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Preface

The U.S. Environmental Protection Agency (EPA) estimates that thou-
sands of premature deaths and numerous cases of ilIness, such as chronic
bronchitisand asthmaattacks, could be prevented by reducing exposureto
air pollution. These estimates are derived from health benefits analyses,
which attempt to quantify changesin the expected cases of mortality and
illnessthat arelikely to result from proposed regul ations. Theseestimates
are often controversial and the methods used to produce them are often
guestioned. Because of the importance of these estimates in decision-
making, the U.S. Senate directed EPA to request that the National Re-
search Council (NRC) eval uate methods used to derivethe heal th benefits
estimates and make recommendations on best practices for these types of
analyses.

In thisreport, the NRC’'s Committee on Estimating the Health-Risk-
Reduction Benefitsof Proposed Air Pollution Regul ationsreviews recent
EPA analyses and provides recommendations for improvement of the
methodsused. Specifically, thecommittee addressedissuesconcerned with
the structure of theanalysis, such astheregulatory optionsto eval uate, the
timeframeto use, and the assumptionsto make about conditionswith and
without theregulation. Thecommitteeal so consideredissuesregardingthe
exposure assessment, the selection of health outcomes and the concen-
tration-responsefunction, theanalysisof uncertainty, and the presentation
of the methods and results.
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Thisreport has been reviewed in draft form by individual s chosen for
their diverse perspectives and technical expertise according to the proce-
duresapproved by the NRC’ sReport Review Committee. The purpose of
thisindependent review isto provide candid and critical commentsthat will
assist theinstitutionin makingits published report assound as possibleand
to ensure that the report meetsinstitutional standards for objectivity, evi-
dence, and responsivenessto the study charge. Thereview commentsand
draft manuscript remain confidential to protect theintegrity of thedelibera-
tiveprocess. Wewishtothank thefollowingindividualsfor their review of
thisreport: Aaron J. Cohen, Health Effects Institute, Boston, Massachu-
setts; Douglas J. Crawford-Brown, University of North Carolina, Chapel
Hill, North Carolina; Edmund A.C. Crouch, Cambridge Environmental Inc.,
Cambridge, Massachusetts, Daniel Krewski, University of Ottawa, Ottawa,
Ontario; Alan J. Krupnick, Resources for the Future, Washington, DC;
Micha Krzyzanowski, European Centrefor Environment and Health, Bonn,
Germany; Jonathan |. Levy, Harvard School of Public Health, Boston,
Massachusetts; Thomas A. Louis, Johns Hopkins Bloomberg School of
Public Hedlth, Baltimore, Maryland; Robert L. Maynard, U.K. Department
of Health, London; Roger O. McClellan (emeritus), Chemical Industry
Instituteof Toxicology, Albuquerque, New Mexico; Michael H. Scheible,
Air Resources Board, Sacramento, California; George D. Thurston, New
Y ork University School of Medicine, Tuxedo, New Y ork.

Althoughthereviewerslisted above have provided many constructive
commentsand suggestions, they werenot asked to endorsethe conclusions
or recommendations, nor did they seethefinal draft of thereport beforeits
release. Thereview of this report was overseen by Donald R. Mattison,
National Institute of Child Health and Human Development, Bethesda,
Maryland; and Maureen M. Henderson, (emeritus) University of Washing-
ton, Seattle, Washington. Appointed by the NRC, they wereresponsiblefor
making certain that an independent examination of this report was con-
ducted according to institutional proceduresand that all review comments
werecarefully considered. Responsibility for thefinal content of thisreport
rests entirely with the authoring committee and the institution.

Thecommitteegratefully acknowledgesthefollowingindividual sfor
making presentationsto the committee: Robert Brenner and Bryan Hubbell,
EPA; Andrew Whedler, U.S. Senate Subcommittee on Clean Air, Wet-
lands, Private Property, and Nuclear Safety; Robert O'Keefe, Health
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Effects Ingtitute; John Graham, Office of Management and Budget; and
Alan Krupnick, Resources for the Future. In addition, the committee
especially thanks Armistead Russell, Georgialnstitute of Technology, who
provided background information and further analysison air-quality model-
ing to the committee.

The committee is also grateful for the assistance of the NRC staff in
preparing this report. Staff members who contributed to this effort are
Ellen Mantus, project director; Roberta Wedge, program director for risk
analysis, Eileen Abt, program officer; Ruth E. Crossgrove, editor, Mirsada
Karalic-Loncarevic, research assistant; Jennifer Saunders, research assis-
tant; and Lucy Fusco, senior project assistant.

| would especially liketo thank all the members of the committee for
their efforts throughout the development of this report.

John C. Bailar, Il1, Chair
Committee on Estimating the
Health-Risk-Reduction Benefits

of Proposed Air Pollution Regulations
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Summary

TheU.S. Environmental Protection Agency (EPA) hasestimated that thou-
sands of premature deaths and numerous cases of ilIness, such as chronic
bronchitisand asthmaattacks, could be prevented by reducing exposureto
air pollution. Theseestimatescomefromregulatory health benefitsanaly-
ses, which attempt to quantify changesin the expected cases of mortality
andillnessthat arelikely toresult from proposed air pollution regul ations.
The estimates are often controversial, and the methods used to prepare
them have been questioned.

In 2000, Congress recognized concerns about the methods used by
EPA and emphasized theneed for “themost scientifically defensiblemeth-
odology in estimating health benefits.” It directed EPA to ask theNational
Academy of Sciences*to conduct astudy of thisissue and recommend to
theagency acommon methodol ogy to befollowedinall futureanalyses.”*

THE CHARGE TO THE COMMITTEE
In response to EPA’ s request, the National Research Council (NRC)

convened the Committee on Estimating the Heal th-Risk-Reduction Benefits
of Proposed Air Pollution Regulations, which prepared thisreport. Mem-

1U.S. Senate. 2000. Senate Appropriations Report for Fiscal 2001. Report 106-
410, 106th Congress, 2d Session.
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2 ESTIMATING PuBLIC HEALTH BENEFITSOF AIR POLLUTION REGULATIONS

bers were chosen for their expertise in risk assessment, exposure assess-
ment, toxicology, epidemiology, biostatistics, health economics, and air
pollution regulations. Thecommitteewasasked to accomplishthefollowing
tasks:

1. Consider issuesimportant in estimating the health-risk-reduction
benefitsof air pollutionregulations, including the scientific data, risk-assess-
ment approaches, populations affected, baselinesused, assumptions, analy-
sis of uncertainty, and identification of key indicators of exposure and
population health status.

2. Ciritically review methods used for recent estimates of regulatory
health benefits.

3. ldentify methods used by federal regul atory agencies and others,
recommend standard good-practice guidelinesand principlesfor estimating
health benefits, and delineate the data-gathering required to better assess
health benefits in the future.

4. |dentify approachesto estimating regul atory heal th benefitswhen
relevant information is limited.

5. Where applicable, recommend areas for further research and
monitoring.

The committee was not asked to evaluate methods used to estimate
other typesof benefits, such asimprovementsinvisibility, resultingfromair
pollution control. Thecommitteea sowasnot asked to review themethods
used for economic valuation of heath benefits or for regulatory cost
analyses.

THE COMMITTEE'SAPPROACH

To accomplish its charge, the committee heard, in public session,
presentations from representatives of EPA, the U.S. Senate, the Office of
Management and Budget (OMB), and other interested parties; reviewed
materials submitted by EPA and others; and reviewed current literature
relevant to health benefitsestimation. Thecommittee selected for detailed
review the health benefits analyses contained in the regulatory impact
assessments (RIAS) prepared by EPA for the following rule-makings:
(2) “ Particulate M atter and Ozone National Ambient Air Quality Standards’
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SUMMARY 3

(1997), (2) “Tier 2Motor V ehicle Emissions Standards and Gasoline Sul fur
Control Requirements’ (1999), and (3) “Heavy Duty Engineand Vehicle
Standardsand Highway Diesel Fuel Sulfur Control Requirements’ (2000).
The committee also reviewed the health benefits analysis completed for
EPA’ sanalysisof thebenefitsand costs of the 1990 Clean Air Act Amend-
ments (CAAA) (1999). All of these analyses are described in Chapter 2
of thisreport (see Tables 2-1 and 2-5).

Ozoneand airborne particulate matter (PM) werethe primary focus of
the EPA analyses selected by the committee for review. Therefore, the
committee spent aconsi derable amount of timediscussing these pollutants,
especially PM, and did not addressissues associated with theanaysisof the
hazardous air pollutants (HAPs). However, many of the findings and
recommendations of the committee have broad applicability and are not
limited to analyses conducted for PM.

THE COMMITTEE’'SEVALUATION AND FINDINGS

Despite many inherent uncertainties, the committee concludes that
regul atory benefitsanalysis can beauseful tool for generatinginformation
valuableto policy-makersandthepublic. Properly conducted analysescan
hel pidentify thetype, magnitude, and relativeimportance of health benefits,
highlight thesensitivity of the benefitsestimatesto assumptionsmadeinthe
analysis, andindicatetheareasof greatest scientific uncertainty. Informa-
tion from the analyses can hel p focusfuture research effortsto reduce key
uncertainties. Thecommittee emphasizes, however, that estimatesof health
benefitsand their economic valuation are only one part of the deliberative
and political processes necessary for the development of sound policy.

Estimating the health benefits of a potential reduction in ambient air
pollution involves a series of steps. First, the regulatory options to be
evaluated must be clearly defined with regard to scope, timing, and imple-
mentation. Then, theboundariesof theanaysis, such asthetimeperiodfor
which benefitsare eval uated, must be established. Inaddition, theregula-
tory baseline (the description of conditionswithout the proposed regul ation)
must be defined. Oncethe analysishasbeen structured, future changesin
pollutant emissionsand resulting changesin ambient pollutant concentrations
and population exposures can be predicted. Changesin health outcomes
can then be estimated by applying concentration- or exposure-response
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4 ESTIMATING PuBLIC HEALTH BENEFITSOF AIR POLLUTION REGULATIONS

functions(derived fromthe healthliterature) to estimated changesin popu-
lation exposures.

Thecommitteefindsthat these basi ¢ steps provide areasonableframe-
work for conducting health benefits analysis and that EPA has generally
used this basic approach when estimating the expected health benefits of
proposed air pollution control regulations. However, on the basis of the
analysesreviewed by thecommittee, EPA’ simplementation of these steps
could beimproved. Recommendationsfor improvementsinthe processare
described in the following pages.

Thecommittee notesthat analysis of health benefitsfor any regulation
will require flexible, innovative, and multidisciplinary participation and
guidance of scientific experts. Therefore, thecommitteedid not attempt to
write a detailed manual for conducting benefits analysis but instead ad-
dressed the key methodological issues and their importance in the EPA
benefits analyses reviewed by the committee.

Regulatory Options, Boundaries, and Baselines

The hedlth benefits that are estimated to result from reducing air
pollution depend on the decisions made at the beginning of the analysis
regarding theregulatory optionsto consider, the health outcomesto evalu-
ate, thetimeframeover which benefitsare estimated, and the assumptions
made about conditionswith and without implementation of theregulation.
In three of the four EPA analyses reviewed by the committee, EPA fo-
cused on evaluating asingleregulatory option. Thisapproach conflictswith
current OM B guidance on benefitsanalysi s, which suggests consideration
of arange of regulatory options and a variety of technical and economic
interventions.

Thecommittee acknowledgesthat EPA cannot evaluateevery possible
regulatory option, given timeand resource constraints; however, arealistic
range of optionsguided by expert opinionandtechnical feasibility should be
represented in EPA’ sbenefitsanalyses. Atthebeginningof eachanalysis,
EPA should describethisrangeof optionsand any preliminary anaysesthat
were conducted to exclude certain optionsfrom theformal benefitsanaly-
sis. Thisapproachwould strengthen anal ysesthat might otherwise appear
to serve the purpose of justifying EPA’s chosen regulatory option.

Once the regulatory options are selected, EPA must determine how
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broadly to define the scope of the analysis, including the degreeto which
secondary or unintended eff ects of theregulation should be examined. For
example, air pollution regul ations can change not only ambient air pollution
levels but also how fuels are made or how combustion devices are oper-
ated. These changes might affect human health through other pathways,
such asthrough water pollution or occupational exposures. Ananalysisof
health benefitsthat ignoresthose effects might result in asubstantial mis-
representation of the potential impacts of pollution-control measures on
society. Althoughthecommitteerecognizesthat assessment of secondary
effectsmay bedifficult, the benefits analysis should discusswhether such
impacts appear to be important and, if so, should incorporate a plan for
assessing them.

Although EPA usually eval uatesthe costsof regul atory optionsfor the
time period between introduction and full implementation of theregulation,
the benefits of the regulation have often been examined for only asingle
year—typically theyear inwhichtheregulationwill havebeenfullyimple-
mented. Evaluation of benefitsfor only asingle year hastwo limitations.
First, when the costs of the regulatory action decrease over time and the
benefitsincrease, the comparison of benefitsand costsinthedistant future
could bemisleading. Second, choosing an evaluation point in the distant
future, such as 2030, is likely to increase the uncertainty associated with
estimating both benefitsand costs. Theselimitationscan maketheanalysis
misleading. Therefore, benefitsshould beestimated at reasonableintervals,
such as every 5 years, over the regulatory time frame, including both the
period of implementation and the expected period of expression of all
significant health effects.

To estimate the benefits of a proposed air pollution regulation, EPA
makes predi ctionsabout conditions expected to occur bothwith theregula-
tion (control scenario) and without the regulation (baseline scenario).
Predictionsconcerning air emissionsandtheU.S. population areespecially
relevant to cal culating the health benefits. Twoissuesregarding emissions
predictions particularly concern the committee. First, many important
componentsof anemissionsanaysis, such asnumber of vehiclesinaclass,
average miles traveled per vehicle, and emissions per mile, are seldom
summarized for the benefits analysis. Thislack of information makes it
difficult tojudgethe plausibility of the emissionsestimates. Second, current
emissions modelsfail to provide an assessment of uncertainty associated
withtheemissions predictionsfor thebaselineand control scenarios, which
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6 ESTIMATING PuBLIC HEALTH BENEFITSOF AIR POLLUTION REGULATIONS

canbesubstantial. Comparison of emissionspredictionsto historical trends
could help elucidate discrepancies that should be explained or formally
incorporated into an uncertainty analysis and taken into account when
estimating health benefits.

Predictionsabout future popul ations, such asnumbers, agedistributions,
and baseline health status, are important aspects of EPA’ sbenefitsanaly-
ses. However, itisdifficult to make confident predictionsabout the charac-
teristics of populations 30 years in the future. EPA should evaluate the
uncertainty involved in these predictions and theimpacts of theseuncertain-
ties on the benefits estimates. Some sense of the uncertainty in these
predictionsmay be obtai ned by comparing the characteristics, such asage,
sex, ethnic mix, disease, and mortality, of the projected future population
withthoseof the populations studiedin the epidemiol ogical studiesonwhich
the benefits estimates are based.

Exposur e Assessment

A critical stepinestimating thebenefitsof proposed air pollution regula-
tionsisdetermining theeffect of emissionschangesonambient air quality.
Thishastraditional ly been accomplished using air-quality model sof varying
complexity. EPA’ sapproachesto exposure assessment evolved consider-
ably over the period of the analysesreviewed by the committee asaresult
of continued improvement inthe modelsand marked increasein available
monitoring datafor key pollutants. Overall, the methods used inthe most
recent EPA analysis reviewed by the committee (heavy-duty engine and
diesel-fuel analysis) represent an appropriate and reasonably thorough
application of the available data and models for exposure assessment.

Several issues, however, deserveto be mentioned regarding themodels
and the assumptions used in the exposure assessments. First, modelsare
simplificationsof redity. Estimating how well amodel simulates pollutant
concentrations in the ambient air resulting from emissions changes esti-
mated at somefuturetimeisdifficult and requires asystematic process of
model testing and evauation. Without suchaprocess, itisdifficulttoknow
how much confidenceto placeinthe predictions. The methodsusedtotest
the models also need to be clearly described in the benefits analysis.
Second, many of the model sused by EPA aretimeand resourceintensive,
thuslimitingthemodeling that can be conducted. Thelimitationisproblem-
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atic becauseit restrictsthe number of regul atory optionsthat can be consid-
ered and the number of years for which benefits can be estimated.

A tacit or explicit assumption in exposure assessment isthat pollutant
concentrationsinambient air adequatel y represent human popul ation expo-
sures. Although ambient concentrations in many cases appear to be rea-
sonableindicatorsof human exposure, EPA should morerigorously assess
the relative contributions of different emissions sourcesto human expo-
sures. For example, EPA should evaluate whether PM emissions from
diesel-fuel vehicles have a greater impact on human exposure than those
from stationary sources, because diesel exhaust isemitted closer to people.

Another assumption specificto theanalysesreviewed by thecommittee
concernsPM. PM isaheterogeneousmixturethat variesin size, composi-
tion, and source of origin; therefore, the health effects of PM exposuresin
oneareamight bedifferent fromthosein another areaand might vary over
time. For example, thehealth effectsof agricultural PM, which arederived
primarily from crustal, animal, and plant sources, may differ fromthehealth
effectsof urban PM, whicharederived primarily from combustion sources,
such as power plants and automobile and truck traffic. Because scientific
information on PM toxicity is incomplete, EPA has typically made the
assumption of equivalent potency across particle types. The committee
believesthat benefitsanal yseswoul d be strengthened by evaluating arange
of aternativeassumptionsregarding relative particletoxicity in sensitivity
or uncertainty analyses.

Health Outcomes

Theappropriate sel ection and definition of adversehealth outcomesis
integral to any assessment of health benefits. A wide range of health
effects, primarily related to therespiratory and cardiovascular systems, is
linked to exposureto air pollutants. Intheanalysesreviewed by the com-
mittee, EPA appears to have carefully considered the mgjority of these
effects. However, many health outcomesare not quantified becausethere
are insufficient data or because inclusion of certain health effectsin the
primary analysis could lead to double-counting.

The committee identified several issues regarding the selection and
definition of mortality and morbidity (disease and other adverse health
effects) outcomes. Clinicaly diagnosed illnesses, such aschronic bronchitis
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and asthmaattacks, aretypically evaluatedin benefitsanalyses. A problem
with these diagnosesisthat they cover awiderange of severity levelsand
time courses. For example, chronic bronchitis can range from a chronic
cough to asevere chronic airway obstruction that requireslong-term care.
Thelack of clear categorization of outcome severity in benefits analyses
hasimplicationsfor quantification and val uation of the outcomes. Although
EPA has made some attempt to deal with thisissue, it needsto investigate
andimprovethemethodsused to reconcil e differences between the severity
of diseasedescribedinair pollution epidemiology and that commonly used
to develop estimates of background disease prevalence and incidence.

In each benefits analysis reviewed by the committee, EPA used U.S.
studies to provide data to estimate the health benefits. Data for many
health outcomesin the U.S. studies are restricted to a specific age group.
For exampl e, the datafor hospital admissionsapply to persons65 yearsor
older, primarily because the data come from Medicare databases. For the
benefits analyses, EPA did not extrapolate those data beyond the age
ranges provided in the studies. The committee notes that recent studies
conducted outsidethe United States provideinformation on certain health
outcomeswith broader age rangesand on outcomesnot currently eval uated
by EPA, such aslevelsof useof the primary-care system. EPA should use
such studies when appropriate to extrapol ate beyond the age ranges cur-
rently considered and to incorporate heal th outcomes not currently evalu-
ated in the analyses.

Mortality isawell-defined health outcome that was evaluated in each
EPA analysis reviewed by the committee. Mortality estimates tend to
dominate the overall health benefits estimates when adollar valueis as-
signed to them. However, the committee notes that data on morbidity is
less comprehensive and needs to be improved, especialy if the value
assigned to mortality decreases and morbidity outcomes begin to play a
more dominant role in the benefits analysis.

Another important issue relates to the key assumption that thereisa
causal association between particular types of air pollution and adverse
health outcomes. The EPA benefits analyses reviewed by the committee
providedlittleinformation concerning thisassumption. Althoughacompre-
hensivediscussion of causality isnot necessary for abenefitsanalysis, the
evidence of causality should be summarized to justify the inclusion or
exclusion of health outcomesand to assessthe uncertainty associated with
the assumption of causality. EPA should investigate and, if necessary,
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develop methodsof eval uating causal uncertainty relating to key outcomes
so that this uncertainty can be represented in the final benefits estimates.

Concentration-Response Functions

A primary element of health benefits analysis is the selection of the
concentration-response functions, which describe the quantitative associ a-
tion between ambient air pollution levels and the corresponding health
effects. Concentration-response functions can be derived from animal
studies, human clinical studies, or epidemiological studies. Intheanalyses
reviewed by the committee, EPA relied on epidemiological studiesasthe
basisfor estimating concentration-responsefunctions. Because epidemio-
logical studiesinvolve the study of humans in real-world situations and,
therefore, are more relevant to the assessment of health benefits than
animal toxicity or human clinical studies, the committee supportsthe use of
these studiesto estimate concentration-response functions. However, the
benefits analyses should reflect the plausibility and uncertainty of the
concentration-response function, such as imprecision of exposure and
response measures, potential confounding factors, and extrapolationfrom
the study population to the target population in the benefits analysis.

For theanalysisof mortality, EPA used cohort studies (epidemiol ogical
studiesthat eval uate heal th effectsin aspecific popul ation over aperiod of
years) to derive benefits estimatesin each analysis reviewed by the com-
mittee. The committee agreeswith that approach. Compared with time-
series studies (epidemiological studies that provide estimates of health
effects due to recent exposure), cohort studies give a more complete
assessment because they include long-term, cumulative effects of air
pollution. Furthermore, the particular advantage of cohort studiesisthat
they provide datato estimate the number of life-yearslost inapopulation,
not just the number of liveslost, thusallowingfor several valuation methods
to be used.

