soilingpzone exposure and productivity in exposed citrus
of households by particulate matter. Table D-11 docu-workers. This analysis applies the worker productiv-
ments the function used to associate nationwide PMity relationship (reported as income elasticity with
10 levels with household willingness to pay to avoid respect to ozone) to outdoor workers in the U.S. (ap-
the cleaning costs incurred for each additional fig/m proximately one percent of the population). Table D-

of PM-10. 12 details the form of the concentration response func-
tion.

Visibility
Ecological Effects

In addition to the health and welfare benefits esti-
mated directly from reduced ambient concentrations It is likely that the air pollution reductions
of individual criteria air pollutants, this analysis also achieved under the CAA resulted in improvements in
estimates the general visibility improvements attrib-the health of aquatic and terrestrial ecosystems. To
uted to improved air quality. Visibility effects are the extent that these ecosystems provide a variety of
measured in terms of changes in DeciView, a measervices (e.g., fishing, timber production, and recre-
sure useful for comparing the effects of air quality onational opportunities), human welfare benefits also
visibility across a range of geographic locations for aaccrued. However, due to a lack of quantified con-
range of time periods. It is directly related to two othercentration-response relationships (or a lack of infor-
common visibility measures, visual range (measuredmnation concerning affected population), ecological
in km) and light extinction (measured in Rmhow- effects were not quantified in this analysis. Appendix
ever, it characterizes visibility in terms of perceptible E provides discussion of many of the important eco-
changes in haziness independent of baseline condiegical benefits which may have accrued due to his-
tions. torical implementation of the CAA.

Visibility conditions under the control and no-
control scenarios were modeled separately for the east-
ern and western U.S. In the east, the Regional Acid
Deposition Model (RADM) generated extinction co-
efficient estimates for each of 1,330 grid cells in the
RADM domain (essentially the eastern half of the
country). The extinction coefficients were translated
to DeciView using the relationship reported in
Pitchford and Malm (1994). In the Western U.S., a
conventional extinction budget approach provided
DeciView estimates for 30 metropolitan areas (SAl,
1994). A linear rollback model provided the corre-
sponding no-control estimates. Visibility estimates for
both portions of the country were generated for the
target years 1975, 1980, 1985, and 1990.

Table D-12 summarizes the methodology used to
predict visibility benefits attributable to the CAA.
Physical benefits for a given year are reported in terms
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Modeling Results looking” and “forward looking” analyses), giving a
range of results for most Pb endpoints (see Appendix

. , . for discussion of Pb health effects).
This section summarizes results of the health andG )

welfare effects modeling. As indicated prewously,_the The table presents the resuits of modeling “all U.S.

rE)opulation" (although, with the exception of Pb, not

effort to capture uncertainty in the benefits analy3|s.aII of the 48 state population is modeled, with up to

With respect to estimating avoided incidence of ad,'five percent being excluded in a given year). The re-

verse health anq welfare effe_cts,' two Sources of Vallsuits depict thepattern of health effects incidence
ability are considered. The first is the statistical un-

o ated with h trati across years. The accuracy of fealeof incidence
celr ?lntyt?ssouaei (;N.' tﬁacl_tcorlcen rla |03;jr_f_spotns% less certain (due to the extrapolation of air quality
relationship reported in the fiterature. In addition fo data). These results are almost certainly more accu-
an estimate of a concentration-response function co

o : : rate than the corresponding “50 km” results, but rely
efficient, studies typically report a standard error of

h ted estimate. Th q ¢ on the assumption that (for a portion of the popula-

€ reported estimate. 1he second source o uncerﬁon) distant air quality monitors provide a reason-
tainty lies in the choice of studies, where multiple Stuo"able estimate of local air quality conditions. Thus, the
ies offer estimates for the same endpoint. Different '

blished it ted in th entific literat results presented here are somewhat speculative. It is
tpu_ |s”ed resut S repto_;e t'm |f‘e j_uen. e fitera .urelikely that the estimated health effects are overstated
ypically do not report identical findings, N SOME IN- ¢, 4, 4¢ population group (20 to 30 percent of total

stances the differences are substantial. This betweerb’opulation in the case of PM) for which distant moni-

study_variability Is c_aptured by _considering the raNg€iors are used. (Note, however, that the scaling of
of estimates for a given endpoint. unmonitored county PM concentrations based on re-
gional-scale grid model projections significantly miti-