Overdll, thecommitteefound that the epidemiol ogical studiesselected
by EPA for usein its benefits analyses were generally defensible. How-
ever, thecriteriaand process by which EPA reached itsdecisionswere not
articulated in many cases, and at times, the study selection process ap-
peared to be inconsistent. For example, estimates were derived from
multiple studiesin some cases and from single studiesin other caseswhen

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10511.html

10 ESTIMATING PuBLIC HEALTH BENEFITS OF AIR POLLUTION REGULATIONS

multiplestudieswereavailable. Thisselection processrequiresjudgment
onthepart of theanalyst, and EPA needsto document clearly therationale
for its selection of studies and concentration-response functions.

The committee concluded that EPA’ s sel ection of the American Can-
cer Society (ACS) study? for the evaluation of PM-related premature
mortality was reasonabl e, given the size and precision of the study. How-
ever, thosefactsarenot necessarily groundsfor adoption of thisstudy over
others. For example, the Harvard six cities study® has some advantages
over the ACSstudy, such astheuse of arandom popul ation sampleandthe
careful placement of monitorsfor the study. Because several new studies
have since been published, including an extended analysis of the original
ACS study, a new U.S. cohort study, and other non-U.S. studies, EPA
should review its sel ection of the most appropriate studies. Furthermore,
EPA might want to consider derivation of awei ghted-mean estimatefrom
the cohort studies following review of the entire database.

Decision-makers may want to know the effects of a regulation on
different subgroupsof apopulation, such asgroupswith varying health or
socioeconomic status. Health effects might vary because the regulation
causesdifferent reductionsin exposuresfor different subgroupsor because
varioussubgroupsmay respond differently to aspecific exposurereduction.
Populationsmay respond differently becausetheir baselineratesof illness
differ or becausetheir concentration-responsefunctionsdiffer. Thecom-
mittee encourages EPA to estimate and report benefits by age, sex, and
other demographic factors, when possible. Any assumptions that might
explain the differences among subgroups should be clearly stated.

Analysis of Uncertainty

EPA uses a two-part approach to assess uncertainty in its health
benefitsanalyses. Thefirst part of the approachisaprimary analysisthat

2Pope, C.A. 111, M.J. Thun, M.M. Namboodiri, D.W. Dockery, J.S. Evans, F.E.
Speizer, and C.W. Heath Jr. 1995. Particulateair pollution asapredictor of mortality
inaprospectivestudy of U.S. adults. Am. J. Respir. Crit. CareMed. 151(3 Pt 1):669-
674.

Dockery, D.W., C.A. Pope, X. Xu, J.D. Spengler, JH. Ware, M.E. Fay, B.G.
Ferris, and F.E. Speizer. 1993. An association between air pollution and mortality
insix U.S. cities. N. Engl. J. Med. 329(24):1753-1759.
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producesaprobability distribution for each health outcomeevaluated. For
example, EPA provided aprobability distribution for the number of avoided
deathsin 2030 inthe analysis conducted for the Tier 2 rule-making. Only
one source of uncertainty (the random sampling error associated with the
estimated concentration-response function) was incorporated into the
analysis. EPA typically emphasizesonly the mean val ue of the probability
distribution. Because of the lack of consideration of other sources of
uncertainty, the results of the primary analysis often appear more certain
than they actually are.

Thesecond part of theapproachisancillary uncertainty analyses, which
includealternativeand supplementary cal culationsfor someuncertainties
and sensitivity analysesfor others. Theancillary analysesusually examine
one source of uncertainty at atimeand thereforedo not adequately convey
the aggregate uncertainty from other sources, nor do they discern the
relative degrees of uncertainty in the various components of the health
benefits analysis.

EPA should move the assessment of uncertainty from its ancillary
analysesintoitsprimary analysesto provideamorerealistic depiction of the
overall degree of uncertainty. This shift will entail the development of
probabilistic, multiple-source uncertainty model sbased not only on available
data but also on expert judgment. EPA should continue to use sensitivity
analysesbut should attempt toinclude morethan one source of uncertainty
at atime. EPA also should strengthenitseffortstoidentify theuncertainty
sourcesthat havethegreatest influenceonthefinal results. Thecommittee
emphasi zesthat cost estimatesarea so subj ect to great uncertainty, and the
same standards should be applied to the assessment of the uncertaintiesin
those estimates.

As more sources of uncertainty are incorporated into the primary
analyses, the results inevitably will appear less certain, and the analyses
might appear to be less useful to some. However, uncertainty should be
described as completely and asrealistically as possible for all regulatory
options, recognizing that regulatory action might be necessary inthe pres-
ence of substantial uncertainty. The regulatory decision process will be
better informed by a fair assessment of the uncertainty and a realistic
evaluation of the likely reductions in that uncertainty attainable through
further research.

Accurately characterizing the uncertainties in estimates of health
benefitsfor projected future human popul ationsisdifficult. Therefore, EPA
should consider conducting preliminary analyses that estimate in current
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populations the health benefits resulting from hypothetical changes in
current levels of emissions. Such preliminary analyses would help EPA
develop an idea of the lower bound on the range of uncertainty. These
analyses also would have fewer uncertainties than analyses based on
projected future population exposures and health outcomes.

Presentation of Results

A common complaint about EPA’ sregulatory benefitsanalysesisthat
the methods, the rational e behind the decision-making, and theresultsare
not clearly described or presented. After review of the EPA analyses, the
committee agreesthat the presentations should beimproved. Thecommit-
teeis concerned that important factorsthat drive theresultsof an anaysis
are often buried in appendixes or technical-support documents, and the
rationalesbehind key decisionsarenot clearly discussed. Furthermore, the
amount of discussion devoted to some parameters often doesnot appear to
be proportional to their importance to the analysis. For example, in the
heavy-duty engineand diesal-fuel analysis, aninterpolation method usedin
the exposure assessment is discussed at length, whereas the exclusion of
modeling resultsfor thewestern United Statesisacknowledgedinonly one
sentence.

The committee concludes that many of the problems associated with
EPA'’s presentation of such analyses could be solved by inclusion of a
detailed summary that presents the key information of the analysisin a
straightforward manner. Such information includes the following:

Regulatory options.

Analytical boundaries.

Baselines.

Emissions changes.

Changes in ambient air quality.

Health outcomes eval uated.

Quantified benefits.

Uncertainties associated with the estimates.

Thesummary should highlight all assumptionsthat haveasubstantial impact
on the results of the analysis.
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Theresults of health benefits analyses are typically used as inputs to
cost-benefit or cost-effectivenessanalyses. Therefore, EPA should provide
benefits estimatesin waysthat provide useful input to these analyses. For
example, benefits estimates should be presented when possible by age
grouptoallow calculation of quality-adjusted life-years, ameasureusedin
cost-effectiveness analysis.

RECOMMENDATIONS

Thecommitteerecognizesthat someof thefollowing recommendations
will beeasier for EPA toimplement than others. However, withtheexcep-
tion of research needs, these recommendati ons should not require substan-
tial new resources on the part of EPA, although EPA may need to change
itsapproaches and all ocation of resourcesto accomplish them. The com-
mittee acknowledges that some of the research needed is outside EPA’s
jurisdiction and will require support from other agencies.

® EPA shouldincludeinitsregulatory benefitsanalysescomparative
estimates of the benefits for several regulatory options that represent a
realistic range of choices available to the decision-maker. |f regulatory
options are eliminated at an early stage, the rationale for the elimination
should be provided.

® EPA should examine whether unintended positive or negative
impactson human heal th or the environment might occur fromimplementa-
tion of the proposed regul ation. For example, changesinfuelscouldresult
in water pollution, changes in occupational exposures, or reductions in
greenhouse gas emissions. If important impacts are identified, a plan to
assess them more completely should be included.

® EPA should estimate potential benefitsat reasonableintervals, such
asevery 5 years, over the regulatory time frame, including the period of
regulatory implementation and the expected period of occurrence of all
significant health effects.

® EPA should present theinformation on which emissionsestimates
are based for scenarioswith and without theregulation. Thisinformation
will help readers judge whether the predictions are reasonable and will
suggest which components are most important in driving the emissions
reductions associated with the regulation.
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® EPA should clearly state the projected baseline statistics used in
estimating health benefits, including thosefor air emissions, air quality, and
health outcomes.

® EPA should assessthedegreetowhich modeled predictionsagree
with measured observationsthat have not been used to derive or calibrate
the model. The results of those comparisons should be presented in the
benefitsanal ysisand used to hel p characteri zethe uncertainties associ ated
with the resulting modeled predictions.

® Moreemphasisshould begiventotheassessment, presentation, and
communication of changesinmorbidity and quality of life. Although often
difficult to quantify, thesefactors may beginto play amoredominant role
in benefits analysisif the value assigned to mortality decreases.

® EPA shouldimprovethemethodsused to account for the spectrum
of severity of clinically diagnosedillnesses. When appropriate, EPA should
also usedatafromnon-U.S. studiesinits benefits analyses to broaden the
age ranges to which current estimates apply and to include more types of
relevant health outcomes.

® EPA should strive to present the results of its health benefits
analysesinwaysthat avoid conveying an unwarranted degree of certainty,
such asby roundingto fewer significant digits, increasing the use of graphs,
and placing lessemphasison single numbersand moreemphasison ranges.

® EPA should place the results of its heath benefits analyses in
context by referring not only to absol ute numbersof avoided adverse health
outcomes but also to total projected numbers of these outcomes and to
populationsizes. For exampl e, an estimated number of avoided deathsina
future year should be accompanied by projections of the total number of
deaths and the population size in that year.

® EPA should beginto movetheassessment of uncertaintiesfromits
ancillary analyses into its primary analyses by conducting probabilistic,
multiple-source uncertainty analyses. Thisshiftwill require specification of
probability distributionsfor major sourcesof uncertainty. Thesedistributions
should be based on available data and expert judgment.

® Toobtainexpert judgment needed for itsexpanded primary uncer-
tainty analyses, EPA should rely on internal expertise, as available, and
external experts, asneeded. Inall cases, the expertswhosejudgmentsare
used should beidentified, and the rationales and empirical basesfor their
judgments described.

® As EPA incorporates additional sources of uncertainty into its
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primary analyses, it should anal ytically determinewhich uncertainty sources
have the greatest influence on the mean and spread of the probability
distributions. Theuncertainty sourcesthat havethegreatestimpact onthe
spread of thedistribution should receive high priority for additional research.
® |n presenting the probability distribution for each health benefit
estimated in the primary analysis, EPA should more clearly identify the
sources of uncertainty that are not evaluated in the primary analysis.

e Althoughtheresultsof the benefitsanalysesmay appear to beless
certain, EPA should describetheuncertainty ascompletely andrealistically
as possible, recognizing that regulatory action might be necessary in the
presence of substantial uncertainty.

® EPA should consider providing preliminary analysesthat estimate
in current populations the health benefits resulting from hypothetical
changesin current levels of emissions. Such preliminary analyseswould
help EPA develop an ideaof the lower bound on the range of uncertainty.
These analyses also would have fewer uncertainties than estimates based
on projected future population exposures and health outcomes.

e |nall stagesof thebenefitsanalysis, EPA shouldjustify and clearly
describe the assumptions and methods used to estimate health benefits.

® Eachbenefitsanalysisshould beaccompanied by abrief summary,
such as 20 to 30 pagesin length, that provides all critical elements of the
analysisand the results, so that the reader can approximately estimatethe
benefits on anational level from the information provided.

® To enhance the quality of future regulatory benefits analyses, a
standing, independent, technical review panel should advise EPA in the
initial stages of its benefitsanalysis. This panel should have expertisein
regulatory optionsanalysis, emissionsand exposure assessment, toxicol ogy,
epidemiology, risk analysis, biostatistics, and economics and should be
appointed with strict attention to avoiding conflict of interest, balancing
biases, and ensuring broad representation. The panel should also be sup-
ported by permanent technical staff to ensure consistency of reviewsover
time. EPA shouldfollow the panel’ sguidanceontheneedfor peer review.

® |nreviewing EPA'shealth benefitsanalyses, thecommitteeidenti-
fied several research needs. Some arerelevant to improving the scientific
basis for estimating the health benefits of further reductions of PM and
other air pollutants. Theseresearch recommendationsarementionedinthe
body of the report. Others have to do with the development of improved
methodsfor health benefitsanalysesin general. Theresearch recommen-
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dationsincludetheneedfor improvementsinthefollowing areas: (1) meth-
ods for using expert judgment in support of health benefits analyses, (2)
methodsfor characterizing uncertainty surrounding causal interpretation of
epidemiological findings, (3) efficiency and characterization of uncertainty
in the atmospheric fate and transport models used in support of health
benefitsanalyses, (4) health surveillance systemsto characterize morbidity
outcomes, and (5) analysis of mixtures as well as the single pollutant.
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Introduction

| mproving public healthistheprimary goal of air pollution regulation by the
U.S. Environmental Protection Agency (EPA). Accordingly, predictionsof
the type and size of health improvements likely to result from possible
regulatory actionsarecritical componentsin making decisions about new
regulations. The process of estimating health improvements for various
regulatory optionsis known as health benefits analysis. These analyses,
often controversial, attempt to quantify changesin the expected number of
mortality and morbidity caseslikely toresult fromthe proposed regul ation.
The estimates obtained typically serve as inputs to other analyses that
compare the predicted benefits with the regulatory cost.

Giventhepotentially high costsof air pollution regulations, the public
interest is served by using the best possible methods and data to conduct
health benefitsanalyses. 1n 2000, Congressrecognized concernsabout the
methods used by EPA and emphasized theneed for “ themost scientifically
defensible methodol ogy in estimating health benefits’ (U.S. Senate 2000).
EPA was directed by Congressto ask the National Academy of Sciences
“to conduct astudy of thisissue and recommend to the agency acommon
methodology to be followed in all future analyses.” In response to that
request, the National Research Council (NRC) convened the Committeeon
Estimating the Health-Risk-Reduction Benefitsof Proposed Air Pollution
Regulations, which prepared this report.

17
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THE CHARGE TO THE COMMITTEE

The members of the NRC committee were chosen for their expertise
inrisk assessment, exposure assessment, toxicology, epidemiology, biostatis-
tics, health economics, and air pollution regulations. The committee was
asked to accomplish the following tasks:

1. Consider issuesimportant in estimating the health-risk-reduction
benefitsof air pollutionregulations, including the scientific data, risk assess-
ment approaches, popul ations affected, baselineused, assumptions, analysis
of uncertainty, and identification of key indicators of exposure and popul a-
tion health status.

2. Critically review methods used for recent estimates of regulatory
health benefits.

3. ldentify methods used by federal regulatory agencies and others,
recommend standard good-practi ce guidelinesand principlesfor estimating
health benefits, and delineate the data-gathering required to better assess
health benefits in the future.

4. ldentify approachesto estimating regul atory health benefitswhen
relevant information is limited.

5. Where applicable, recommend areas for further research and
monitoring.

The committee was not asked to evaluate methods used to estimate
other typesof benefits, such asimprovementsinvisibility, resultingfromair
pollution control. The committee was also not asked to review methods
used for economic va uation of health benefitsor for regulatory cost analy-
sis, but was asked to consider ways in which health benefits can best be
estimated to inform the cost analysis. In addition, the committee was not
asked to addresswhether itisappropriateto comparethe benefitsanalyses
of environmental regulationwith thoseof alternative public health and safety
measures to determine which regulations should have priority.

THE COMMITTEE'SAPPROACH

Toaccomplishitstask, thecommittee held five meetingsfrom July 2001
to May 2002. Public sessionswere held at the first two meetings, during
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whichthe committee heard presentationsfrom representativesof EPA, the
U.S. Senate, the Office of Management and Budget (OMB), and other
interested parties. The committee reviewed materials submitted by EPA
and others, and it reviewed relevant literature on the estimation of health
benefits. Thecommitteereviewedindetail EPA’ shealth benefitsanalyses
contained in theregulatory impact assessments (RIASs) of the“ Particul ate
and Ozone National Ambient Air Quality Standards’ (EPA 1997a), the
“Tier 2 Motor Vehicle Emissions Standards and Gasoline Sulfur Control
Requirements’” (EPA 1999a), and the “Heavy-Duty Engine and Vehicle
Standards and Highway Diesel Fuel Sulfur Control Requirements’ (EPA
2000a).* Thecommitteealsoreviewed methodsusedin EPA’ sprospective
analysis of the benefits and costs of the Clean Air Act from 1990 to 2010
(EPA 1999D).

The focus of the EPA analyses reviewed by the committee were the
criteriapollutants, particularly ozoneand airborne particul ate matter (PM).
Therefore, the committee spent a considerable amount of time discussing
these pollutants, especially PM, and did not addressthe many i ssues associ-
ated with the analysis of the hazardous air pollutants. However, many of
thefindingsand recommendationsof thecommittee have broad applicability
and are not limited to analyses conducted for PM.

REGULATORY CONTEXT

Benefits analysis as a component of cost-benefit analysis (CBA) has
played aroleintheregulatory processin at least arudimentary form since
the 1930s (NRC 1990).? The role of CBA increased substantially in the
1970swhen President Ford i ssued an executive order that required federal
agenciesto prepare economic analyses of regulationsthat were predicted
to have substantial economicimpact. Theseanaysescametobeknownas
economic impact statements and were submitted to OMB for review. In

'RIAs are broader analyses that examine the feasibility and costs of
implementing the proposed regulation, as well as the benefits that might be
achieved from implementation. A comparison of the coststo an economic valuation
of the benefitsis also typically included in these analyses.

2CBAs compare the economic value of the benefits estimates with the costs of
the regulation to determine the net economic benefit of aregulation.
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1978, President Carter issued an executive order that established the
Regulatory Analysis Review Group, which reviewed, discussed, and pro-
vided comments on regulatory analyses for which federal agencies were
directed to consider economic consequencesof regulatory options, “tosolicit
public participation, to choose the least burdensome alternative, and to
justify the choice” (NRC 1990).

In1981, President Reagan formally established CBA asanintegral part
of the evaluation of proposed regulations with the issuance of Executive
Order 12291. This executive order required agencies to assess the costs
and benefitsof proposed “ major” regulations and established OMB asthe
review agency for theseanalyses. The executive order also indicated that
benefits of the regulation must outweigh the costs and that the preferred
option must maximize net benefits and incur the least cost.

President Clinton reaffirmed the importance of conducting CBAs of
proposed regul atory actionswith theissuance of Executive Order 12866in
1993. Specifically, thisexecutive order included thefoll owing statements:

In deciding whether and how to regul ate, agenciesshould assessall
costsand benefitsof availableregulatory aternatives, includingthe
alternativeof not regulating. Costsand benefitsshall beunderstood
toinclude both quantifiablemeasures. . . and qualitative measures
of costsand benefitsthat are difficult to quantify, but nevertheless
essential to consider.

Executive Order 12866 further required agenciesto conduct CBAsfor all
“significant” regulations. Withthechangeinterminology from*“major” to
“significant,” Executive Order 12866 expanded the scope of regulations
subject to OMB review and effectively broadened OMB’s power “to
review and request revisions to all regulatory proposals to ensure their
consistency with the regulatory principles contained in the Order”
(EPA1999c). Animportant difference between Executive Orders 12291
and 12866 isthat Executive Order 12866 requiresthe benefitsof theregula-
tionsto“justify” rather than“outweigh” the costs of theregulatory action.

The administration of President George W. Bush has not issued an
executive order that amends or revokes Executive Order 12866, which
therefore remains the effective requirement for regulatory planning and
review. However, OMB under President Bush hasissued amemorandum
that “ describesthe general principlesand proceduresthat will be applied by
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OMB intheimplementation of E.O. 12866 and rel ated statutory and execu-
tiveauthority” (OMB 2001). The memorandum re-assertsthat benefitsand
costsmust be assessed in RIAsprepared for economically significant rule-
makings and emphasi zestheimportance of using scientific datathat meet
abasic quality standard and of conducting rigorous peer review of RIAs
and supporting technical documents.

In addition to the overarching requirements mandated in executive
orders, Congresshasimposed statutory and administrative requirementsto
conduct CBAs under various acts. The Clean Air Act Amendments of
1990 require EPA to assess periodically the costsand benefits of the Clean
AirAct. A retrospectiveanalysisfrom 1970to 1990 was publishedin 1997
(EPA 1997Db), and aprospectiveanalysisfrom 1990 to 2010 was published
in 1999 (EPA 1999b).

Theanalysisof costsand benefitsisnot necessarily thedirect basisfor
regulatory decisions. Thebasisfor decison-makingisspecifiedinindividual
mandates. For example, under the Clean Air Act, costs are not to be used
directly to determinestandardsfor primary air pollutants, athough costscan
be used to determine the nature and timing of implementing measures
needed to attain the standards. CBAS, or more generally RIAS, are in-
tended to inform the government and private parties about the nature and
extent of changes in health and the environment and the associated costs
that are expected to result from specific regulatory actions. The methods
used to predict the changesin health resulting from aregulatory action are
the topic of thisreport. The cost component is not addressed further.

CRITICAL STEPSOF AHEALTH BENEFITSANALYSIS

Accordingto current guidelinesand practices, ahealth benefitsanalysis
should define conditionswith and without the proposed policy implemented
and ultimately estimate the differencesin health outcomes between those
two conditions(OMB 2000). Health benefitsanalysiscan be characterized
generally by the following steps (see Chapter 6, Figure 6-1):

® Definingtheproposedregulation. Benefitsanalysisevaluatesan
air pollution regul ation proposed to correct or reduce aperceived environ-
mental problem. For each regulation considered, the scope, timing, and
implementation must bedefined. Specifically, theregulation must defineto
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whom it will apply, when it will begin, how longit will last, and what the
schedule of compliance will be. For the analysisto be most useful and to
meet OMB guidelines, several regulatory options (for example, different
levelsof stringency requirementsor different compliance schedul es) should
be considered.

e Establishing the boundaries of the analysis. The boundaries of
theanalysismust beclearly defined. For example, theanalyst must specify
theperiod over whichtheregulation will beeval uated, theintervalsat which
the benefits will be evaluated, the pollutants that will be the focus of the
analysis, and the spatial resolution of the model.

® Defining theregulatory baseline. Conditions without the regu-
lation—theregulatory baseline—must be described. Thisprocessrequires
adescription of other air pollution regulations that are assumed to be in
forceand theextent to whichindustry and consumersare expected to com-
ply withtheregulations. Assumptionsabout economic activity, especialy
inhighly polluting sectors, such astransportation and el ectric power genera-
tion, must bearticulated. In addition, assumptionsabout baseline health of
the population must be described when relative risk models are used to
estimate health benefits.

e Estimating changesin pollutant emissions. Once the analysis
hasbeen structured, the changein pollutant emissionsthat isanticipated to
result from theregulation is predicted over timeand space. Thechangeis
measured from the regulatory baseline.

® Estimating changes in ambient air pollutant concentrations.®
Toalow calculation of the health benefits, the changesin pollutant emis-
sions must be translated into changes in ambient air concentrations and
should take account of factors that might affect exposure, when possible.

® Estimating changesin human health outcomes. Two stepsare
typicaly involvedin estimating changesin morbidity and mortdity. First, the
heal th outcomes and the appropriate concentration-responsefunctionsare
determined from epidemiol ogical studies, humanclinical studies, or animal
toxicity studies. Then, the concentration-responsefunctionisappliedtothe

*The committee acknowledges that changes in exposure may be estimated,
which would then require use of exposure-response functions to estimate health
outcomes in the next step.
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relevant populations using the baseline health assumptionsand the changes
inambient concentrationscal culated inthe previousstep. Thissecond step
provides estimates of changes in health outcomes.

EPA followed this basic approach; however, asafinal stepin EPA’s
health benefits analyses, the changes in health outcomes were typically
translated into monetary valuesfor comparison with regulatory costs. As
noted previously, the committee was not asked to assess methods used for
economic valuation of health outcomesand, therefore, doesnot go further
initsassessmentsthan the quantification of the changesin health outcomes.

Integral to each step described aboveisthe assessment of uncertainty.
Theuncertainty of each component should becarried throughtheanalysis,
and an assessment of overall uncertainty should be provided withthefinal
benefits estimates.

GUIDANCE

Few guidance documents are available that specifically address the
conduct of ahealth benefitsanalysis. Documentsthat contain some guid-
ance on aspects of these analyses typically focus on broader regulatory
analyses, suchasRIAsor economicanalyses. Relevant documentsissued
by EPA, OMB, the World Health Organization (WHO), and theNRC are
cited, and pertinent information from these documentsissummarizedinthe
following sections. Although other agencies clearly conduct regulatory
analysesthat include benefitsanalyses, their guidelines (if written) do not
appear to be available in the publicly accessible literature.

U.S. Environmental Protection Agency

EPA’ s Officeof Air Quality Planning and Standards (OAQPS) inthe
Officeof Air and Radiation hasissued guidance on conducting economic
anayses, whichincludeassessing health benefits (EPA 1999c¢). Thedocu-
ment providesguidance onthreeaspectsof benefitsanalysisrelevanttothe
committee’ s task—defining the time period of analysis, establishing the
baselinefor analysis, and analyzing uncertainty. Regardingthetimeperiod
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for the analysis, OAQPS notes that there is often no obvious basis for
establishing the time period for the analysis but continuesthat the analyst
must “ captureany specificidentified changesexpected to occur over time.”

Regarding the baseline for the analysis, OAQPS provides severa
overarching recommendations, including the sel ection of realistic assump-
tionsregarding future conditions; the use of aconsi stent baselinethroughout
theanaysis, although alternative baselinesmay be considered; andtheclear
identification of all assumptionsmadein salecting, specifying, and measuring
thebaseline. OAQPSidentifiesseveral specific componentsof developing
a baseline and provides the following advice:

® [orecasting baseline economic activity. Three approaches are
presented, whichinclude (1) projection of production changesover time, (2)
estimation of current production and application to future years, and (3)
estimation of productionfor arepresentativeyear and applicationtofuture
years.

® Assessing compliancewith existing regulations. Most analyses
should assumefull compliancewith existing regulations. Exceptionsinclude
analyses conducted for regul ationsintended to sol ve problemswith compli-
ance. Those analyses should assume the actual compliance estimates for
the baseline scenario.

® Anticipating futureregulatoryactions. Analysesshould assume
that other regulationsthat have been or will be promul gated by the effective
date of theregul ation being considered areinfull effect for purposesof the
given analysis.

® Anticipating nonregulatory factors. Although nonregulatory
factorsareimportant (for example, changesinindustrial behavior that affect
pollutant emissionsbut areunrel ated to regul atory actions), they aregener-
ally not included in the baseline because of time and resource limitations.
However, thosethat might aff ect the baseline should at | east be mentioned
qualitatively.

e Establishing a starting date for the baseline. The starting date
for the baselineis determined partly by the actions taken by the regulated
community. If actionstaken by theregulated community prior to promulga-
tion would continue with or without promulgation of the regulation, the
baselinewould start onthedate of promulgation or implementation (thatis,
the actionstaken would beincluded in the baseline because they would be
unrelated to therule-making). However, if actionstaken by the regul ated
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community would ceaseif theregul ation were not promul gated, the baseline
would start onthedateof public notification (that is, the actionstakenwould
be pre-emptive and would not be included in the baseline).

Regarding the analysis of uncertainty, OAQPS states that there are
three sourcesof uncertainty—input, model, and estimation—and that thefull
range of uncertainty should bemadetransparentintheanalysis. Although
five methods to analyze uncertainty are listed (scenario analysis, Delphi
methods, sensitivity andysis, meta-analysis, and Monte Carlo and probabilis-
ticmodels), OAQPS statesthat “for anal ysesinwhich benefitsunambigu-
ously exceed costs, asensitivity analysisshould beadequate.” Thecommit-
teenotesthat determining thelikelihood of benefitsunambiguously exceed-
ing costsrequiresan uncertainty analysisand not simply sensitivity analyses.

The OAQPS guidelines also emphasize clear communication of the
resultsof theanalysis. They suggest using clear and transparent language,
identifying datasources and assumptions, describing themodeling and the
uncertainty, presenting alternatives in comparable metrics, and clearly
identifying nonmonetized and unquantified effects.

Morerecently, EPA published guidelinesfor economic analyses pre-
pared by the Economic Consistency Workshop under the direction of the
Regulatory Policy Council (EPA 2000b). Because these guidelineswere
developed for use by al officeswithin EPA, they tend to provide general
guidance and do not address specific aspects of analyses of air pollution
regulations. For example, benefits analysis is framed as a three-step
approach: (1) identifying types of benefits that might be affected by the
regulation, (2) quantifying the benefits, and (3) valuing the benefits. The
guidance given for each step is extremely general. For step 1, the guide-
linessuggest investigating policy optionsand pollutant effects; given various
policy options, eval uating changesin pollutant effects; and identifying those
effects most likely to have the most substantial impact on the benefits
analysis. For step 2, theguidelinesrecommend collaborating with experts
fromdifferentfields, using outcomesfrom risk assessment that areamena-
bleto economic valuation, and describing qualitatively unquantifiableeffects.
For step 3, the guidelines suggest using different methodsto value benefits
and identifying sources of valuation estimates and confidence in the
sources.

Thecritical importance of the selection of the baselineisemphasized,
and theinformation presented on defining abaselineisconsistent with that
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of OAQPSdiscussed above. Generd principleshighlightedintheguidelines
includefocusing onkey issues (those affecting policy decisions), considering
changesin behavior that might result from changesin environmental quality,
avoiding double-counting of benefits, and clearly describing uncertainty and
nonmonetized effects.

Throughout the document, the analysis of uncertainty is emphasized.
Theguidelines state that an analysis should “ present outcomes or conclu-
sionsbased on expected or most plausi bleval ues; providedescriptionsof all
known key assumptions, biases, and omissions; perform sensitivity analysis
on key assumptions; and justify the assumptions used in the sensitivity
analysis.” Furthermore, on the basis of the sensitivity analyses of key
parameters, those points at which net benefits switch from positive to
negative (switch points) should beclearly identified. Other considerations
include presentation of plausible upper- and lower-bound estimates of net
benefits and identification of the most likely estimate.

Office of Management and Budget

OMB released a memorandum in 2000 that provided “ Guidelines to
Standardize M easures of Costsand Benefitsand the Format of Accounting
Statements” (OMB 2000). These guidelines were based on an OMB
document released in 1996 that described “ best practices’ for conducting
economic analyses required under Executive Order 12866 (OMB 1996).
Similar tothe EPA guiddines, the OMB guidelines provide general informa
tion on conducting an economic analysis. The2000 OMB guidelinesstate
that an analyst “cannot write a good regulatory analysis according to a
formula. The preparation of high-quality analysis requires competent
professional judgment.”

The 2000 OMB guidelinescontain some genera considerationsrel evant
to thiscommittee’ scharge. The guidelines note that the problem must be
clearly articulated and the need for regulatory action justified. Several
reasonableregulatory optionsshould beevaluated. Specifically, theanalysis
should critically evaluate not only the preferred option but al so more and
lessstringent options—onethat would yield more benefits presumably at a
higher cost and onethat would yield fewer benefits presumably at alower
cost. One exception to the inclusion of amore stringent option would be
when the preferred option exceeds the limits of technical feasibility.
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The OMB guidelines state that the baseline should be selected so that
it is the “best assessment of the way the world would look absent the
proposed regulation.” Although alternative baselines may be used, the
benefits and costs should always be evaluated against the same baseline.
Factors to consider when defining the baseline include market changes,
regulations or regulatory changes that might affect benefit and cost esti-
mates, and compliancerateswithregulations. Theguidelinesrecommend
that the analyst assume full compliance unless otherwise indicated.

Accordingtothe OMB guidelines, the presentation of theresultsof the
benefitsanalysisshould includealist of monetized benefitsthat indicates
typeand timing of benefitsexpressed in constant, undiscounted dollars, alist
of nonmonetized but quantified benefitsthat indicatestiming, and alist of
nonmonetized, unquantified benefitsthat isranked by expected magnitude.
The dataor studies on which the estimates are based should beidentified.
Whereapplicable, theanalysisshoul d explainwhy certain benefits cannot
bemonetized or quantified. Furthermore, the benefitsestimates should be
presented in away that clearly reflects the degree of uncertainty in the
estimates. Probability distributions should be presented with upper- and
lower-percentilesand central -tendency values. If probability distributions
cannot be generated, sensitivity analysesof plausible alternative assump-
tions should be conducted. Any analysis that indicates a change in the
preferred option or asubstantial changein the net benefits should be criti-
cally evaluated.

Other considerations noted in the OMB guidelines include avoiding
double-counting when estimating benefits, analyzing effects on different
groups, identifying any negative effectsof regulatory options, and eva uating
thesengitivity of estimatesto assumptions. Theguidelinesprovideinforma-
tion on valuing benefits, comparing costs and benefits, choosing discount
rates, and conducting the cost analysis; however, becausetheseissuesare
not relevant to the committee’ s task, they are not discussed further.

World Health Organization

WHO recently released a report that summarizes the findings of a
working group that eval uated vari ousaspectsof health-impact assessments
of air pollution (WHO 2001). Theoverall objective of the group was “to
review theavailable methodsfor healthimpact assessment of air pollution
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and to agree upon common approaches.” Thegroup focused primarily on
the sel ection of health outcomesand the use of epidemiological datainthe
assessments. Many of theissuesthat the WHO working group considered
weresimilar or identical to those considered by thiscommittee. Significant
findings relevant to this committee’ swork are highlighted in this section.

The WHO working group acknowledged that many acute and chronic
health effects, including death, have been associated with exposureto air
pollution. Regarding mortality, the group debated the use of time-series
studies (studiesthat can provide estimates of premature death dueto recent
exposure) versus cohort studies (studiesthat evaluate mortality in aspecific
popul ation over aperiod of years) and concluded that cohort studiesshould
be used in air-pollution health-impact assessments because they provide
“the most compl ete estimates of both attributable numbers of deaths and
averagereductionsinlife-span attributabletoair pollution.” However, time-
series studies are valuable because they can indicate the adverse health
effectsof air pollutionin specificlocations; quantify effects of short-term
fluctuationsinair pollution; and provideinformation that can help toidentify
toxic componentsof air pollution, support associationsbetween air pollution
exposure and chronic health effects, and identify factors that modify the
effects of air pollution.

The WHO report stated that the impact of air pollution on all-cause
mortality should be assessed, aswell asthat on cause-specific mortality for
the following conditions: cardiovascular disease, chronic nonmalignant
respiratory disease, lung cancer, and age-specific deaths, particularly for
younger and older populations. The group noted that the effects of air
pollution on mortality in sensitive subpopul ations should be better estimated
and stressed that care must betaken when transferring mortality ratesfrom
thestudy population (the population evaluated in the scientificliterature) to
the target population (the population characterized in the impact assess-
ment).

Regarding morbidity, the group recommended that all relevant health
outcomes be considered in the planning stages of the analysis but not
necessarily included in thefinal analysisand provided alist of potentially
relevant health outcomesto consider (see Table1-1). Thegroup noted that
thelist might need to be expanded if theimpactsof hazardousair pollutants
arebeingevaluated. For example, neurological outcomesshould be consid-
ered when eval uating | ead exposure, outcomesof leukemiaand non-Hodg-
kinslymphomashould be considered when eval uating benzene exposure,
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TABLE 1-1 Potentially Relevant Health Outcomes for Air-Pollution
Health-Impact A ssessment

Reproductive
Acute Outcomes Chronic Disease Outcomes Outcomes
Daily mortality Mortality in infants and Pregnancy
Respiratory hospital adults from chronic complications,
admissions cardiorespiratory disease including fetal
Cardiovascular hospital Chronic respiratory disease death
admissions (asthma, chronic Low birth weight
Emergency room visits for obstructive pulmonary Preterm delivery
respiratory and cardiac disease, chronic
problems pathological changes)
Primary-care visits for incidence and prevalence
respiratory and cardiac Chronic changein
conditions physiological function
Use of respiratory and Lung cancer
cardiovascular medicines  Chronic cardiovascular
Days of restricted activity disease
Work absenteeism
School days missed
Self-medication
Avoidance behavior
Acute symptoms

Physiological function,
such as lung function

Source: Adapted from WHO 2001.

and the outcome of hematopoietic cancer should be considered when
eval uating butadieneexposure. If possible, theimpactsonthese outcomes
should be expressed by age and sex.

TheWHO group emphasi zed the need to eval uate thetransferability of
therisk estimates of the study population to thetarget population. Factors
that should be considered include the mixture of pollutantsto which each
popul ationisexposed and each popul ation’ sbaseline heal th status. Assump-
tionsshould beclearly articul ated and assessed and justifications provided
for transferability of the results from the study population to the target
population. If possible, uncertaintiesshould bequantified. Theanalyst might
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need to consider using multisite analyses or meta-anal ysesrather than one
particular study.

When the study and target populations differ, “ health impact assess-
ments should strive to characterize exposure in the target population to
mirror as closely as possible exposure in the study providing the effect
estimate.” Care must be exercised when extrapol ating beyond the concen-
tration range of the study used to base estimates. Factors that should be
considered in the analysis include differences between study and target
locationswith respect to pollutant sources, pollutant mix, variationintime
and space of the pollutant mix, locations of themonitors, and assumptions
used to determine population average exposure, such as amount of time
spent indoors, work habits, and use of air conditioners.

The group noted that the effects attributed to a specific pollutant in
epidemiological studies should be viewed as the effects resulting from
exposure to pollutant mixtures emitted by particular sources. Therefore,
effect estimatesof single pollutants should not be added when derived from
single-pollutant stati stical model sunlessthey can be confidently shownto
act independently on health. Although the current focusis on the health
effects of exposureto PM, other pollutants, such assulfur dioxide, should
not be disregarded. The group stated that more research is needed to
evaluate the relationship between health impacts and pollutant mixtures.

The group emphasized that uncertainties in the analysis should be
explicitly stated and quantitatively evaluated. Rigoroussensitivity analyses
should be conducted to determine how theresultsare affected by deviations
inkey assumptions (for example, how mortality-impact estimatesvary by
exposurelevel). Overal, the group emphasi zed that the results should be
presented with “ sufficient detail with regard to various health endpoints,
population strata(e.g., age, sex, race, social class), and pollutantsto allow
policy analystsmaximum latitudeand flexibility inapplying themtoregula-
tory decision-making.”

Thegroup provided several recommendationsfor additional research.
Research topics considered to be of primary importance “to improve the
scopeand reiability of healthimpact analysis’ included (1) quantification of
chronic effectsof air pollution, (2) identification and eval uation of factors
that modify the effectsof air pollution and result in the observed variation
inresponse between populations, and (3) quantification of all health effects
resultingfrom exposureto air pollution and better quantification of thosethat
have been identified.
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National Research Council

In response to an EPA request in 1986, NRC convened the Steering
Committeeon Vauing Health Risks, Costs, and Benefitsfor Environmental
Decisionsto help EPA identify “ some sound scientific basi sfor approaching
the problem of valuing risks” (NRC 1990). The steering committee con-
ducted aconferencein 1987 and prepared aconferencereport that included
issue papers prepared for the conference and conclusions and recommen-
dationsof the steering committee based onthe conferencediscussions. The
conferencefocused primarily onthelegdl, political, philosophical, and ethical
issuesassociated with CBA, particularly the val uation techniques, and not
on the methodol ogical issues on how to conduct benefitsanalysis. How-
ever, the recommendations made by the steering committee are relevant
here. Specifically, the steering committee emphasized that CBA should be
considered a“ set of information-gathering and organizing tools’ rather than
a “decision-making mechanism itself,” suggested that the appropriate
analytical methods and techniquesbe matched to thegiven problem (that is,
no singleanaytica techniqueissuitableto evaluateall regulatory decisions),
and encouraged theuse of aformal peer-review processfor theseanalyses.

ORGANIZATION OF REPORT

The remainder of this report is divided into five chapters. Chapter 2
contains brief summariesof EPA case studiesreviewed by thecommittee.
Chapters 3, 4, and 5 address specific aspects of health benefits analyses.
Chapter 3 discusses issues in selecting regulatory options and effects to
eval uate, defining thetimeframe of theanalysis, and making assumptions
about conditionswith and without the regulation implemented. Chapter 4
addresses issues related to exposure estimates, identification of health
outcomes, and sel ection and use of the concentration-response functions
that link exposureto health. Chapter 5 presentsissues associated withthe
analysis of uncertainty. Chapter 6 places health benefits analysesin the
context of cost-benefit and cost-effectiveness anal yses and di scusses how
theresults of benefits analyses should be presented to be compatible with
those analyses. Chapter 6 also addresses issues of quality assurance and
communication of the methods and results.
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Health Benefits Analyses:
EPA Case Studies

The committee reviewed the health benefits analyses contained in the
regul atory impact assessments(RIAs) prepared for thefollowing EPA rule-
makings: (1) “Particulate M atter and Ozone National Ambient Air Quality
Standards” (EPA 1997), (2) “Tier 2 Motor Vehicle Emissions Standards
and Gasoline Sulfur Control Requirements’ (EPA 1999a), and (3) “Heavy
Duty Engineand V ehicle Standardsand Highway Diesel Fuel Sulfur Con-
trol Requirements’ (EPA 20004). Thecommitteealsoreviewedthehealth
benefitsanalysiscompleted for the EPA prospectiveanalysisof thebenefits
and costs of the 1990 Clean Air Act Amendments (CAAA) (EPA 1999b),
which used methods similar to those used in the other EPA analyses re-
viewed by thecommittee. Critical elementsof theanalysesare summarized
inTables2-1and 2-5, and the sectionsthat follow provideabrief summary
of the EPA anaysesto aid the reader in understanding the critiquesin the
chaptersthat follow. Althoughtheanalysesprovide methodsand estimates
for welfare benefits (all benefits other than health, such asimprovements
invisibility), thefocusof thefollowing discussionishuman health benefits.

PARTICULATE MATTER AND OZONE
NATIONAL AMBIENT AIR QUALITY STANDARDS

EPA is required by the Clean Air Act (CAA) to review National
Ambient Air Quality Standards (NAAQS) at least once every 5 yearsand

34
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to revise standards when necessary to protect the public health and the
environment (EPA 1997). By themid-1990s, scientific evidence suggested
that the standards for both particulate matter (PM) and ozone needed
revision. Accordingly, EPA proposed new PM and ozone NAAQS and
released an RIA evaluating the benefitsand costs of the proposed standards
(EPA 1997). Theproposed PM and ozone standardswereeval uated inthe
same RIA because of the similaritiesin precursors, sources, atmospheric
residence times, and atmospheric chemistry. The RIA aso included an
assessment of a proposed regional haze rule; however, the committee
focused on the health benefits analyses conducted for the PM and ozone
standards because they were more closely related to its task.