Table D-13 summarizes health and welfare effects, , o yhis potential overestimation in the case of PM;

for each study mcluded' in the analysis. The valuesSee Appendix C for details). Conversely, there is an
presented are mean estimates of the number of cas

of each endpointvoideddue to implementation of ﬁ'ﬁplled zero health impact for that portion of the popu-

he CAA. A distribution i iated with h lation (three to four percent in the case of PM) ex-
the - A distribution Is associated with €ach mean . jaq from the analysis altogether, an understatement

estimate, capturing the uncertainty inherent in the €Syt health impacts for that group.

timate of the concentration-response coefficient. The

distribution of estimated effects corresponding to a The results indicate the growth of benefits over
given study was generated by randomly sampling fromy, ¢, 1,4y period, consistent with increasing improve-

the distribution of coefficients (given by the estimated ments in air quality between the control and no-con-
coefficient and its standard error reported in the study)[rol scenarios from 1970 to 1990

and evaluating the concentration-response function,
yielding an estimate of avoided incidence for the given The mortality effects documented above can be

effect. This procedure was repeated many times. Whileyj, o reqated by age. Table D-14 indicates the esti-
only the central estimates of the resulting dlstrlbu-malted proportions of premature mortalities for vari-

tions are presented here, the distributions were retaineg age groups (Pb-induced mortality estimates for
for use in monetizing and aggregating economic ben'children, men, and women are grouped). Also pre-

efits (see Appendix ). sented is the average life expectancy for each group,
indicating the degree of prematurity of PM and Pb-

As shown, for some health endpoints more thanlhelated mortality.

one concentration-response function was used, eac

representing a different study. The alternative con-  t.p1a p.15 presents estimated incidence reduc-

centration-response functions provide dlfferl_ng Me3ions for several health effects which could be quanti-
sures of the effect. These can be used to derive a rangR.4 but not monetized for this analysis

of possible results. In the case of lead (Pb), alterna-
tive functions were not used; rather, two analytical
procedures were implemented (labeled the “backward-

”With the exception of visibility, welfare endpoints estimated economic benefits directly and are therefore included in the
monetary benefits results presented in Appendix I.
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Table D-13. Criteria Pollutants Health Effects -- Extrapolated to 48 State U.S. Population (Cases per year -
mean estimates).

Endpoint Study Pollutant(s) 1975 1980 1985 1990

MORTALITY

Mortality (long-term exposure) Pope et al., 1995 PM,, 58,764 145,884 169,642 183,539

Mortality (Pb exposure) -Male Average of Backward & Forward Pb 822 5,281 10,340 12,819

Mortality (Pb exposure) -Female Average of Backward & Forward Pb 231 1,474 2,866 3,537

Mortality (Pb exposure) -Infant Average of Backward & Forward Pb 456 2,342 3,933 4,944

CHRONIC BRONCHITIS

Chronic Bronchitis Schwartz, 1993b PM,, 198,973 554,632 720,166 741,775
Abbey et al., 1993 PM,, 173,571 454,309 564,753 602,990

OTHER Pb-INDUCED AILMENTS

Lost IQ Points Average of Backward & Forward Pb 1,028,492 5,031,157 8,559,426 10,378,268

IQ<70 Average of Backward & Forward Pb 3,780 20,074 36,520 45,393

Hypertension-Men Average of Backward & Forward Pb 830,299 5,276,999 10,087,115 12,646,876

Cor. Heart Disease Average of Backward & Forward Pb 1,313 8,444 16,671 21,069

Atherothrombotic brain infarction - Men Average of Backward & Forward Pb 181 1,128 2,165 2,690

Atherothrombotic brain infarction - Women Average of Backward & Forward Pb 84 529 1,020 1,255

Initial cerebrovascular accident - Men Average of Backward & Forward Pb 260 1,635 3,154 3,926

Initial cerebrovascular accident - Women  Average of Backward & Forward Pb 120 758 1,466 1,804

HOSPITAL ADMISSIONS

All Respiratory Schwartz, 1995, Tacoma PM,, & 03 32,004 77,827 95,435 106,777
Schwartz, 1996, Spokane PM,, & O3 29,393 69,449 93,137 119,290
Pope, 1991, Salt Lake Valley PM,, 30,982 73,093 86,407 95,486
Schwartz, 1995, New Haven PM,, & 03 23,137 55,096 66,385 73,842
Thurston et al., 1994, Toronto PM, & O3 13,746 32,383 39,691 46,013

COPD + Pneumonia Schwartz, 1994c PM,, & O3 21,898 53,928 64,217 70,528
Schwartz, 1996, Spokane PM,, & O3 19,769 47,294 63,116 80,113
Schwartz, 1994a PM,, & O3 16,942 40,882 49,290 55,227
Schwartz, 1994b PM,, & O3 13,006 30,679 37,434 43,410