The proposed standards that were evaluated were (1) an annual mean
PM, . standard of 15 micrograms per cubic meter (ug/m?) and a 98th
percentile 24-hour (hr) average of 65 pg/m?in conjunction with an annual
mean PM ,, standard of 50 pug/m? and 99th percentile 24-hr average of 150
pug/m?, and (2) an 8-hr ozone standard of 0.08 parts per million (ppm) based
onthefourth highest average daily maximum.! Two alternative standards
were also evaluated for PM, ¢ and ozone. EPA evaluated a partia-attain-
ment scenario that accounted for areas that would not be able to meet the
proposed standards or alternatives based on current control technologies
and a full-attainment scenario that assumed no residual nonattainment.
EPA noted that more uncertai nty was associated with the estimatesfor the
full-attainment scenario because attainment was based on devel opment of
new technologies. The benefits were estimated in the year 2010 because
EPA assumed that the mgjority of CAA-mandated controls would be
achieved by that date.

EPA used a six-step approach for estimating the benefits for the
proposed and alternative PM and ozone standards. Inthefirst step, EPA
devel oped anemissionsinventory for theyear 2010. Theinventory included
estimatesfor volatileorganic compounds (V OCs), nitrogen oxides(NO,),
sulfur dioxide (SO,), secondary organic aerosols, PM, ., PM,,, and ammo-
nia (NH,). To construct the 2010 inventory, EPA first generated a 1990
emissionsinventory using source-specific emissions factors and activity
levels, such asfuel consumed by electric utilitiesor milestraveled by motor
vehicles. The2010 emissionsinventory wasthen projected usingthe 1990

PM,, refers to PM with an aerodynamic diameter of 10 um or less, and PM,
refers to PM with an aerodynamic diameter of 2.5 um or less.
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emissionsinventory, sector-specific growth assumptions, and source-spe-
cificassumptionsregarding future CA A-mandated control sexpected to be
achieved by 2010.

Inthe second step, county-level baselineair-quality datafor the conti-
nental United States were generated. For PM, a source-receptor matrix
was first generated using the phase 2 climatological regiona dispersion
model (CRDM). Because the model was shown to overestimate the
contribution of fugitive dust to fine PM, the source-receptor matrix was
adjusted, and monitoring datawere used to calibrate the matrix. Baseline
annua mean PM ,,and PM,  estimatesfor 2010 werethen generated using
the 2010 emissions dataand the source-receptor matrix. PM estimatesfor
nonmonitored counties were generated on the basis of the more complete
data sets for the monitored counties. Peak-to-mean ratios were used to
generate 24-hr averages. For ozone, aregional oxidant modeling (ROM)
extrapol ation method was used to generate county-level baselineair-quality
datafor ozone. Ozoneair-quality monitoring datafrom 1990 and ROM air-
guality modeling resultsfor 2007 were used to generate ozone air-quality
datafor 2007. Thedatafor 2007 werethen extrapol ated using 2010 emis-
sions dataand ozone modeling and monitoring datato give 2010 baseline
ozoneair-quality data. Datafor nonmonitored countieswere generated by
interpolating datafrom surrounding monitored counties, assuming that the
entire county population experienced the air pollution concentration esti-
mated at the geographic center (or centroid) of the county.

Inthethird step, EPA used the PM and ozone baseline air-quality data
toidentify countiesthat woul d exceed the proposed or aternative standards.
In the fourth step, EPA selected control strategies to implement in the
nonattainment counties and then estimated the potential costsand economic
impacts of the proposed and alternative standards.

Inthefifth step, EPA estimated the post-control air-quality dataonthe
basis of the control strategies selected in step four. For the partial-attain-
ment scenario, EPA used the source-receptor matrix to estimate PM air-
quality dataand aquadratic rollback procedureto estimate ozoneair-quality
data. For the full-attainment scenario, a proportional and a quadratic
rollback procedurewere used to estimate PM and ozoneair quality, respec-
tively.?

2Rollback procedures scale an exposure estimate by the changes modeled for
the emissions estimates. Therefore, proportional rollback assumes that concentra-
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In the sixth step, EPA estimated the human health benefits resulting
from implementation of the proposed or alternative standards for each
county inthe continental United Statesand then summed across countiesto
givethenational estimates. EPA estimated thereductionsin theincidences
of a number of human health effects (see Table 2-1). Although EPA
indicated that afew additional health effects were quantified, the results
werenot includedintheanalysis. Human health effectsthat could not be
guantified but were associated with exposure to the pollutants were also
listed. The human health benefits were estimated on the basis of the
differences in pre- and post-control air-quality data and quantitative
concentration-responsefunctionsderived fromthe epidemiological litera-
ture. ThePopeet al. (1995) study was used to determine mortality reduc-
tions resulting from PM reductions. For ozone, a meta-analysis of nine
epidemiological studieswasused to determinemortality reductionsresulting
from ozone decreases. Clinical studies were used to support data for
effectsof ozoneexposure. Oneimportant assumption madeinthisanalysis
wasthat the health benefitswererealizedintheyear inwhichtheexposure
reductionsoccurred. Thebenefitswere monetized to deriveatotal benefits
estimate that could be compared with the cost estimate.

Theanalytical uncertainty waspartially reflected by providingaplausi-
ble range of benefits estimates.® For the high-end estimates, an effects
threshold of 12 pg/m®wasassumed for PM, .-related long-term mortality,
mortality benefits(deaths avoi ded) were estimated for reductionsin ozone
concentration using ameta-analysisof nineepidemiological studies, ancillary
PM benefits were included in the ozone benefits estimates,* and an ap-
proach based on the value of astatistical life (V SL) was used to monetize
themortality benefits. For thelow-end estimate, an effectsthreshold of 15
pug/m? was assumed for all PM, .-related health outcomes, no mortality
benefitswere estimated for reductionsin ozone concentration, no ancillary
PM benefitswereincludedinthe ozonebenefitsanalysis, and an approach
based on the value of astatistical life year (VSLY) was used to value the

tions and emissions are proportionally related, and a quadratic rollback assumes a
quadratic relationship between emissions and concentrations.

SEPA noted that the plausible ranges provided were not equivalent to upper
and lower statistical confidence bounds.

“4Reduction in precursors resulting from measures to control ozone formation
will also result in reduction of PM. The benefits derived from the reduction in PM
in this case are referred to as ancillary PM benefits.
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mortality benefits. EPA alsoindicated that several sensitivity analyses of
key assumptionswere conducted. Onesuch analysisinvestigated alterna-
tiverollback proceduresto estimate post-control ozoneair quality. EPA aso
qualitatively discussed uncertaintiesrelevant to various phases of theanal -
yses and provided an opinion on whether the uncertainty would lead to an
overestimate (positivebias) or an underestimate (negative bias) of results.

Annual benefits (avoided cases of morbidity and mortality) of the
proposed ozoneand PM, . standardsare shownin Table 2-2for the partial -
attainment scenario in 2010. Annual benefits of the proposed ozone stan-
dard are incremental to the current ozone standard, and those of the pro-
posed PM, . standard are incremental to the current ozone and PM
standards. Monetized values are also provided.

TIER2MOTOR VEHICLE EMISSIONS STANDARDS AND
GASOLINE SULFUR CONTROL REQUIREMENTS

The Tier 2 Motor Vehicle Emissions Standards and Gasoline Sulfur
Control Requirements Rule (Tier 2 rule) sets new federal motor-vehicle
emissionsstandardsand establisheslimits on sulfur concentrationsin gaso-
line (EPA 1999a). The emissions standards apply to all passenger cars,
light trucks, and medium-duty passenger vehicles, whichincludesport utility
vehicles (SUVs) and passenger vans. The standards are designed to limit
emissions, such as NO,, that contribute to ozone and PM formation and,
therefore, will help states meet the ozone and PM NAAQS. Full compli-
ance with the emissions standards shoul d be achieved by 2009, with phase-
in periods dependent on vehicle class. Full compliance with the gasoline
sulfur limits should be achieved by 2006.

The benefits of the rule were assessed for the year 2030, when full
implementation is expected through turnover of the existing vehiclefleet.
EPA used a four-step approach for the Tier 2 benefits analysis. First,
reductionsin motor-vehicleemissionsanticipated from the standardswere
used to estimate the impact on emissions inventories of NO,, SO,, hon-
methane hydrocarbons (NMHCs), PM,, ., PM ,,, and NH, for the continen-
tal United Statesin 2030.> Compliance assumptionswerenot clearly stated
in the discussion of the benefits analysis.

5The RIA appeared to equate nonmethane hydrocarbons (NMHCs) with VOCs
asthis class of compounds was later listed instead of NMHCs.
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TABLE 2-2 Annual Benefits (Avoided Cases of Morbidity and Mortality and
Monetized Value) of the Proposed Ozone and PM, ; Standards for the Partial -
Attainment Scenario in 2010

Ancillary
PM Benefits
Avoided Cases Monetized Included in
(Low- to High- Value (19908  Ozone High-
Health Outcome End Estimates) in millions) End Estimate?
PM-Related Outcomes
Mortality 3,300-15,600° 1,800-75,100 80 ($400); 250
($1,210)°
Chronic bronchitis 45,000-75,000 11,700-19,400 530 ($140)
Hospital admissions
All respiratory illnesses (all ages) 3,600-5,700 42-72 90 ($1)
Congestive heart failure 1,200-2,100 30-35 20 ($0)
Ischemic heart disease 1,200-2,400 30-49 20 ($0)
Acute bronchitis 12,000-20,000 1 400 ($0)
Lower respiratory symptoms 179,000-299,000 2-4 4,670 ($0)
Upper respiratory symptoms 36,000-60,000 1 430 ($0)
Work-loss days 1,900,000- 156-261 50,440 ($4)
3,148,000
Minor restricted-activity days 15,697,000- 600-1,000 420,300 ($16)
26,128,000
Ozone-Related Outcomes
Mortality 0-80 0-380 —
Hospital admissions
All respiratory illnesses (all ages) 300¢ 4 —
Acute respiratory symptoms (any 29,8401 1 —
of 19)
Mortality from air toxics 14 6 —

#Ancillary PM benefits are those benefits derived from PM reductions due ozone
control measures. Avoided cases are provided with monetary estimates provided
in parentheses in millions of 1990 dollars.

PEstimates were designated as mortality estimates for short-term exposure; however,
the low-end estimate represents short-term exposure and the 15 pg/m® threshold,
and the high-end estimate represents long-term exposure and the 12 pg/m? thresh-
old (B. Hubbell, EPA, personal communication, June 4, 2002).

‘Mortality estimate for short-term exposure; mortality estimate for long-term expo-
sure.

YRange not provided.

Source: Datafrom EPA 1997.
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Second, air-quality modeling of ozone and PM was conducted for a
base year (1996) and two future scenarios: 2030 with and without the
standards implemented. Ambient ozone was modeled using the urban
airshed model variable (UAM-V). Monitoring datafrom 1996 were used
to calibratethemodel, and datafor nonmonitored areaswere generated by
interpolating valuesfrom nearby monitoring sites. Theeasternandwestern
United States were modeled separately with finer resolution used in the
eastern United States (12- or 36-km grids versus 56-km grids). Two
simulation periods (July 12-24, 1995, and July 5-15, 1995, for the eastern
United States and July 5-15, 1996, and July 18-31, 1996, for the western
United States) were used to generate the ozone data for the benefits
anaysis. Similar to the analysisfor the PM NAAQS, ambient PM, . and
PM ,, were model ed using asource-receptor matrix based on CRDM. The
source-receptor matrix was adjusted for the overestimate of the contribution
of fugitive dust to PM, ¢ and then calibrated using monitoring data.

The criteria air pollutant modeling system (CAPMS) was used to
estimate health benefits on the basis of the projected changesin ambient
concentrations of ozone and PM and concentration-response functions
derived fromepidemiological studies. Many health outcomeswere quanti-
fied (see Table2-1), and many health outcomeswerelisted as* unquantified
effects’ for ozone and PM, as well as for carbon monoxide (CO) and
hazardous air pollutants (HAPs). EPA noted that the effectsfor CO and
HAPswere not quantified because no appropriateair-quality modelswere
available. Totranslaterelativerisk concentration-responsefunctionsinto
absolute numbers of cases, baseline incidences of each health outcome
wereestimated within specific agegroups. A singleconcentration-response
function for each outcome was applied to the entire country. The Pope et
al. (1995) study was used to estimate PM -rel ated prematuremortality. No
mortality estimateswere cal culated for 0zone becausethey were assumed
tobeaccounted forinthe PM estimates. No thresholds above background
concentrationswere assumed when modeling the health effects. A 5-year
lag structurewasassumed for PM-related premature mortality (25%inthe
first and second years and 16.7% in each of the remaining 3 years).

Inthefinal step, the benefits were monetized for comparison with the
cost estimates. EPA used the VSL approach to monetize the premature
mortality estimates.

The uncertainty in the analysis was evaluated by identifying key as-
sumptionsand presenting alternative cal culations. For example, alternative
calculationsfor premature mortality were presented using the Dockery et
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al. (1993) study instead of the Pope et al. (1995) study and usingaVSLY
approachinstead of aV SL approach. EPA stated that no probabilitieswere
assigned to the alternative cal cul ations because doing so would make the
resulting probabilities seem more precise than they actually were (see
Chapter 5). Furthermore, high-end and low-end estimates were not pre-
sented because“ the probability of al of theseaternativesoccurring simulta-
neously isextremely low.” However, EPA did present a 5th and 95th per-
centile estimate, assuming the only source of uncertainty of the benefits
estimateswasrandom sampling error in the estimation of the concentration-
response coefficients. EPA also conducted several sensitivity analyses; one
analysisevaluated variousassumptionsregarding lag structurefor mortality
benefits, and another eval uated various assumptionsregarding threshol ds.
EPA a soincluded supplemental calculationsfor variousheal th outcomes,
such as premature mortality resulting from short- term PM or ozone expo-
sureandinfant mortality resultingfrom PM exposure. These supplementary
estimates were not considered additive to the primary benefits estimates.

Theannual health benefitsestimated by EPA for the Tier 2 regulation
aresummarized in Table 2-3for theyear 2030. The monetized valuesare
also provided. Asindicated in the table, mortality benefits dominate the
overall estimates when the benefits are monetized.

HEAVY DUTY ENGINE AND VEHICLE STANDARDS AND
HIGHWAY DIESEL FUEL SULFUR CONTROL
REQUIREMENTS

The Heavy Duty Engine and V ehicle Standards and Highway Diesel
Fuel Sulfur Control Requirementsrule (heavy-duty [HD] engineand diesel-
fuel rule) establishes new federal emissions standards for heavy-duty
vehiclesand enginesand setslimitson sulfur concentrationsindiesel fuel.
Emissions standards are established for NO,, PM, and NMHC. Heavy-
duty vehicles must al so meet emissions standards for formaldehyde. The
standards for both engines and vehicles are to be phased in by 2010, de-
pending onvehicleclassor enginetype(gasolineor diesel). Full compliance
withthesulfur limitsfor diesel fuel should beachieved by 2006. Similarto
the Tier 2 rule, EPA stated that the HD engine and diesel-fuel rule is
necessary to help the states meet PM and ozone NAAQS but aso noted
that some studies have reported health effects below the level of the
NAAQS for these two pollutants.
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TABLE 2-3 Annual Health Benefits (Avoided Cases of Mortality and Morbidity
and Monetized Value) for Tier 2 Regulation in 2030

Monetized

Benefit (1997%
Health Outcome Avoided Cases® in millions)®
PM-Related Health Outcomes

Premature mortality (adults, ages30 4,300 (2,700-5,900) 23,380
and over)

Chronic bronchitis 2,300 (600-4,100) 730

Hospital admissions
Respiratory causes 1,200 (400-2,100) 10
Cardiovascular causes 500 (100-1,100) 10

Emergency room visits for asthma 900 (400-1,400) <1

Acute bronchitis (children, ages 8-12) 7,900 (0-16,300) <1

Lower respiratory symptoms 87,100 (39,900-131,100) <5
(children, ages 7-14)

Upper respiratory symptoms 86,500 (25,500-144,600) <5
(children with asthma, ages 9-11)

Shortness of breath (African 17,400 (4,700-29,500) <1

Americans with asthma, ages 7-12)

Work-loss days (adults, ages 18-65) 682,900 (597,800- 70

771,800)

Minor restricted-activity days and 3,628,500 (3,034,100- 170
acute respiratory symptoms 4,177,200)

Ozone-Related Health Outcomes

Chronic asthma (adult males, ages27 400 (100-800) 10
and over)

Hospital admissions
Respiratory causes 1,000 (200-1,800) 10
Cardiovascular causes 300 (0-500) <5

Emergency-room visits for asthma 400 (100-600) <1

Minor restricted-activity days and 2,226,500 (1,014,400- 100
acute respiratory symptoms 3,414,800)

Decreased worker productivity (adult  Not reported 140

working population)

#Mean value provided with 5th and 95th percentile values shown in parentheses
rounded to the nearest 100.

PMean val ue of monetized value provided for reference.

Source: Adapted from EPA 19993a,c.
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Thebenefitsof theHD engineand diesal-fuel rulewere evaluated using
the general procedure used for the Tier 2 rule. However, several aspects
differ amongtheanalyses, such asair-quality model sused, health outcomes
eval uated, concentration-response functions selected, and val uation tech-
niquesused. Similaritiesand differencesare highlightedinthefollowing
discussion.

Similar tothe Tier 2 benefitsanalysis, afour-step approach was used
to estimate benefitsfor the HD engineand diesel-fuel rule. First, emissions
inventoriesweredevel oped for two scenariosfor theyear 2030—abaseline
scenario in which the rule was not implemented and a control scenarioin
whichtherulewasfully implemented. Theyear 2030 was chosen because
it provided “asnapshot of benefitsand costsin afuture year in which the
heavy duty fleet consistsalmost entirely of vehiclesand fuelsmeeting” the
HD engineand diesal-fuel standards. Emissionsestimateswere devel oped
for NO,, NMHC, SO,, and PM. Compliance assumptionswerenot clearly
presented in the discussion of the benefits analysis.

Second, ambient air concentrationsof ozoneand PM (PM ,,and PM,, ()
acrossthe continental United States were model ed for abase-year (1996)
andfor thebaselineand control scenariosin 2030. Bothair-quality models
used for theanalysissimulated the physical and chemical processesinthe
atmospherethat affect pollution transport and transformation and provided
temporal and spatia concentration estimates. |nputstothemode sincluded
emissions inventories, meteorological data, and land-use information.

Similar to the Tier 2 analysis, ambient ozone concentrations were
estimated using aregional -scal e version of theurban airshed model-variable
grid (UAM-V). However, for the benefitsanalysis of the HD engine and
diesel-fuel rule, EPA did not include the modeling resultsfor the western
United Statesbecause of poor model performanceinthat region (themodel
significantly underestimated observed concentrations). Hourly ozone
concentrationswere simulated within 12- or 36-km grid squares covering
theeastern United Statesfor threebrief periodsinthe summer (June 12-24,
July 5-15, and August 7-21, 1995), which were selected because they
represented arecent time period and “ contained several periodsof elevated
ozone over the Eastern U.S.” The modeling results were corrected using
calibration factorsdevel oped from comparison of modeled and monitor data
for the base-year of 1996. The modeling results were extrapolated to a
5-month ozone" season” (May-September). Ozonedatafor nonmonitored
areaswereobtained by interpol ation of datafrom nearby monitoring sites.

Air-quality estimates for PM were developed using a national-scale
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version of the regulatory model system for aerosols and dispersion
(REMSAD). Thismodeling proceduredifferedfromthat usedfor the Tier
2 analysis. Three-hour average PM concentrations were simulated for a
full year within 36-km sguare gridsfor the continental United States. PM
speciesmodel edincluded primary coarsefraction PM (2.5t0 10 umdiame-
ter range), primary fine particles (under 2.5 um diameter), and several
secondary fine particles, such as sulfates, nitrates, elemental carbon, and
organics. All fine-particle components were summed to obtain PM,, ¢
estimates. Because insufficient PM,. monitoring data were available
across the United States, the PM, ; simulations could not be calibrated.

Similar to the Tier 2 analysis, CAPM S was used to estimate health
benefits on the basis of differencesin ambient air concentrations in the
baseline and control scenariosfor 2030 and concentration-response func-
tions derived from epidemiological studies. However, there were afew
differences in health outcomes evaluated and concentration-response
functions sel ected between the Tier 2 analysisand HD engine and diesel -
fuel analysis. For example, chronic asthma and shortness of breath were
not evaluated as primary health outcomesfor ozoneand PM, respectively;
however, asthma attacks were evaluated for both ozone and PM. An
adjustment was madeto the estimatesfor minor restricted-activity daysto
avoid double-counting of effects. Inaddition, the concentration-response
function used to estimate PM-related premature mortality wastaken from
the re-analysis of the Pope et al. (1995) study (Krewski et al. 2000). To
trand aterel ativerisk concentration-responsefunctionsinto absol ute num-
bers of cases, baseline incidences of each health outcome were estimated
within specific age groups. A single concentration-response function for
each outcome was applied to the entire country. No thresholds above
background concentrations were assumed, and a 5-year lag structure was
assumed for PM-related premature mortality (25% inthefirst and second
years and 16.7% in each of the remaining 3 years).

Finally, benefitswere moneti zed and compared with cost estimates. A
V SL approachwasused to monetizethe mortality benefits. Estimateswere
not provided using aVSLY approach; however, alternative calculations
were provided using an age-adjusted VSL approach. The benefits esti-
mates for this analysis were adjusted to reflect growth in real income.

Uncertaintiesin thisanalysiswere eval uated using the same approach
asthat usedintheTier 2analysis. Alternative cal culationswere presented
for key assumptionsand included cal cul ationsfor avoided cases of prema-
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ture mortality using an age-adjusted V SL approach, for avoided cases of
chronic asthmafor ozone, and for avoi ded cases of other health outcomes
using different concentration-response or valuation functions. Sensitivity
analyses were used to evaluate | ag structures and threshold assumptions.
Supplemental cal culationswereal so presented for several health outcomes,
such as premature mortality resulting from short-term PM or ozone expo-
sureand infant mortality resulting from PM exposure. These supplemen-
tary estimates were not considered additive to the primary benefits esti-
mates.

Theannual health benefitsestimated for theHD engineand diesel-fuel
regulation are summarized in Table 2-4 for the year 2030. Monetized
benefitsareal so provided. Asindicatedinthetable, themortality benefits
dominate the overall estimate when the benefits are monetized.

PROSPECTIVE ANALYSISOF THE 1990
CLEAN AIR ACT AMENDMENTS

“The Benefits and Costs of the Clean Air Act, 1990-2010" (EPA
1999b) analyzed the benefitsand costs of Titles|-V of the 1990 Clean Air
Act Amendments(CAAA). Critical elementsof theanalysisare summa-
rized in Table 2-5. Each title of the CAAA targets different sources or
typesof air pollutants. Specificaly, Titlel, whichtargetsprimarily station-
ary sources, establishes a program for meeting and maintaining the
NAAQS; Title 1l establishes regulations for mobile sources and require-
mentsfor reformul ated gasoline; Titlel 11 regulateshazardousair pollutant
(HAP) emissionsand definesHAPsto beregulated; TitlelV establishesa
program for controlling precursors of acid rain (primarily SO, emissions
from electric utilities); and Title V “requires anew permitting system for
primary sourcesof air pollution.” Thebenefitsand costsof TitleV1, which
limits the emissions of stratospheric ozone-depleting chemicals, are al'so
reported in the study; however, they are based on a previous regulatory
impact assessment (RIA), and the methods used to derive them are not
discussed further here.

Because each title consists of many individua rules, the analysisis
much broader thaninmost RIAs, including thosediscussedinthischapter.
EPA anayzed two scenarios. apre-CAAA conditioninwhichall pollution
controls are frozen at 1990 levels of stringency and effectiveness and a
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TABLE 2-4 Annual Health Benefits (Avoided Cases of Morbidity and Mortality
and Monetized Value) for the HD Engine and Diesel-Fuel Regulation for 2030

Monetized
Benefit (1995%
Health Outcome Avoided Cases® in millions)®
PM-Related Health Outcomes
Premature mortality (adults, ages 30 and 8,300 (4,800-11,700) 62,580
over)
Chronic bronchitis (adults, ages 26 and over) 5,500 (1,900-9,500) 2,430
Hospital admissions
Pneumonia (adults, ages 65 and over) 1,100 (600-1,600) 20
COPD (adults, ages 64 and over) 900 (200-1,600) 10
Asthma (ages 65 and younger) 900 (400-1,400) 10
Cardiovascular (adults, ages 65 and over) 2,700 (2,300-3,100) 50
Emergency room visits for asthma (ages65 2,100 (900-3,200) <5

and younger)
Asthma attacks (all ages)
Acute bronchitis (children, ages 8-12)

Lower respiratory symptoms (children, ages

7-14)
Upper respiratory symptoms (children with
asthma, ages 9-11)

175,900 (61,000-291,900) Not monetized
17,600 (1100-35,900) <5
192,900 (88,300-295,800) <5

193,400 (65,300-325,400) 10

Work-loss days (adults, ages 18-65) 1,539,400 (1,337,300- 160
1,733,300)

Minor restricted-activity days (adults, ages 7,990,400 (6,806,700- 430
18-65) 9,104,800)

Ozone-Related Health Outcomes’

Hospital admissions
Respiratory causes (all ages) 1,200 (200-2,100) 20
Cardiac dysrhymias (all ages) 300 (0-600) <5

Emergency room visits for asthma (all ages) 300 (100-500) <1

Asthma attacks (all ages) 185,500 (70,400-305,800) Not monetized

Minor restricted-activity days (adults, ages 1,848,100 (988,600- 100
18-65) 2,706,600)

Decreased worker productivity (adult Not reported 140

working population)

#Mean value provided with 5th and 95th percentile values shown in parentheses

rounded to the nearest 100.

®Mean value of monetized value provided for reference. The estimates have been

adjusted for growth in real income.

°Estimates provided are for eastern United States only.
Abbreviation: COPD, chronic obstructive pulmonary disease.

Source: Adapted from EPA 2000a,b.
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TABLE 2-5 Elements of the Prospective Analysis of the 1990 Clean Air Act

Amendments

Parameters

Benefits evaluation
points

Scenarios

Pollutants modeled
and methods used
for air-quality
modeling for
benefits analysis

Health outcomes
quantified and
monetized®

Concentration-
response function
used to estimate
mortality benefits

Threshold
assumptions

2000 and 2010

Evaluated conditions with and without implementation of Titles |-
V of the 1990 Clean Air Act Amendments

Ozone — regional-scale version of the urban airshed model (UAM-
V) for eastern and western United States; UAM-1V for Los
Angeles, San Francisco, and Phoenix

PM,, and PM,; — regional acid deposition model/regional
particulate model for the eastern United States; regulatory
modeling system for aerosols and acid deposition for the western
United States

CO, NO,, and SO, — linear scaling procedure based on percent
reduction in emissions

Ozone — chronic asthma; minor restricted-activity days and
respiratory symptoms; hospital admissions (respiratory and
cardiovascular illness); emergency room visits for asthma

PM — premature mortality; bronchitis (chronic and acute); hospita
admissions (respiratory and cardiovascular illness); emergency
room visits for asthma; lower and upper respiratory symptoms;
shortness of breath; minor restricted-activity days and respiratory
symptoms; work-loss days

CO — hospital admissions (respiratory and cardiovascular illness)

NO, — hospital admissions (respiratory and cardiovascular illness);
respiratory illness

SO, — hospital admissions (respiratory and cardiovascular illness);
chest tightness, shortness of breath, or wheeze

Pope et a. (1995)

No thresholds above background concentrations assumed for

model ed health outcomes (Continued)
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TABLE 2-5 Continued

Parameters

Lag-time 5-year lag structure assumed for PM-related premature deaths
assumptions with 25% inyears1 and 2 and 16.7% in years 3, 4, and 5
Quantification of 1. Calculated 5th and 95th percentiles that reflected within-study
uncertainty variance and across-study variability in both the health effects

estimation and the economic valuation steps;
2. Provided alternative calculations for key assumptions;
3. Conducted sensitivity analyses

Study populations  Mgjority of benefits estimated for adult populations. PM
evaluated for health mortality estimated for population 30 yr and older. Some hospital
outcomes admissions studies use entire popul ation; others use the

popul ation over 65 yr

Many other health outcomes were listed as unquantified for the listed pollutants.
A few health outcomes were quantified but were not monetized because they were
included in another benefits category.

post-CAAA conditioninwhichall rulesstemming from passage of the 1990
CAAA areimplemented. However, the post-CAAA condition does not
include the recent regulations described in this chapter (PM and ozone
NAAQS, Tier 2 emissions standards, and HD engineand diesel-fuel stan-
dards). EPA noted that the recent regulations use the prospective post-
CAAA scenario asthe baseline; therefore, the benefits estimatesin those
analysesare consideredincremental to those estimated for the prospective
analysis (EPA 1999b).

Benefits are analyzed in the aggregate for Titles I-V, and annual
estimates of benefitsand costs are presented for the years 2000 and 2010.
The present value of benefits and costs over the period 1990 to 2010 are
alsocalculated. Categoriesof benefitsestimatedincludehealth, visibility,
agricultural, and ecological benefits. The process used to calculate the
benefitsissimilar tothat usedto evaluate benefitsfor the Tier 2and theHD
engine and diesel-fuel rules.

First, the changes in emissions of PM (PM, . and PM,), SO,, NO,,
V OCs, and CO were estimated for the base-year 1990 and for the pre- and
post-CAAA scenarios in 2000 and 2010. The changesin emissions are
primarily associated with Titles |, I, and 1V. Theimpactsof Titlelll on
HAP emissions were not calculated; consequently, the health benefits
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resultingfromreductionsin HAPemissionswereal so not calculated. Title
V has no direct impact on emissions of the criteriaair pollutants.

Theemissionsestimateswerethen used to model or cal culate changes
in ambient air concentrations of ozone, PM, SO,, NO,, and CO. Ozone
concentrationswere modeled using UAM-V for the eastern and the west-
ernUnited Statesand UAM-IV for three metropolitan areas (LosAngeles,
San Francisco, and Phoenix). Spatial resolution of the model was greater
for the eastern United States (12- or 36-km square grids) than for the
western United States (56-km square grids). Spatial resolution withinthe
citieswas still greater (4- or 5-km square grids). One or two simulation
periodsranging from 2 to 10 dayswere used to generate hourly ozone con-
centrations.

PM concentrationsin the western United States were modeled using
REMSAD, and PM concentrations in the eastern United States were
modeled using theregional acid depositionmodel (RADM )/regiond particu-
late model (RPM). Spatial resolution of the modeling was greater for the
western United States (56-km grid squares) than for the eastern United
States (80-km grid squares). Daily PM, ¢ and PM,, concentrations were
generated using “ 30 randomly sel ected 5-day periods spanning afour-year
period” for the eastern United States and using one 10-day period for each
season for the western United States.

PM and ozone were model ed for the base-year 1990 and the pre- and
post-CAAA scenariosin 2000 and 2010. Ambient concentrationsused for
the benefits analysis were calculated by adjusting the observed ambient
pollutant concentrationsin 1990 by aratio of the predicted concentrations
for 2000 or 2010 to the predicted concentrations for 1990. Data were
interpolated for the nonmonitored sites in the country.

Ambient concentrations of SO,, NO,, and CO werecalculated usinga
linear scaling approach and the assumption that ambient concentrationsare
reduced by the same percent as the estimated emissions reductions.
Accordingly, observed ambient concentrationswere multiplied by theratio
of the predicted emissions for 2000 or 2010 to the emissions for 1990.

Differencesinambient air concentrations, popul ation estimatesat given
locations, and concentration-response functionsfor given health outcomes
were used as inputs into CAPM S to generate benefits estimates for 2000
and 2010. The health benefits that were quantified and monetized in the
study are summarizedin Table 2-5 and included avoided cases of premature
mortality and chronic bronchitisassociated with PM, hospital admissions

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10511.html

54 ESTIMATING PuBLIC HEALTH BENEFITS OF AIR POLLUTION REGULATIONS

associated withPM, ozone, CO, NO,, and SO,, and minor restricted-activity
days associated with PM and ozone. Many other health outcomes were
listed, but werenot quantified (or werenot includedintheanalysis) because
of alack of data or possibility of double-counting. Estimates of avoided
cases of premature mortality were based on the Pope et al. (1995) study.
No threshol ds above background concentrations were assumed, and a 5-
year lag structure was assumed for PM-related premature mortality (25%
inthefirst and second years and 16.7% in each of the remaining 3 years).

Uncertaintiesintheanalysiswere addressed by quantitative estimates,
gualitative discussions, alternative cal culationsfor key assumptions, and
sensitivity analyses. EPA cal cul ated 5th and 95th percentilesthat reflected
within-study variance and across-study variability in both the heal th effects
estimation and the economic val uation steps. The statistical estimatesdid
not reflect uncertainty in other phases of the analysis (emissions and air-
quality modeling). Each stage of the analysisincluded qualitative discus-
sions about the bias and significance of key uncertaintiesfor that stage of
the analysis. Alternative calculations were presented for a few key as-
sumptions. For example, the Dockery et al. (1993) study was used to
estimate avoided cases of premature mortality rather than the Pope et al.
(1995) study, and a VSLY approach was used to value the premature
mortality rather than the VSL approach, which was used for the primary
estimate. Several sensitivity analyses were conducted, including one
intended to evaluate the influence of the largest source of uncertainty.

The annual mean health benefits for the prospective analysis of the
1990 CAAA aresummarizedin Table2-6 for 2010. Themonetized values
of thehealth benefitsareal so provided. Asintheother analysesevaluated,
the mortality benefits dominate the monetized benefits.
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TABLE 2-6 Annua Mean Heath Benefits (Avoided Cases of Morbidity and
Mortality and Monetized Values) for the Prospective Analysis of the 1990 CAAA

for 2010
Monetized
Value (1990$
Health Outcome Pollutant Avoided Cases® in millions)
Mortdlity (ages30 and older)  PM 23,000 (14,000-32,000) 100,000
Chronic bronchitis PM 20,000 (5,000-34,000) 5,600
Chronic asthma Ozone 7,200 (1,800-12,000) 180
Hospitalization
All respiratory illness PM, CO, 22,000 (13,000-34,000) 130
NO,, SO,,
Ozone
Total cardiovascular illness  PM, CO, 42,000 (10,000-100,000) 390
NO,, SO,,
Ozone
Emergency room visits for PM, Ozone 4,800 (430-14,000) 1
asthma
Acute bronchitis PM 47,000 (0-94,000) 2
Upper respiratory symptoms PM 950,000 (280,000- 19
1,600,000)
Lower respiratory symptoms PM 520,000 (240,000- 6
770,000)
Respiratory illness NO, 330,000 (76,000-550,000) 6
Moderate or worse asthma PM 400,000 (80,000-720,000) 13
Asthma attacks” Ozone, PM 1,700,000 (920,000- 55
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#Mean value provided with 5th and 95th percentile values shown in parentheses.
®These results were not included in the total benefits estimate because they overlap
with health outcomesincluded in the category for minor restricted-activity days and
any of 19 respiratory symptoms.
Source: Adapted from EPA 1999b.
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Framing the Analysis

The estimates of health benefits depend critically on the choices madein
framingtheanalysis (what will and will not beincluded) at the beginning of
the process. The most important of these choices are (1) the regulatory
optionsto consider, (2) the health effectsto evaluate, (3) thetimeframefor
theanalysis, including theyearsinwhich benefitsare evaluated, and (4) the
assumptions to make about conditions with and without the regulation
implemented. The assumptionsinfluencethe benefits by determining the
size of theemissionsreductionsattributed to the regul ation and by determin-
ingthesize, income, and health status of the popul ation that will benefit from
theair pollutionregulation. Thischapter discusseshow EPA hasdealt with
each of these sets of decisions and uses examples from the four EPA
benefits analyses reviewed by the committee and summarized in Chapter
2 of thisreport.

REGULATORY OPTIONSEVALUATED

In three of the analyses examined by the committee, EPA focused on
evaluating asingle set of regulatory options: (1) end-of-tail pipeemissions
controls for passenger vehicles and reduction of the sulfur content of
gasolinein the Tier 2 emissions standards (EPA 1999a); (2) measures to
make heavy-duty enginesless polluting and reduction of sulfur content of
diesel fuel inthe heavy-duty (HD) engineand diesel fuel rule (EPA 2000);
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and (3) aset of measures that would achieve the goals of Titles1-V of the
1990 Clean Air Act Amendments (CAAA) in the prospective analysis of
the Clean Air Act (EPA 1999b)—hereafter referred to as the prospective
analysis. For each of thefirsttworules, only asingle package of phased-in
changesin capital equipment and fuel compositionwasevaluated. Alterna-
tivetypesof controlsor different schedul esfor phasinginthe controlswere
not considered. The prospective analysis estimated the benefitsand costs
of thefirst fivetitles of the 1990 CAAA combined and did not attempt to
disaggregate benefits by title.

In the analysis of the particulate matter (PM) and ozone National
Ambient Air Quality Standards(NAAQS) (EPA 1997), theagency consid-
ered threeregulatory alternativesthat were combinations of thefollowing
annual averageand 24-hr standardsfor PM,,¢: (1) 16 pg/m®and 65 pg/m?®,
(2) 15 pg/meé and 65 pg/m?, and (3) 15 pg/m?*and 50 pg/me. Similarly, the
maximum number of annual exceedencesallowed under the proposed 1-hr
ozone standard varied from 3to 4 to 5. These options were compared,
assuming partial attainment of each option.

In general, EPA’s approach does not satisfy Office of Management
and Budget (OMB 1996, 2000) guidance on benefitsanalysis. The OMB
guidelinesinclude consideration of arange of levelsfor the standard and
different timeschedulesfor compliance, aswell asavariety of qualitatively
different market interventions, such asinformation measures, market-based
approaches, performance-based standards, and different requirementsfor
different segments of the regul ated popul ation. When aregulatory action
representsapackage of different provisions, such asthevarioustitlesof the
1990 CAAA, OMB suggests that the parts of the package be assessed
separately to the extent feasible. Specifically, OMB (1996) makes the
following statements:

If the proposed regulation is composed of a number of distinct
provisions, itisimportant to eval uate the benefits and costs of the
different provisions separately. The interaction effects between
separate provisions (such that the existence of oneprovision affects
thebenefitsor costsarisingfrom another provision) may complicate
theanalysisbut doesnot eliminatethe need to examine provisions
separately. In such acase, the desirability of aspecific provision
may be appraised by determining the net benefits of the proposed
regul ation with and without the provision in question. Wherethe
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number of provisionsislargeandinteraction effectsarepervasive,
itisobviously impractical to analyzeall possible combinations of
provisionsinthisway. Somejudgment must be used to select the
most significant or suspect provisions for such analysis.

For the HD engine and diesel-fuel rule, there are clearly good reasons
why some changes should not be considered in isolation from other
changes. For example, changesin end-of -pi pe poll ution-control equipment,
such asparticlefiltersand regeneration systems, should not be considered
without changesinfuel composition. However, thereisno obviousreason
why the effects of thefuel changeswithout the equipment changesor with
equipment changesimplemented at different periods could not have been
evaluated for their effects over time.

Inthecaseof thePM and ozoneNAAQS, it woul d bevaluableto know
how much benefits and costsincrease as the ambient air-quality standard
for PM istightened. In other words, how do benefits and costs change as
thePM, . standard movesfrom an annual average of 20 ug/m?*to 15 pg/m??

Inthe case of the 1990 CAAA, over 80% of thetotal cost of TitlesI-V is
associated with Titles| and |1 alone. Although the costs are reported sep-
arately for Titlesl and 1, it would be useful to know whether the estimated
benefits of these two titles exceed their estimated costs.

In agreement with and extending the OMB guidance, the committee
believesthat EPA should seek to represent arealistic range of regulatory
choices guided by expert opinion and technical feasibility. The agency
should, at the beginning of each analysis, discussthe range of choicesand
the preliminary analyses that were conducted to exclude certain options
from the formal analysis. This approach would strengthen analyses that
currently appear to serve the purpose of justifying the agency’s chosen
regul atory option without comparing that optionwith other feasible possibili-
ties.

A related i ssue concernsassumptions made about compliancewith air
pollutionregulations. Asindicatedin Chapter 1, current EPA Officeof Air
Quality, Planning and Standards guidance callsfor analyststo assumefulll
compliance with regulatory requirements when estimating the costs and
benefits of regulations. The committee believes that this recommended
approach should be changed, because decision-makersand the public should
be giventhelikely results of different regulatory choices asaccurately as
possible. Assuming perfect compliance may oftenresultinoverestimation
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of the health benefits and costs likely to result from a new regulation.
Incorporating alternative assumptionsabout complianceinto asensitivity or
uncertainty analysiswould more compl etely convey thefull range of poten-
tial benefits.

Furthermore, assuming perfect compliance is likely to result in the
agency’ s neglecting theimportant issue of the relative cost and effective-
ness of alternative implementation and enforcement measures. In the
absence of acomparative analysisof implementation, decision-makerswill
not be ableto compareregulatory optionsthat arelikely todifferintheease
and riability of implementation. For example, EPA enforcement of regula-
tory requirements that change the emissions characteristics of newly
marketed enginesmay berel atively straightforward and inexpensive com-
pared with enforcement of requirementsthat operators maintain enginesat
a specific standard.

Notable exceptions to the above criticisms include the compliance
assumptionsmadein the prospectiveanaysisand theHD engineand diesel -
fuel analysis. For the prospective analysis, EPA did not assume perfect
compliancewith proposed regul ations but assumed stationary sourceswould
achieveonly 80% of target reductionsfor nitrogen oxides(NO,) and voltile
organic compounds(VOCs). Furthermore, actual emissionratesfor mobile
sources reflected real-world tampering and other noncompliance issues.
For the HD engine and diesel-fuel analysis, EPA analyzed the potential
impactson futureemissionsof tampering with and inadequately maintaining
the proposed HD diesel-control technology. The committee endorses
EPA’sstated goal of expandingitscurrent capability to analyzethe potential
impactsof incomplete compliance with proposed regul ations by devel oping
improved data on actual emissions.

SELECTION OF EFFECTSTO EVALUATE

EPA must determinehow broadly to definethe scope of each analysis.
Thistask includes determining the categoriesof benefitsto evaluateand the
extent of examination of secondary or unintended effectsof theregulation.
Although the evaluation of the direct effects of the regulation on human
health isthe primary focus of the analyses reviewed, the committee notes
that theregulations may also affect human healthindirectly. Air pollution
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regulations intended to change air pollution levels may also change how
fuels are made or how combustion devices are operated. These changes
canthen affect human health through other pathways. Although outsidethe
strict boundaries of public exposureto air pollution, an analysis of health
benefitsthat ignorestheseindirect effects may result in asubstantial mis-
representation of theactual impact of pollution control measureson society.
Therefore, the analyst should seek expert guidance when appropriate and
consider such issues as the following:

® Cantheregulation potentially compromiseoccupational heath? For
example, ameasureto control VOC emissionsfrom anindustry may cause
an increase in occupational exposures to toxic substances by reducing
ventilation in production areas.

® Cantheregulation potentially increasepollutionin other locations?
For example, a policy measure that shifts electricity production toward
hydroel ectric power plantsrelativetofossil-fuel power plantsmight result
insubstantial increasesin cement production and subsequent air pollution
consequences in other locations.