Ischemic Heart Disease Schwartz and Morris, 1995 PM,, 6,348 14,709 17,289 19,098

Congestive Heart Failure Schwartz and Morris, 1995 PM,, 5,733 13,365 15,742 17,362
Morris et al., 1995 CcO 3,022 8,543 17,028 21,835

OTHER RESPIRATORY-RELATED AILMENTS

- Adults

Any of 19 Acute Symptoms Krupnick et al., 1990 PM,, & O3 41,631,456 98,876,110 117,275,400 129,529,717

- Children

Shortness of breath, days Ostro et al., 1995 PM,, 20,752,402 50,758,872 58,575,484 68,375,216

Acute Bronchitis Dockery et al., 1989 PM,, 1,936,260 6,255,801 7,644,924 8,541,833

Lower Respiratory Symptoms Schwartz et al., 1994d PM,, 2,994,048 6,100,276 6,977,680 7,804,860

Upper Respiratory Symptoms Pope etal., 1991 PM,, 500,395 1,292,922 1,557,177 1,683,854

- All Ages

Asthma Attacks Ostro et al., 1991 PM,, 264,430 548,306 686,953 841,916
Whittemore and Korn, 1980; 03 193 482 816 1,080
EPA ,1983

Increase in Respiratory lliness Hasselblad, 1992 NO2 729,306 2,686,813 6,113,639 9,776,267

Any Symptom Linn et al. (1987, 1988, 1990) S0O2 104,896 319,192 282,846 265,650

RESTRICTED ACTIVITY AND WORK LOSS DAYS

RAD Ostro, 1987 PM,, 19,170,337 47,445,314 56,939,271 62,187,720

MRAD Ostro and Rothschild, 1989 PM,, & O3 60,871,610 155,799,151 190,333,140 209,924,785

RRAD Ostro and Rothschild, 1989 PM,, & O3 47,669,732 237,799,482 176,850,171 174,329,691

Work Loss Days Ostro, 1987 PM,, 6,966,775 17,213,581 20,648,906 22,562,752

HUMAN WELFARE

Household Soiling Damage ESEERCO, 1994 PM,, direct economic valuation

Visibility - East (DeciView chg. per person) Pitchford and Malm, 1994 DeciView 0.4 14 1.9 20

Visibility - West (DeciView chg. per person) Pitchford and Malm, 1994 DeciView 24 4.9 5.0 6.0

Decreased Worker Productivity Crocker & Horst, 1981 and EPA, 1994c03 direct economic valuation

Agriculture (Net Surplus) Minimum Estimate 03 direct economic valuation
Maximum Estimate 03 direct economic valuation
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Table D-14. Mortality Distribution by Age: Proportion of PM- and
Pb-related Premature Mortalities and Associated Life Expectancies.

Proportion of Premature Mortalities by Age

Ple Life Expectancy|
Forward (Backward)® (years)

33% (20%) 75

Age Group PMp

40-44 11% (13%)

45-54 6% 21% (25%) 29

55-64 13% 22% (27%) 21

65-74 24% 12% (15%) 14

75-84 29% 9
85+ 22% 6

100% 100%
Notes:

a Distribution of premature mortalities across ages is fairly consistent across years.

b PM-related mortality incidence estimated only for individuals 30 years and older,
consistent with the population studied by Pope et al., 1995.

¢ Pb-related mortality incidence was estimated for infants, women aged 45-74, and men in
three age groups (40-54, 55-64, 65-74), each with a distinct concentration-response
relationship.

4 Forward (backward) analysis holds other lead sources at constant 1970 (1990) levels -
see Appendix G. Values may not sum to 100% due to rounding.
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Table D-15. Quantified Benefits Which Could Not Be Monetized -- Extrapolated to the

Entire 48 State Population.

Pain 1991

Emdipaimt Study Pollutant 1975 1980 1985 1990 Units
Pulmonary Function
Decrements
Decreased FEV by 15 %vol et al. 1984 & Seal O3 53 121 196  312|million person-days wit
or more et al. 1993 decreased FEV (per yeg
Decreased FEV by 20 %Avol et al. 1984 & Seal 03 39 87 141 224)|million person-days with
or more et al. 1993 decreased FEV (per ye
Chronic Sinusitis and HayPortney and Mullahy, 03 6 8 8 9 [Imillion cases/year
Fever 1990
Timeto Onset of Angina Allred, et al., 1989a,b, CcoO 0.1% 0.4% 0.7% 0.8% |[fractional increase in

time to onset of angina

lattack

=

)

=

)
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