® (Can the regulation potentially cause cross-media effects? For
example, use of methyl-t-butyl ether to control air pollution from vehicle
emissions resulted in increased water pollution.

Therefore, ahealth benefits analysis should examine the potential for
important impacts outsi de the narrow boundariesof population exposures
toair pollution. It should also containadiscussi on onwhether suchimpacts
could be important. If they are, guidance on assessing them more com-
pletely should be included. The committee recognizes that time and re-
source constraintsmay requiretrade-offs between the number of scenarios
considered and the level of detail for each.

As an aside, the committee notes that the examples provided are
unintended negative impacts and that there may be unintended positive
impacts of air pollution control regulations outside the boundaries of the
analysis. For example, air pollution control in other partsof theworld may
be accelerated due to a demonstration effect or economic pull of control
effortsinthe United States. However, these effectsare typically difficult
to predict in advance or even to assess after the fact.
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TIME FRAME FOR THE ANALYSIS

EPA’ sanalysisof the costs of aregulation typically beginsintheyear
theregulationfirst goesinto effect and continuesuntil theregulationisfully
implemented. For example, for the HD engine and diesel-fuel rule, costs
were computed from 2006 (the year inwhich proposed enginemodifications
and other equipment areto beinstalled in new trucks) to 2030 (theyear in
which these modifications will be embodied in all trucks in the fleet).
Similarly, the prospective analysiscomputed the costsof implementing the
1990 CAAA from 1990 to 2010 (theyearsin which selected provisions of
the 1990 CAAA are likely to have been fully implemented).

On the other hand, health benefits are typically estimated for only a
singleyear inthefuture. The analysesfor the Tier 2 emissions standards
andtheHD engineand diesel-fuel ruleevaluated benefitsonly in2030. The
analysisfor the PM and ozone NAA QS evaluated health benefitsin 2010.
In contrast, the prospective analysis eval uated benefitsin 2000 and 2010.
Intheprospectiveanalysis, benefitsinintermediateyearswereinterpol ated
to calculate the present discounted value of benefits from 1990 to 2010.

The years 2030 and 2010 were chosen because the policies under
considerationwould likely beimplemented by thesedates. For example, the
Tier 2 emissions standards and the HD engine and diesel-fuel rule both
involvemodificationsin new vehiclesrequired before 2010. Thepolicies
will not befully implemented, however, until all vehiclesinthefleet contain
these modifications.

Eva uating benefitsinonly asingleyear inthefuturehastwo limitations.
First, when the costs of a policy decrease over time and the benefitsin-
crease, acomparison of the benefitsand costsonly inthe distant futureis
highly misleading. Thecomparisonwill overstatethebenefitsachievedin
the early years of the policy; however, the committee does not know how
great the overstatement would be. This problem arose in the HD engine
and diesel-fuel rule in which the costs of the rule are concentrated in the
early years of theregulation, in part because of research and devel opment
costs. No attempt was made, however, to compute benefitsfor aninterme-
diate year, such as 2015.

Second, choosing an evaluation point inthe distant future, such as2030,
islikely toincreasetheuncertainty associated with the cal cul ation of bene-
fitsand costs. For exampl e, itishighly uncertain what the passenger vehicle
fleet will look like in 2030 and how polluting it would be without Tier 2
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emissions standards. Unless this uncertainty is accurately reflected in
benefit and cost estimates, the analysis will be misleading.

To EPA’s credit, the analysis for the HD engine and diesel-fuel rule
acknowledged that focusing on 2030 might bemisleading but citesthe high
cost of evaluating benefitsin yearsbefore 2030—primarily dueto the cost
of air-quality modeling—asareason for its decision to use 2030. Specifi-
cally, EPA (2000) made the following statements:

A more appropriate means of capturing the impacts of timing
differencesin benefitsand costswould beto produce anet present
value comparison of the costs and benefits over some period of
years. Unfortunately, whilethisisrelatively straight-forward for
the costs, it iscurrently not feasible to do amulti-year analysis of
the benefitsasthiswould requireasignificant amount of air quality
modeling to capture each year. Wedid not have the resourcesfor
such an extensive analysis.

Thehigh cost of runningmultipleair-quality scenariosislikewisecited
in the following statements by EPA (1999b) as a reason for aggregating
Titles1-V in estimating the benefits of the 1990 CAAA:

Theestimatesin Table 8-3reflect thedifficulty weencounteredin
reliably disaggregating benefitsby CAAA Titleor even by pollut-
ant. . .. These difficulties in separating the effects of individual
emissions reductions on the benefits estimates al so highlightsthe
need for an integrated air quality modeling system that can more
readily analyze multiple scenarios within reasonabletimeand re-
source constraints. A tool of this nature could allow us to more
reliably and cost-effectively estimateincremental contributionsto
ambient PM and ozone concentration reductions.

In presentations before the Science Advisory Board (M. Cropper,
University of Maryland, personal communication, June 6, 2002), EPA staff
also cited the high cost of air-quality modeling asareason for not quantify-
ing the uncertainty in emissions estimates and carrying this uncertainty
forward in estimating avoided cases of morbidity and mortality.

Thecommittee believes, however, that EPA should makeevery effort
to estimate health benefits associated with reductions in air pollution at
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reasonably frequent intervals, such as every 5 years, over the regulatory
timeframe, including the period of implementation and the expected period
of expression of al significant health effects. EPA should modify air-quality
models used in translating predicted emissions into predicted levels of
ambient air quality to reducetheresourcesrequiredfor air-quality modeling.
Thischangeisnecessary if EPA isto evaluate multipleregulatory aterna-
tivesand if it isto evaluate each aternative at reasonable time intervals,
such as every 5 years. The ability to evaluate the ambient air quality
associ ated with more emissionsscenariosisal so essential if theuncertainty
inherent in emissionsestimatesisto be carried through to estimating avoided
casesof mortality and morbidity. Thecommittee notesthat emissionsand
ambient air quality with and without theregulation aretreated ascertainin
the EPA analyses reviewed by the committee. EPA also treats costs as
certain.

Because some important evaluation methods, particularly net pres-
ent-value cal culations, requireannual estimatesof benefits(and costs), full
benefits estimates should be accompanied by presentations of benefits,
using an appropriateand clearly describedinterpol ation method, for inter-
vening years. The committee notesthat the additional precision provided
by running all the modelsfor intervening yearsisunlikely to beworth the
effort, given the overall uncertainties in benefits estimation.

Finally, the health benefitsof reducing emissionsinasingleyear might
not occur solely in that year but might occur in subsequent years because
of physiological and other lags. The analyses should carefully state and
document the lag relationships between pollution reductions and health
improvements that have been used (see Chapter 4).

DESCRIPTION OF CONDITIONS
WITH AND WITHOUT THE REGULATION

To estimate the benefits of an air pollution regulation, EPA predicts
future conditions with and without the regulation enacted. Two sets of
predictionsare especialy relevant to cal cul ating the health benefits of the
regulation. The first describes emissions by sector in the absence of the
regulation and emissions by sector after the regulation isimposed. The
second set of predictionsrelatesto the popul ation affected by the changes
inair quality—the number of people(by age, gender, andlocation) livingin

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10511.html

FRAMING THE ANALYS'S 65

the United States and the disease and death ratesin this population. This
section addresses how EPA makesand reportsthese predictions. Chapter
4 discusseshow emissionspredictionsaretrand atedinto ambient pollution
concentrationsand how the changein ambient concentrations, together with
population and baseline rates of disease and death, are used to calculate
avoided cases of morbidity and mortality.

Emissions Predictions

Inall four analysesreviewed by thecommittee, EPA predictsemissions
for al major source categories of the criteria pollutants. industrial point
sources, utilities, nonroad engines and vehicles, motor vehicles, and area
sourcesfor one or morefutureyears, such as 2010 or 2030. These predic-
tionsaremadewithout theregulation analyzed in the study (designated the
regulatory baseline) and with theregulation. Thecomplexity of themodels
usedto predict emissionsfor el ectric utilities (theintegrated planning model
[IPM] developed by ICF, Inc.) and for motor vehicles (MOBILES and
MOBILES®) is such that only the emissions predicted by these modelsare
summarizedintheappendixesto theregulatory impact assessments(RIAS).
The models are described in other documents (EPA 2002a,b).*

Two issues regarding emissions predictions particularly concern the
committee. Thefirstissueishow theemissionsestimateswith and without
theregulation are reported. The documentsreviewed herefail to givethe
reader information on what drives the emissions estimates and make it
difficulttojudgetheplausibility of theestimates. |nmost sectors, emissions
aretheproduct of thelevel of anactivity (such asfuel consumed by electric
utilities or milestravel ed by motor vehicles) multiplied by the amount of

11PM isalinear programming model that describes electricity demand, genera-
tion, transmission, and distribution for al plantsin the U.S. electric power market.
See http://www.epa.gov/capi/ for further details. The MOBILE models use dataon
the U.S. vehicle fleet to estimate emissions from motor vehicles. The vehicle fleet
is characterized by the total number of vehicles in operation within certain catego-
ries, their age distribution and fuel type (gasoline or diesel), and their annua mile-
age rates by age and fuel type. This information, together with estimates of emis-
sions factors, is used to calculate total fleet emissions. See http://www.epa.gov/
otag/mobile.htm for further details.
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pollution generated per unit of activity (such as pounds of sulfur dioxide
[SO,] per millionsof British thermal units[mmBtus] or grams of NO, per
mile traveled). The assumptions about activity levels and the pollution
intensity, both with and without the regulation, can be made explicit even
thoughitisnot possibleto describeindetail al of the assumptionsunderlying
these numbers. Thecommitteeemphasizesthat readersmight findit easier
tojudgetheplausibility of the estimatesif they were expressed as percent-
ages or if they were compared to historical trends. For example, what
percent changeinvehiclemilestraveledisimplicitin emissionsestimatesfor
2030 compared with current levels? What is the percent reduction in
pollution intensity estimated to be achieved by a regulation?

The second i ssue concernsthe deterministic nature of themodel sused
to predict emissions. Both IPM and EPA’ smobile-sourceemissionsmodels
fail toincorporateany uncertainty intheir emissionspredictions. Ingenerd,
any variable that is likely to have a substantial impact on mortality and
morbidity and to have considerable uncertainty should beacandidatefor a
formal uncertainty analysis. Predictions of activity levels 20 yearsin the
future, such as percent of light-duty trucks using diesel fuel, fall in this
category.

The cal culation of emissionspredictions, thewaysinwhich theinforma-
tion should be presented, and the relevance of uncertainty to the analysis
arediscussed inthefollowing sections, using asexamplesemissionspredic-
tions for electric utilities and emissions predictions for motor vehicles.

Emissions Predictions for Electric Utilities

In the prospective analysis, EPA predicts SO, emissions for electric
utilitiesin 2010 with and without regulatory action. Ineach case, total SO,
emissions are the product of the fuel consumption (measured in mmBtu)
and the pollution intensity (the number of pounds of SO, per mmBtu pro-
duced) for each el ectricity-generating unit, summed over al units. Equation
1 depicts this calculation.

Total SO, Emissions= (mmBtu), x (SO, /mmBtu),, (1)

where i denotes a generating unit.
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Thetotal SO, emissionsfrom electric utilitiesin 2010 are predicted to
be 18 million tons without the 1990 CAAA and 9.9 million tons with the
1990 CAAA. However, theanaysisgivesnoinformation onwhat accounts
for thoseresults. Although thisinformation may be availablein technical
support documents, additional information about the components of total
SO, emissions could be presented for the two scenariosinthe maintext as
atablelistingthenational aggregatefuel consumption by category of power
plant andthe national average pollutionintensity by category of power plant.
This breakdown of the components of predicted emissions could also be
supplemented with historical information on aggregatefud consumptionand
averagepollutionintensity by classof power plant. Thisinformationwould
allow the reader to compare actual values with agency predictions. This
table would indicate the extent to which the predicted reduction in SO,
emissions attributed to the 1990 CAAA was the result of an average
reductioninfuel consumptionor pollutionintensity. Thisinformation should
be supplemented with ameasureindicating the extent to which emissions
reductionsare predictedtoresult from shifting el ectricity productionfrom
dirtier to cleaner units as aresult of the 1990 CAAA.

Supplementing aggregate emissions estimates with the information
described above would demonstrate how the predicted reductionin emis-
sionsisto beachieved and would highlight important factorsto consider in
anuncertainty analysis. Suppose, for example, that most of the SO, reduc-
tionisexpected to comefrom areductionintheaverage pollutionintensity
of coal-fired power plants. If thisfactor drivestheresults, thenitisimpor-
tant to further examinethe assumptionsunderlying pollutionintensity with
andwithout the 1990 CAAA. Oneway to examinetheassumptionswould
beto makethepredictionsof thel PM model explicit for pollutionintensity
with and without the 1990 CAAA and to compare those predictions with
historical trends in pollution intensity over the period 1980-1995. (The
provisionsof the 1990 CAAA that affect SO, emissionsfrom power plants
went into effect in 1995.) If the predictionswithout the CAAA appear to
beinconsistent with historical trends, thisdiscrepancy should beexplained
andformally incorporated into an uncertainty analysis. Other components
of emissionsthat might be subjected to uncertainty analysis are estimates
of electricity demandthat underliethetotal amount of fuel burned by power
plantsand, for longer time periods, assumptionsabout theretirement of old
plants and the construction of new plants.
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Emissions Predictionsfor Motor Vehicles

All four of the health benefits analyses examined by the committee
make predictions about the effects of air pollution regul ations on motor-
vehicle emissions. Thetotal emissions of a pollutant, such asNO,, from
motor vehiclescan bewritten asthe sum of averageannual NO, emissions
for each class of vehiclei times the number of vehiclesin that class ().
Average annual NO, emissions for vehicles in class i are, in turn, the
product of NO, emissionsper mile(NO,/mile), timesaverageannua vehicle
milestraveled (VMT),. Theoveral calculation can be summarizedinthe
following equation:

Total NO, Emissions= n, x (NO,/mile); x VMT;, (2

where i denotes vehicle class.

EPA’s estimates of the benefits of the Tier 2 emissions standardsin
2030 requiremaking assumptions about therel evant categoriesof vehicles
to analyzein 2030 aswell as assumptions about each of the three compo-
nents of Equation 2. 1tis, however, extremely difficult to understand the
key assumptions made about these components or the predictionsmadefor
each component at thenationa level withandwithout the Tier 2 regulations.

For areasonable number of classes of vehicles, EPA should present a
table showing predicted val ues of thenumber of vehicles, emissionsper mile
for each criteria pollutant, and average VMTs for conditions with and
without regulatory actionin2030 at thenational level. To put thosefigures
in perspective, asimilar table should be constructed showing the val ues of
these variables in the recent past.

Presenting thosefiguresisnot sufficient explanation of conditionswith
and without the Tier 2 emissionsstandards. Thefiguresshould beaccom-
panied inthe main text by some explanation of the assumptionsthat drive
theresults. For example, if analysts predict arapidincreasein the percent
of light-duty trucks powered by diesel, thisassumption requiresan explana-
tion, especialy if it accountsfor alarge percent of the PM,, emissionsin
the regulatory baseline and, thus, alarge percent of the particul ate reduc-
tions attributed to the Tier 2 emissions standards.?

2In the Tier 2 emissions standards RIA, Table 111A-13 shows light-duty diesel
trucksincreasing from 0.1% of light-duty truck salesin the 2001 model year to 24%
of salesin the 2015 model year.
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Asinthe caseof power-plant emissions, the purpose of describingthe
various components of total vehicle emissionsisto focus attention on the
componentsthat havealargeimpact on emissionswith and without regul a-
tory action and on the change in emissions associated with the proposed
emissions standards. This information should guide the assessment of
uncertainty inthe emissionsestimatesand allow an examination of the pos-
sibledistribution of val uesthat key components might assume. See Chapter
5for adescription of the proceduresfor formalizing the uncertainty associ-
ated with emissions estimates and other components of the health benefits
analysis.

Predictions Regar ding Population and Health

The goal of ahealth benefits analysis associated with a proposed air
pollution regulation isto estimate the avoidabl e risk associated with that
regul ation—cases of morbidity and mortality that arelikely tobeavoidedif
theregulationisimplemented. Thestandard approach to computing avoided
casesof morbidity and mortality (assuming alinear concentration-response
function) isto multiply the size of the exposed popul ation (Pop) by the base-
lineincidenceof the health effectinquestion (Y ) intheyear, suchas2030,
inwhich benefitsareto beevaluated. Thiscalculation yieldsthe predicted
baseline number of casesin 2030. The reduction in casesis estimated by
multiplying baseline cases by the sl ope of aconcentration-responsefunction
(B) that describesthe percent reductionin casesper unit of pollutant and by
thereductioninambient pollution associated with theregulation (AC). The
overall calculation can be approximated by the following equation:

Cases Avoided = 3 x AC x Y, x Pop. 3

Calculation of avoided casesthusrequiresestimatesof populationand
baseline disease rates (or death rates) for the yearsin which benefits are
to be evaluated. These estimates are required at the level of geographic
disaggregation used in modeling the air quality.

EPA isgenerally clear about how it projectsfuture popul ationandinci-
dence rates. For the HD engine and diesel-fuel rule, EPA clearly stated
that population projections come from the U.S. Census Bureau (EPA
1999c¢). The methodsused tointerpolatethe population projectionsfor the
year of the health benefitsanalysis (2030) are clearly explained, asarethe
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methods used to associate county-level datawith thegrid cellsusedinthe
air-quality modeling.

The methods used to estimate incidence for various health outcomes
are described in Appendixes B and C of the same document. In many
cases, incidencein 2030isassumedto beidentical tothat inthelate 1990s.
For example, theannual county mortality ratesfrom 1994 to 1996 are used
to estimate nontraumamortality ratesin 2030. For hospital admissions (by
International Classification of Diseasecode), national incidencein2030is
assumed to be equal to that in 1994, the most recent year available at the
time of the study. For health outcomes that lack national incidence data,
incidencesare assumed equal to thosein the epidemiological studiesused
to compute the number of avoided cases.

Predicting baselinemorbidity and mortality rates 30 yearsinto thefuture
isdifficult, because there is much evidence that rates can change signifi-
cantly over such periods. For example, rates of heart disease, one of the
major disease categories affected by ambient air pollution, have been re-
markably reduced inthepast 30 years. Althoughitisprobably notfeasible
to project baselineratesfor all health outcomesconsidered in health benefits
analyses, EPA shouldincorporate estimates of futuretrendsin mortality and
morbidity for major heal th outcomes, such asthosethat makeup two-thirds
of total deaths or lost life-years, that are being considered. At the least,
EPA'’ s estimates of avoided cases should reflect the uncertainty in these
rates. For some outcomes with available data, this uncertainty can bere-
duced by disaggregating baseline rates and applying them by age groups,
becausefuture shiftsinagedistribution arelessuncertain and are projected
routinely by widely accepted sources. This approach should be followed
whenever possible.

Another source of uncertainty in estimating avoi ded casesderivesfrom
thedistinction between attributable and avoidablerisk. Thep coefficients
in Equation 3 come from studiesthat relate variation in health impactsto
variationinair pollution concentrationsbased on historical data. Theresult
isameasureof therisk attributabletoair pollutioninthepast. Characteris-
ticsof the study population that are not explicitly controlled for inthe con-
centration-response function areimplicitly reflected in the  coefficients.
Theextent to which future populationsdiffer fromthoseinthestudieswill
add to the degree of uncertainty associated with estimating the avoided
cases.

Toillustrate, all the analyses examined by the committee rely on the
American Cancer Society (ACS) study (Pope et a. 1995; Krewski et al.
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2000) to estimatetheimpact of changesin PM concentrationson mortality.
Theestimate of theimpact of fine-particle exposure on the nontraumadeath
rate (with relative risk assumed the same for all age groups) is used to
predict avoided cases of mortality. There are many sources of error in
applyingthiscoefficient to popul ationsintheyear 2030. Oneerror in apply-
ing the ACS study occurs because the impact of PM exposure on non-
trauma deaths is actually an average of its impact on various causes of
death, such as coronary artery disease and lung cancer. To the extent that
the distribution of deaths by causein the U.S. population in 2030 differs
fromthat inthe ACSstudy population, errorswill result. Another source of
error occurs because the agedistribution of the ACSstudy popul ation may
differ from the age distribution of the population in 2030.

To incorporate these considerations into the computation of avoided
casesof morbidity and mortality, the predicted characteristicsof the popula-
tionin 2030 must be compared with the characteristicsof the populationsin
the epidemiol ogical studies used to compute avoided cases. Appropriate
adjustments should be made if differences are found.

CONCLUSIONS

® Theestimation of health benefitsthat will result fromreducingair
pollution dependscritically on decisionsmadeat the beginning of theanaly-
sis: (1) theregulatory optionsto consider, (2) the heal th effectsto eval uate,
(3) thetimeframefor theanalysis, includingtheyearsinwhich benefitsare
evaluated, and (4) the assumpti onsto makeabout future conditionswith and
without implementation of the regulation.

® A critica stepinthe preliminary stages of an RIA isthe devel op-
ment of arange of regulatory optionsto evaluate. Fewer regulatory ater-
natives than would be needed to follow OMB guidelines are presented or
appear to be evaluated in recent EPA analyses. The regulatory options
should represent the range of choices available.

® EPA typically evaluatesthe costs of theregulatory options exam-
ined fromthetimetheregulationsarefirst introduced until they have been
fully implemented. By contrast, the benefits of the regulations are often
examined for only asingleyear, usualy theyear inwhichthepolicy will be
fully implemented. The comparison of benefits and costsfocusesonthis
onefutureyear rather than comparing the benefitsand costsover the period
of implementation.
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® Thehighcost of air-quality modelingiscited asamajor reasonfor
limiting the yearsin which benefits are evaluated and al so as areason for
not calculating the costs and benefits of more regulatory options.

® Predictions about emissionswith and without the regulations are
treated as certain and are presented in terms of total emissions by sector.
The components of emissions, such as number of vehiclesinaclass, aver-
age miles traveled per vehicle, and emissions per mile, are seldom pre-
sented, and predicted emissionsare seldom compared with historical trends
to place them in perspective.

® Predictionsabout future population trends and the baseline health
of thepopulation are moreclearly stated than thosefor emissions; however,
these predictionsaretreated as certain, even when predictionsare madefar
into the future.

RECOMMENDATIONS

® Totheextent possible, EPA should estimatethe benefitsfor several
regul atory optionsthat represent the full range of choicesavailableto the
decision-maker. The regulatory options should include graded levels of
stringency requirements and thetime schedul efor achieving reductionsin
emissions or exposures. If options are eliminated at an earlier stage, the
rationale for doing so should be provided.

® EPA should estimate the benefits over the regulatory time period
including both the implementation period and the expression period of all
important health effects. Because cal culating benefitsfor every futureyear
isresource-intensiveand unlikely to show trueincreasesin precision, calcu-
lationscan bemade, for example, every fifthyear with simpleinterpolation
techniques applied to estimate benefits for intervening years.

® EPA should modify theair-quality modelsusedintranslating pre-
dicted emissionsinto predicted levels of ambient air quality to reducere-
sourcesrequiredfor air-quality modeling. Thischangeisnecessary if EPA
istoevaluate multipleregulatory alternativesand to eval uate each alterna-
tive at reasonabletimeintervals, such asevery 5 years. Evaluation of the
ambient air quality associated with more emissions scenariosisal so essen-
tial if theuncertainty inherent in emissionsestimatesisto becarried through
to the estimation of avoided cases of mortality and morbidity.

® Thecomponents of emissions estimates (such as number of vehi-
clesinaclass, averagemilestraveled per vehicle, and emissionsper mile)
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should be presented with and without implementation of theregulation at the
nationa level. Thiswill help readersjudge how reasonabl ethese predictions
are and will suggest which components of emissions estimates drive the
emissions reductions associated with the regulation. Historical trendsin
these components should also be presented.

® Theuncertainty in emissions estimates should be quantified and
carried through the health benefits analysis to the calculation of avoided
cases of mortality and morbidity.

® EPA shouldincorporate estimates of future trendsin background
mortality and morbidity for the major health outcomes, such asthose that
makeup two-thirdsof total deathsor lost life-years, that areunder consider-
ation.

® EPA should quantify uncertaintieswith regard to future popul ation
distributions and background disease rates. EPA should also summarize
what is known about the potential importance of disease interactions and
competing risks affecting the health outcomes of primary interest and dis-
cuss the possible biases that might be introduced in the final analysis by
changes in those factors.

® Because aregulation to improve air quality may affect pathways
other than air, EPA should determine whether there are likely to be any
important indirect impactsof aregulation on human health and theenviron-
ment. If any suchimpactsareidentified, EPA shouldincludeintheanalysis
aplan to assess them more completely.

REFERENCES

EPA (U.S. Environmental Protection Agency). 1997. Regulatory Impact Analyses
for the Particulate Matter and Ozone. National Ambient Air Quality Standards
(NAAQS) and Proposed Regional Haze Rule. Regulatory Economic Analysis
Inventory. A.97.9. Officeof Air Quality Planning and Standards, Office of Air
and Radiation, U.S. Environmental Protection Agency, Research Triangle Park,
NC.

EPA (U.S. Environmental Protection Agency). 1999a. Regulatory Impact Analy-
sis—Control of Air Pollution from New Motor Vehicles: Tier 2Motor Vehicle
Emissions Standardsand Gasoline Sulfur Control Requirements. EPA 420-R-99-
023. Engine Program and ComplianceDivision, Office of Mobile Sources, Office
of Air and Radiation, U.S. Environmental Protection Agency. December 1999.
[Onling]. Available: http://www.epa.gov/OM S/regs/l d-hwy/tier-2/frm/rialr99023.
pdf [accessed September 10, 2002].

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10511.html

74 ESTIMATING PuBLIC HEALTH BENEFITS OF AIR POLLUTION REGULATIONS

EPA (U.S. Environmental Protection Agency). 1999b. Final Report to Congresson
Benefits and Costs of the Clean Air Act, 1990 to 2010. EPA 410-R-99-001.
Officeof Air and Radiation, U.S. Environmental Protection Agency. November
1999.

EPA (U.S. Environmental Protection Agency). 1999c. Final Tier 2Rule: Air Quality
Estimation, Selected Health and Welfare Benefits Methods, and Benefit Analy-
sisResults. EPA 420-R-99-032. Officeof Air Quality Planning and Standards,
U.S. Environmental Protection Agency, Research TrianglePark, NC. December
1999. [Online] Available: http://www.epa.gov/otag/regs/ld-hwy/tier-2/frm/tsd/
ro99032.pdf [accessed September 10, 2002].

EPA (U.S. Environmental Protection Agency). 2000. Regulatory Impact Analysis:
Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel Sulfur
Control Requirements. EPA 420-R-00-026. Office of Air and Radiation, U.S.
Environmental Protection Agency, Washington, DC. December 2000.

EPA (U.S. Environmental Protection Agency). 2002a. Integrated Planning Model
(IPM). Clean Air Power Initiative (CAPI), U.S. Environmental Protection Agen-
cy. [Onling]. Available: http://www.epa.gov/capi/ [accessed September 10,
2002].

EPA (U.S. Environmental Protection Agency). 2002b. MOBILE Model. Office of
Transportation and Air Quality, U.S. Environmental Protection Agency. [On-
ling]. Available: http://www.epa.gov/otag/mobile.htm [accessed September 10,
2002].

Krewski, D., R.T. Burnett, M.S. Goldberg, K. Hoover, J. Siemiatycki, M. Jerrett, M.
Abrahamowicz, and W.H. White. 2000. Reanalysis of the Harvard Six Cities
Study and the American Cancer Society Study of Particulate Air Pollution and
Mortality, A Specia Report of the Institute's Particle Epidemiology Reanalysis
Project. Final Version. Health Effects Institute, Cambridge, MA. July 2000.
[Onling]. Available: http://www.healtheffects.org/pubs-special.htm [accessed
September 10, 2002].

OMB (Office of Management and Budget). 1996. Economic Analysis of Federal
Regulations Under Executive Order 12866. Office of Management and Budget,
The White House. January 11, 1996. [Onling]. Available: http://www.
whitehouse.gov/omb/inforeg/riaguide.html [accessed September 10, 2002].

OMB (Office of Management and Budget). 2000. Guidelinesto Standardize Mea-
sures of Costs and Benefits and the Format of Accounting Statements. Memo-
randum from Jacaob J. Lew, Director, Office of Management and Budget, The
White House, for the Heads of Departments and Agencies. M-00-08. March
22,2000. [Onling]. Available: http://www.whitehouse.gov/omb/memoranda/
[accessed September 10, 2002].

Pope, C.A. 1lIl, M.J. Thun, M.M. Namboodiri, D.W. Dockery, J.S. Evans, F.E.
Speizer, and C.W. Heath. 1995. Particulate air pollution as a predictor of mor-
tality in aprospective study of U.S. adults. Am. J. Respir. Crit. CareMed. 151(3
Pt 1): 669-674.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10511.html

Exposure and Response

Thischapter discussesthree key components of benefitsanalyses: expo-
sure assessment, health outcomes, and concentration-response functions.
The exposure assessment section begins with an overview of exposure
assessment cons derations, including issuesrel ated to exposure assessments
in the epidemiological studiesthat are frequently used to estimate health
benefitsof air pollution reductions. A general overview of air-quality mod-
elinganditsroleinbenefitsanalysisfollows. Thesdectionandinterpreta-
tion of health outcomesarethen discussed. Finally, the concentration-re-
sponse section explores the sources and selection of these functions and
issues associated with the existence of thresholds, analysis of population
subgroups, and assumptionsregarding eff ectslags (thetemporal relationship
between changesin exposure and resulting changesin health outcomes).

EXPOSURE ASSESSMENT

Estimating changesin popul ation exposuresto air pollutantsisan essen-
tial component of EPA’ sbenefitsanalyses, providing thelink between antic-
ipated emissions changes and resulting changes in health outcomes. Be-
causeitisnot possibleto observe popul ation exposuresto air pollution under
different regul atory options, exposure assessment in benefitsanalysisuses
modelsto simulate air pollution exposures that might occur as aresult of
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those options. Exposure modeling is acomplex process that depends on
many assumptionsabout thefuture, including pollution emissionsreductions
resulting from the proposed regul ation; changesin emissionsduetofactors
other than the proposed regul ation; meteorol ogical conditions; the physical
and chemical processesin the atmosphere affecting pollution dispersion,
transformations, and deposition; and the nature and degree of pollutant
contact with future human populations. Asinall other stagesof thebenefits
analysis, the assumptions and methods used in the exposure assessment
should bewell-justified and clearly described, with careful attention paid to
assessing and communicating key sources of uncertainty.

EPA’ sexposure assessment methods have evol ved considerably over
time, asisevident inthe health benefits anal ysesreviewed by the commit-
tee. Thisevolutionisdueto continuedimprovementsin modeling capabili-
ties and to a marked increase in available air-monitoring data for many
pollutants. Becausethemost recent EPA analysisreviewed by thecommit-
tee (the benefits analysis for the heavy-duty (HD) engine and diesel-fuel
rule) uses current data and exposure assessment methods, it serves as an
illustrative example throughout this exposure assessment discussion.

The committee considersthat the exposure assessment methods used
intheanalysisfor theHD engine and diesel-fuel rulerepresent an appropri-
ate and reasonably thorough application of available dataand models. Al-
though limitations, asnoted in following sections, exist, they areprimarily
duetolimitationsof availablescientific knowledgeand, ultimately, thelim-
ited time and staff resources availablefor analysisrather than flawed ana-
lytical methods.

Exposureto air pollution hasbeen defined astheintersectionintimeand
space of aconcentration of pollutionintheair and the presence of ahuman
being (NRC 1991; Ott 1995). For benefitsanalyses, exposureistypically
assessed at the population level by geographically linking estimates of out-
door pollution concentrations with projected population numbers; these
together represent the necessary input to popul ation concentration-response
functionsfor cal culating healthimpacts. Theuseof ambient air concentra-
tionsto represent popul ation exposuresisjustifiablewhen the health findings
underlying the benefitsanalysisare similarly based on ambient concentration
data and when the outdoor concentrations are correlated with personal
exposures, as is the case for particulate matter (PM).
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Exposure Assessment in Epidemiological Studies

Thehealth benefitsanal ysesreviewed by the committee have depended
heavily onthe estimated mortality impactsof PM. To better understandthe
roleof and uncertaintiesin exposure assessment for such benefitsanalyses,
itisimportant to examine characteristicsof the exposure assessmentsused
in the epidemiological studies on which the PM mortality effects were
based.

Two classes of study designs have been used to assess mortality ef-
fects: time-seriesand prospective cohort studies (Kinney 1999). Thetime-
seriesstudiesexamine day-to-day associ ations between citywidemean daily
outdoor PM concentrationsand citywidedaily death counts. Thisapproach
addressesthe relationship between acute exposure and health. For exam-
ple, deaths on a given day are related to PM concentrations on the same
day or onafew previousdays. In contrast, the prospective cohort studies
examinedifferencesbetween citiesinmortality amongindividualsfollowed
over an extended period and the variationsin annual (or longer) mean out-
door PM concentrations. Thesestudiesarebelieved to addresstherelation-
ship between chronic exposureand mortality. (Seethe Concentration-Re-
sponse Function section for afurther discussion of time-seriesand cohort
studies.)

Popul ation exposures are assessed i n both designs using outdoor city-
wideaverage PM concentrationsderived from regulatory air-quality moni-
toring datacollected from asmall number of sitesineach city. Uncertain-
tiesmay arisein using acitywide averageto represent exposuresof persons
at risk because of spatial variationsin ambient concentrationsacrossacity,
differencesin penetration of ambient air pollution indoors, and the wide
range in activity patterns of persons at risk. However, in the single-city
time-series studies, central-site fine-particle measurements have been
shown to correlate well over timewith average population personal expo-
sures(Rojas-Bracho et a. 2000; Sarnat et a. 2000). Thesefindingssupport
thevalidity of daily ambient PM measurementsin capturing variationsover
timein popul ation exposurestofineparticlesand strengthen thereliability
of benefits estimates of acute health effects that depend on ambient PM
concentrations.

Lessisknown about the reliability of central-site, long-term average,
ambient PM concentrationsin characterizing variations between citiesin
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average popul ation exposures. Therelationship between population expo-
suresto pollutants of outdoor origin and ambient concentrationsmeasured
at central sites may differ across cities because of differences in loca
sources, indoor penetration efficiency, activity patterns, housing characteris-
tics, and other geographic factors. For example, recent exposure studies
highlighted variations across cities in the penetration of ambient PM to
indoor environments as a result of weather-related factors, such as the
prevalence of air-conditioner use (Rojas-Bracho et al. 2000; Sarnat et al.
2000; Janssen et al. 2002). Thisresultimpliesgeographicdifferencesinthe
ability of ambient air-monitoring datato characterize popul ation exposures
accurately. Thisuncertainty will affect analysesthat estimate benefitsin
diverse locations and in future years when housing characteristics that
affect air-exchange rates may change. As more data become available,
EPA should examine how this uncertainty affects benefits estimates and
attempt to incorporate this source of uncertainty in an overall uncertainty
analysis.

Another important characteristic of the exposure assessmentsin the
epidemiol ogical studiesthat evaluate PM mortality istheir dependenceon
relatively simple measuresof airborne PM, notably PM ,, (most time-series
studies) or PM,, - (most cohort studies). Thesesizeclassificationsincorpo-
rate aheterogeneous mixtureof particlesvaryingin size, composition, and
sourceof origin. Furthermore, particle characteristicsvary to someextent
across locations and time. Because of this heterogeneity, the toxicity of
different mixtures may vary.

Potentia differential toxicity isespecialy importantinabenefitsanadysis
inwhich PM exposuresand resulting healthimpactsaremodeled indiverse
locationsand at futuretimes, which may result in eval uating particle compo-
sitionsthat differ from those observed in the epidemiol ogical studiesused
asabasisfor analysis. Theissueof differential toxicity isan areaof active
research. Althoughinformationiscurrently inadequatefor determiningthe
relative toxicity of different particle types, recent effortsto apportion the
relativeimpactsof different source categoriesto observed health effectsin
theepidemiological setting show promise(Laden et al. 2000; Janssenet al.
2002). Lackinginformation on therelative potenciesof different particle
types, EPA has made the assumption of constant potency across particle
typesinitsbenefitsanalyses. Asdatabecomeavailable, EPA should con-
sider arange of alternative assumptionsregarding relativetoxicity andin-
corporate these assumptions in sensitivity or uncertainty analyses.
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Regarding the collection of data, most epidemiological studiesof air
pollution health effects useroutinely collected compliance monitoring data
onalimited set of criteriapollutantsfor whichtoxicity isalready well-estab-
lished. Toresolveissuesof differential toxicity, EPA will need to expand
itsair-monitoring network to collect datafor speciesother thanthecriteria
pollutants. Animprovement intheair-monitoring network shouldfacilitate
generation of more specific effect coefficients, and thereforethe estimation
of morereliablebenefitsestimates. Determining the responsibletoxic com-
ponentsinthe particlemix would al so result in moreeffectiveregulations,
because regul ations coul d be better designed to control the sourcesrespon-
sible for generation of these components.

Oneexposure-related issuenot typically considered explicitly in benefits
analysesisthat different categories of emissionssourcesmay vary dramati-
cally intheir particleintake fractions, which are the fractions of material
emitted that are actually inhal ed by the population (Smith 1993; Bennett et
al. 2002). Differencesinintake fractions between sources may be much
larger than the relative impacts of the source categories on ambient PM
concentrations. For example, akilogram of primary particleemissionsfrom
diesel vehiclesmay havean order of magnitudeor greater impact on actua
popul ation exposurethan akilogram from stationary sources, eventhough
they have similar impacts on ambient PM concentrations, because diesel
exhaust istypically emitted closer to people (Marshal et al. 2001). EPA
should devel op standard methods and validation proceduresfor eval uating
intakefractionsfor major source categoriesin different |ocationsand condi-
tionsfor usein benefitsestimation. Over time, suchinformationwould aso
helpto make effect coefficientsderived from epidemiol ogical studiesmore
specific to actual exposures.

When effect coefficientsfrom epidemiol ogical studiesareusedto de-
rive benefits estimates, they should be applied at the same spatial scales
used in the original studies to avoid biased benefits estimates. EPA fol-
lowed thisapproach in the benefitsanalysisfor the HD engine and diesel -
fuel rule, matching pollution concentrationswith popul ation estimateswithin
grid areas similar in scale to metropolitan areas. However, the accuracy
andreliability of acentral-sitemonitor inrepresenting human exposures may
vary among population subgroups, resulting in differences in exposure
misclassificationacrossgroups. Furthermore, exposuremisclassificationis
likely todiffer by pollutant, because acentral-sitemonitor better represents
citywide concentrationsfor pollutantsthat exhibit greater spatial homogene-
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ity, such as PM, s and sulfate, than for pollutants that exhibit small-scale
gpatial variations, such as coarse and ultrafine PM.

In summary, several important uncertainties in the use of exposure
assessment in benefitsanalysisarisefromthe characteristicsandinterpreta-
tionsof exposureassessment inthe epidemiol ogical studies. Theseuncer-
tainties include the assumption that ambient concentrations consistently
represent popul ation exposures across locations and at future times, the
assumption that sources affect popul ation exposuresin the sameway that
they affect model ed ambient concentrations, and theavailability of health
information only for aggregate PM measures, such asPM ,,. Other impor-
tant uncertaintiesin exposure assessment for benefitsanalysisresult from
methods used to model air quality under alternative regul atory scenarios.
Air quality models are discussed in the following section.

Air-Quality Modeling

A critical link in determining the benefitsof air pollution controlsisto
determine how emissionschangesimpact air quality. Thisdeterminationis
traditionally doneusing air-quality modelsof varying complexity. Models
can be as simple as ones that assume a direct relationship between emis-
sionsand pollutant concentrations such that a50% reductionin emissions
results in a 50% reduction in ambient concentrations. These models are
calledlinear rollback models. Air-quality modelscanasobeconsiderably
more complex, attempting to represent all the processesthat have animpor-
tant influence on ambient pollutant concentrations, including meteorol ogy,
emissions, chemistry, and physicsacrossabroad three-dimensional region
asafunction of time. These models are generally called airshed models
and have awide range of capabilities and complexity. For pollutantsthat
undergo complex nonlinear transformation, such asozone and many compo-
nents of PM, airshed models are often used, and EPA used these models
in its more recent benefits analyses.

Airshed model s sol vethe mathematical equationsgoverningthephysics
and chemistry of pollutantsin the atmosphere, such asthe conservation of
chemical species, that characterize the chemical production, chemical de-
struction, and transport by wind and diffusion. Hundreds of compoundsare
intheatmosphere; thus, the system of equationsto solve could bevery large
and alsononlinear. Airshed modelsgenerally useasubset of all the species
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and chemical reactionsbecause not all the compoundsarewell-character-
ized.

A differencein modelsisthe complexity of the chemistry reflected in
themodel. For example, typically 20to 80 speciesare used when modeling
ozone. The number of species used has grown as computer capabilities
have expanded. The actual representation of the chemistry used by a
model iscalled achemical mechanism. For most regulatory modeling, the
mechanism used is carbon bond 1V mechanism (CB-1V), whichisarela-
tively more streamlined approach than other modeling mechanismsavailable
(Gery et al. 1989).

Another aspect of modelsis the spatial resolution or grid size. Most
recent models allow the modeler to define the resolution. For example, a
model might haveahorizontal grid sizeof 80 kilometer (km) inoneapplica-
tionand 36 kmin another application. Newer modelscan also vary resolu-
tioninasingleapplication, such asby using nested grids, and some canuse
grid scalesasfineas 1 or 2 km. Finer resolution should improve model
resultsand allow more accurate determination of exposure changes, espe-
cially for sources, such asmobilesources, that exhibit strong spatial gradi-
entsover finespatial scales. However, the degree of improvement that can
be achievedislimited by theresolution of theinput data, such asthe emis-
sions inventory data.

EPA hasrecently used two air-quality modelsfor ozone analyses. the
regional oxidant model (ROM) and the urban airshed model variable
(UAM-V). Thelatter model was used in the benefits analysisfor the HD
engineand diesel-fuel rule. ROM isan older model that usesanonvariable
gridresolution and hasred atively littlevertical resolution. Inaddition, ROM
uses an early version of CB-IV, which does not have some of the most
recent updates. UAM-V hasavariable grid that uses nesting and amore
recent version of CB-IV and allowsfor amore comprehensive treatment
of meteorology. However, neither ROM nor UAM-V devel opsthe meteo-
rological fieldsinternally; instead, they are provided by an external meteoro-
logical model.

To model PM, EPA has recently relied on the Lagrangian particle
model (LPM), the climatol ogical regional dispersion model (CRDM), the
regional particulate model (RPM), and theregulatory modeling systemfor
aerosolsand deposition (REM SAD), whichwasusedinthebenefitsanaly-
sisfor theHD engine and diesel-fuel rule. The LPM and CRDM arerela-
tively simple, describing the dispersion of pollutants without chemistry,
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whereas the RPM and REM SAD are built on 0zone models and include
chemistry and some aerosol processes.

Currently, EPA is assessing the use of the community multiscale air-
quality model (CMAQ). Thismodel can be considered astate-of -the-sci-
ence, “one-atmosphere” air-quality model and isto be used in regulatory
and research applications. One atmospherereferstoinclusion of al rele-
vant processesthat determinetheevol ution of pollutantsand their interac-
tions. Theone-atmosphereapproachisparticularly useful becauseit allows
integrated study of all pollutantsthat areimportant to aspecificregion. One
problemwithCMAQisthat it requiresextensiveresources, staff, and com-
puter time.

How well amodel worksin aspecific application isdetermined by two
factors: thefidelity of themodel itself and the quality of themodel applica-
tion. Thelatteriscurrently themoredominant factor. Thus, thecredibility
of themodel resultsisdetermined by themodeling process. A good model
applicationwill useand eval uate the most appropriate model inputs, includ-
ing emissions, meteorol ogy, and topography. EPA relied onthebest model
inputs that were available at the time in the benefits analysis for the HD
engine and diesel-fuel rule.

Emissions are believed to have the greatest role in air-quality model
uncertainty, followed by meteorology. Significant strideshavebeen made
toimproveour understanding of emissions, and many of thebiasesinolder
inventoriesarebelieved to have beenremedied. Atthistime, theammonia
emissionsinventory isbelieved to bethe most uncertain. Ammoniaisim-
portant in PM and ozone modeling becauseit limitsthe production of sec-
ondary ammonium sulfate and ammonium nitrate. Considerableresearch
isbeing dedicated to thisissueandisviewed asanimportant step inreduc-
ing uncertainties associated with these secondary products.

Itisdifficult to make broad generalizations regarding the accuracy of
model predictions. Theaccuracy will depend onthemodel used, the pollut-
ant model ed, thequality of the application, theavailabledata, the spatial and
temporal resolution used, the averaging times, and the areas of interest.
Model accuracy should be determined empirically by comparing model
estimatesto actual observationsinarecent period. For theHD engineand
diesel-fuel rule, EPA presentedfairly extensiveand appropriatedataonthe
agreement between model ed and monitored concentrations of ozone. For
example, EPA reported mean normalized biases (the average difference
between model predictions and observations normalized by the observa-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10511.html

EXPOSURE AND RESPONSE 83

tions) for ozone in the eastern United States ranging from -20% to +12%,
depending ontheregion (northeast or southeast) and specific month (June,
July, or August 1995) being modeled (EPA 2000, see Table 2A-1). Poor
model performance (consi stent negative biases of 30-50%) inthewestern
United States led EPA to eliminate the western United States from the
benefitsanalysis (EPA 2000, seep. 7-12). Although extensive evaluation
of PM, ¢ estimates has not been possibleto date dueto thelack of monitor-
ing data, thislimitation may bereadily addressed in futureanalyseswiththe
recent establishment of a nationwide PM, . monitoring program.

Toincreasetheaccuracy of modeling predictions, air-quality modelsare
typically calibrated by comparing current air quality tomodel predictionsfor
current conditions. Specifically, themodel isusedto calculatethefractional
changein pollutant concentrations between arecent time period for which
dataexist (the base case) and ahypothetical futuretime period after emis-
sions are controlled (the control case). Thefractional changeis then ap-
plied to the observed pollutant level for the recent time period to derive
predictionsof future concentrationswhen proposed emissionscontrolshave
beenimplemented. For example, if the current observed peak ozonelevel
is 140 parts per billion (ppb), the simulated base case is 120 ppb, and the
simulated control caseis 90 ppb, theratio of themodel ed quantities (90:120
or 0.75, which is known as the correction factor) is multiplied by the ob-
served ozonelevel (140 ppb) toyield apredicted future ozone concentration
of 105 ppb for the control case. This approach may help reduce the bias
introduced by modeling errors and, therefore, may be more accurate than
using model results directly (absolute values) to estimate future pollutant
levels. The committee recognizes that EPA appropriately used this ap-
proachfor ozonefor thebenefitsanalysisfor theHD engineand diesel-fuel
rulebut did not do sofor PM, ., citing thelack of available PM, . monitoring
data.

Theabovediscussion suggeststhat thereare still significant uncertain-
tiesinmodel applications. Althoughtheseuncertaintiesarepoorly charac-
terized, they may be decreasingwithtime. Themodel sthat have been used
inpast benefitsanalyses noted above are subj ect to many uncertainties, the
older ones more so than the newer ones. Many deficiencies of the older
model shave beenremedied inthe newest model, CMAQ, whichmay yield
improved results. However, until testsare conducted that demonstratethe
expected improvements in performance, CMAQ results will have to be
treated asif they carry similar levels of uncertainty to current models.
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Onefinal point regarding model sisthat resource constrai ntsoften pre-
vent simultaneoudly estimating concentrationfieldswith fine spatial resolu-
tion over long periods and broad areas, such as the continental United
States. Compromises must be made in one or more of these dimensions
(area, time, or spatial resolution). Thus, modelstendto beusedto estimate
concentrations over low-resolution grids, such as 36 x 36 km squares, for
afew days or weeks. Such large spatial scales are more appropriate for
secondary pollutants (such asozone), which exhibit relatively smooth spatial
variations, than for primary pollutants(such asdiesel particles), which show
strong spatial gradients. Using large spatial scales limits one’ s ability to
assessdifferentia exposurewithin urban areasand, therefore, risksto popu-
lation subgroups. Although an evaluation of differential exposureswould be
valuable, it can only beaccomplished if sourceemissionsor air-monitoring
dataare available at similar or finer scalesand if sufficient resourcesare
allocated to the task.

Resource constraints have also limited the periods of air quality that
have been model ed in recent benefitsanalyses. Thetemporal resol ution of
themodel outputsindaysor weeksiswell-suited for modeling of episodic
excursionsinthestandardsimplementation context, whichisthe purposefor
development of most models, but rel atively lessuseful for benefitsanalysis,
for which longer exposure records would result in more reliable health
benefits estimates. For the HD engine and diesel-fuel rule, full benefits
analyseswereconducted only for theyear 2030, although exposure model -
ing results were also given for two intermediate time periods (2007 and
2020). Giventhe need for long-term exposure estimates and the national
importance of the benefits analyses, the committee recognizes that over-
coming the resource constraintsis a critical need.

HEALTH OUTCOMES

Air pollution may giveriseto health outcomes depending on specific
pollutantsand their concentration or exposurelevels. The appropriate se-
lection andinterpretation of health outcomesisintegral to any assessment
of health benefits. Overall, the health effects of air pollution can be de-
scribedonthreelevels. Thefirstlevel istheway that air pollution adversely
affectsbiochemical, physiological, and pathol ogical mechanisms. Thesec-
ond level concerns the way these mechanisms translate into recognized
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heal th effects (symptoms, impairment of activity, pain, or death). Thethird
level involves tranglation of health effects into public health terms (inci-
dence, prevalence, and mortality rates).

Thepathophysiological effectswill, if sufficiently severe, become mani-
festinindividualsasillness (symptoms, impairment, pain, disability, death)
and beattributed to certain clinical diagnoses, such asasthmaor pneumonia.
These effectsmay be associated with the use of medical servicesor medi-
cations. However, the health effects of many air pollutants, such as PM
and ozone, lack specificity. Inother words, the manifestations of theseair
pollutants may have other causes and cannot be understood independently
from risk factors with the same outcomes.

The primary health effects resulting from air pollution have been ob-
served in the respiratory and cardiovascular systems (ATS 1996, 2000).
Thereisalsogrowing evidencethat air pollution exposure may causerepro-
ductiveand devel opmental effects (Brunekreef 1999). Short-term effects
aretypically minor and reversible at the levels of air pollution generally
encounteredinthe United States, unlessthereisapreexisting conditionthat
hasalready reduced thereserve or adaptability of theindividual (ATS1996,
2000). For example, certainair pollutantsmay causeatransient mild cough
or eyeirritationinahealthy personwith plenty of functional reserve. How-
ever, for an older person who hasadvanced chronic respiratory diseaseand
whoisacutely ill with arespiratory infection, exposuretoair pollution might
resultindeath or someother clinically observable outcome, such ashospital
admission. If the person would die soon regardless of the exposureto air
pollution, theadditional effect of theair pollution could besmall intermsof
life-yearslost.! Onthe other hand, if the person would otherwise recover
from therespiratory infection, theloss of life-years could be appreciable.
Regarding the devel opment of chronic disease, such aschronic obstructive
pulmonary disease or asthma, the effects of air pollution are likely to act
together with other risk factors, such asexposureto environmental tobacco
smoke.

Most of the wide range of health outcomes described by the World
Health Organi zation (WHO 2001) were considered by EPA for itsbenefits
analyses (see Tables 2-1 and 2-5). However, many health outcomeswere
not quantified (EPA 1999, 2000; see Table 7-1) and included inthe primary

1This scenario isreferred to as short-term mortality displacement or harvesting.
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analysiseither because of insufficient dataor because of possible double-
counting of health outcomes. For benefits analysis, the most important
distinctionisbetween mortaity and morbidity (illness). Theuseof mortality
and specific morbidity outcomesin the context of benefitsanalysisisad-
dressedin greater detail inthefollowingsections. A discussion on causality
follows these discussions. Because the outcomes evaluated in the EPA
analysesreviewed by thecommitteewere based on epidemiol ogical studies,
thefollowing discussionsfocusonissuesassociated with using these studies
asthe basis for selection of outcomes.

Mortality

Mortality effectstend to dominate health benefits estimateswhen they
areconvertedtolife-yearslost or to dollars (monetized). Theattributes of
mortality—socially important, accurately recorded, and one occurrence per
person—makethisoutcome particularly suitablefor hedth benefitsanalysis.
However, although recorded by a doctor and classified using the Interna-
tional Classificationfor Diseases(ICD), themedical cause of deathissub-
ject to misclassification, especially for diseases of the cardiorespiratory
system. Although misclassification may beaproblemfor epidemiological
studies, it islessimportant for health benefits analyses, because the avail-
able estimatesfor valuation of mortality arerelatively similar to thosefor
specific causesof mortality, such ascardiovascular and chronic respiratory
disease, considered in health benefits analyses for criteriaair pollutants.
Thissituation may change over timewith the devel opment of disease-spe-
cific cost estimates. For benefits analyses that use the American Cancer
Society (ACS) study (Pope et al. 1995), a combined coefficient was used
for cardiac and pulmonary mortality, avoiding the problem of cross-coding
between these two disease categories.

Evidenceisstrongest for the effectsof air pollution on adult mortality.
However, EPA (1999, 2000) noted the emerging evidencelinkingair pollu-
tion and infant and child mortality. EPA did not incorporatethis outcome
into its primary benefits estimates because the body of evidence is too
sparse. Asmoreevidence emerges, EPA should consider incorporatingthis
outcome into its primary benefits estimates.
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Morbidity

For theestimation of health benefits, the committee notesthat morbidity
outcomesmay beclassifiedintofivecategories. pathophysiological, clinical
diagnoses, symptoms, use of services, and effects on activity. For
pathophysiological outcomes, examples mentioned in EPA analysesinclude
effects on lung function and pulmonary inflammation. Changesin serum
fibrinogen and heart-rate variability have also been found to beimportant
physiological outcomes (Gold et al. 2000; Schwartz 2001a). These out-
comesareuseful for demonstrating toxicity and understanding mechanisms
but have not been used for estimating health benefits either because they
are unquantifiable or because they are not easy to trandate into health
effectsto which adollar value can be assigned. Furthermore, they might
overlgpwithclinical outcomesthat have been quantified, and including them
would resultindouble-countinginthetotal benefitsestimate. For example,
guantification of changesin lungfunction may be possiblebecause several
cohort studiesare avail abl ethat show arel ationship between reduced lung
function and mortality. However, including benefits for changesin lung
functioninthetotal benefitsestimatewould resultin at |east some double-
counting, because benefitsfor avoi ded mortality and acuterespiratory mor-
bidity arealready directly estimated and included inthetotal benefits esti-
mate.

The second category of outcomes(clinical diagnoses) includeschronic
bronchitis, asthmaattacks, and chronic asthma. Theproblemwiththediag-
nosisof chronic bronchitisisthat it coversawiderangeof severity andtime
courses. At the mild end of the spectrum, it can be characterized as a
chronic productive cough not associ ated with disabling symptomsand can
evenremitif other factors, such as smoking or occupational exposure, are
reduced. Attheother end of the spectrum, chronic bronchitiscan be char-
acterized by severe chronic airways obstruction accompanied by severe
disability from shortness of breath and a need for long-term care. The
same problems arisewith the diagnosis of asthmabecause of thevariation
in frequency, duration, and intensity of asthma attacks.

Thespectrum of severity inthe study population (popul ation eval uated
intheepidemiological study) cannot beeasily rel ated to thetarget popul ation
(population characterized for thebenefitsanalysis). Thelack of clear cate-
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gorization of severity a so hasimplicationsfor the application of monetiza-
tion techniques, such aswillingnessto pay (see Chapter 6). For example,
theseverity of anavoided caseof chronic bronchitisdescribedinavaluation
study should match the severity used to derivethe concentration-response
function; however, such matchingisdifficult if severity hasnot been ade-
guately characterizedintheepidemiological study. EPA hasrecognizedthe
problems associated with the lack of clear categorization. Inthe primary
analysisfor theHD engineand diesel-fuel rule, EPA did not include cases
of chronic bronchitisthat remitted but provided an alternative cal cul ation
that included the remitted cases of chronic bronchitis as cases with the
lowest severity rating (EPA 2000, see Table 7-25). EPA should continue
toinvestigate and devel op methodsto account for different level sof sever-
ity when estimating health benefits.

Thethird category of outcomesissymptoms. Benefitsfor reductions
inavariety of respiratory symptoms were estimated in the EPA analyses
examined by thecommittee. EPA acknowledgesthedifficultiesof estimat-
ingthese benefits. Oneproblemisthat symptomsusually occur in clusters,
such ascough, shortness of breath, and wheeze. Therefore, although esti-
mating benefits for each symptom separately, EPA correctly cautions
against adding them. Another problem liesin the valuation of symptoms,
which are subjective and dependent on the severity of the effect.

Thefourth category of outcomesrelatesto medical-careinterventions
resulting from health problemscaused by air pollution. The outcomewith
most available dataisthe use of emergency roomsor hospital admissions.
Different diagnoseswill incur different costs because of variationsin the
length of hospital stay and the costs of treatments. EPA has recognized
that studies of hospital admissions often use different groupings of 1CD
codes, which can cause overlap and double-counting.

In the United States, most evidence for the fourth category relatesto
admissions for individuals aged 65 or more, because the most accessible
datafor epidemiological studies are from Medicare. Many studies from
outside North Americareport admissionsacrossall ages, but these studies
have not been used by EPA, presumably becausethey wereconsidered less
applicabletotheUnited States. Use of the primary-care system isanother
potential outcomefor thiscategory that might beimportant at apopulation
level. At present, only afew studies show an association between this
outcomeand exposurestoair pollution, and these studieswereall conducted
outsidethe United States. The committeerecommendsthat EPA consider
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datafrom other studiesto expand the age groups for which the outcomes
apply andtoincorporatethe use of other relevant outcomes, such astheuse
of the primary-care system, in its benefits analyses.

Thefifth category of health outcomesrelatesto the effect of air pollu-
tionongeneral well-beingand activity level. EPA hasprimarily used major
and minor restricted-activity daysand workdayslost astheindicator for this
category. A restricted-activity day isaday inwhich apersonlimitshisor
her normal activitiesbecauseof illness. Asageneralized measureof illness,
the use of indicatorsof restricted activity has considerabl e potential ; how-
ever, few studiesare available. When restricted-activity daysareincluded
in an analysis, double-counting with other specific morbidity outcomes
should beavoided. For estimating health benefits, EPA realizesthat people
may limit their activities for example, by staying indoors or taking more
preventive medication, to avoid exposureto air pollution. However, these
averting behaviorsare probably not included in studiesthat link restricted-
activity daystoambient air pollution. Nevertheless, averting behaviorsmay
represent asubstantial cost to soci ety and shoul d be acknowledged asbeing
unmeasured in benefits analyses.

Any health benefits analysis presupposes that the concentration-re-
sponse function can be applied to a population or to subgroups within the
population. Accordingly, baseline measures of outcome prevalence or
incidencearerequired. Inthe case of mortality, these measuresare avail-
able. However, abaseline estimate for the benefits analysis that usesthe
samedefinition of disease severity or symptomsusedintheepidemiol ogical
study that provided the concentration-response functionsis generally not
availablefor certain morbidity outcomes, such asdiagnosesof chronic bron-
chitisand asthmaattacks or symptomsof cough or shortnessof breath. For
example, no good baseline data are available to describe the incidence or
pattern of asthmaattacksinthecommunity. That makesit difficult to esti-
mate health benefits using results from a study of subjects who were not
selected at random from the popul ation of personswith asthma. Thecom-
mittee concludes that the uncertai nties concerning the baseline should be
included in any uncertainty analysis.

The goal of health benefits analysisisto consider all relevant health
outcomes, exclusion of ahealth benefit from an analysisshould bejustified.
However, information isinsufficient at present to ensure that all relevant
pathways and mechanisms of health effects are known. This state of un-
certainty supportsthe use of total mortality asan outcome becauseit does
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not requireknowledge of thevarious pathwaysby whichair pollutionled to
premature death. Regarding morbidity outcomes, restricted-activity days
are also a useful measure because they encapsulate a variety of health
outcomesand provideageneralized measure of well-being as stated above.
More research should be conducted to provide better effect estimates for
restricted-activity days.

Causality

A comprehensivediscussion of causality isnot necessary for abenefits
anaysis. Thisdiscussionistypically providedinthescientific documentation
for therule-making, such asthecriteriadocument and other rel ated reports,
and in guidance provided by EPA’ s Science Advisory Board. However, a
brief review of theevidencefor causality isneededin abenefitsanalysisfor
two reasons. First, thereview should providejustificationfor inclusion and
exclusion of specific health outcomes considered for a given analysis.
Second, acausal association between air pollution and health outcomesis
akey assumptioninabenefitsanalys's, and theuncertai nty associated with
this assumption needs to be incorporated into the final benefits estimates
(see Chapter 5 on uncertainty).

Theanalysesreviewed by thecommitteerelied on observational epide-
miological studies. Approachesto assessing causality from these studies
have often been based on consideration of anumber of “viewpoints’ de-
scribed by Hill (1965).2 Theviewpointsincluded (1) temporal sequence of
the associations (cause precedes effect), (2) consistency of thefindingsin
different studies, (3) size of the effect, (4) monotonic exposure-response
relationship, (5) coherence of the study results, (6) a plausible biological
mechanism, (7) specificity of outcome, (8) analogy with similar exposures,
and (9) evidence of change following an intervention.

These viewpoints should not be regarded as criteria because none is
sufficient, and only one (thetemporal relationship) isnecessary for estab-
lishing causality. The use of such viewpoints as achecklist for causality
wascriticized extensively by Rothman (1986) and others(Lanesand Poole

2A similar list wasput forth by aSurgeon General’ sAdvisory Committee (1964),
and a more highly elaborated system of criteria was developed by Susser (1973,
1977, 1988, 1991).
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1984). Furthermore, Weed and colleagues documented the arbitrary and
capricioususeof causal criteriatojustify predetermined conclusions (Weed
1994, 1997; Weed and Gorelic 1996; Weed and Hursting 1998; Potischman
andWeed 1999). Inarandomizedtrial, Holmanet al. (2001) al so provided
experimental evidence showinglittle consensusamong epidemiol ogistson
use of causal criteria.

Hill’ s(1965) intentionwasto provideaframework for scientific reason-
ing that would allow ajudgment to be made on the plausibility of explana-
tionsother than causality for associationsreported in observational epidemi-
ological studies. Therefore, using these viewpoints asthe direct basisfor
aquantitative scaleto expressthelikelihood of causality isinappropriate.
However, reasoned consideration of these and other factors does and
shouldinfluencethe expert judgment about the plausibility of causal inter-
pretation of studies.

Regarding Hill’ sviewpointsin the context of time-series studiesthat
have evaluated the rel ationship between PM and health effects, the stron-
gest argumentsfor causality have been the consistency of effects, theexis-
tence of an exposure-response relationship, and coherence of findings
(Bates 1992). These arguments are bolstered by clear evidence of health
effectsin severeair pollution episodes (Ito et al. 1993) and theincreasing
mechanistic evidencelinking particlesto health outcomes (Gold et al . 2000;
Pope et a. 1999; Peters et al 2000a,b; Peters et al. 2001). However, the
toxicological evidencefor health effectsat low PM concentrationsismixed
(Vedal 1997; Gamble 1998; Heyder et al. 1999).

Regarding Hill’ sviewpointsin the context of the major cohort studies
that have evaluated the relationship between PM and health effects, the
considerations differ somewhat from those for time-series studies. There
aretoo few cohort studies to satisfy the consideration of consistency, and
thereis less supporting experimental evidence. However, there is some
specificity for cardiopulmonary outcomes and lung cancer, considerable
coherenceof thestudy results, and an analogy with similar exposures (envi-
ronmental tobacco smoke).

Todeterminethehealth outcomesthat should beincludedin abenefits
analysis or to estimate the uncertainty that is associated with the causal
assumptions, several factorsshould be considered wheninterpreting epide-
miological studies (Hennekensand Buring 1987). Onefactor to consider
is the strength of the association between the pollutant and a health out-
come. Appropriate statistical methodsaretypically appliedto determinethe
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degreetowhichthe observed association can be explained by chance (ran-
dom variahility), and EPA hasincluded the random sampling error of the
estimated concentration-response function in its uncertainty assessments
(seeChapter 5). Another factor to consider isthe possibility that thegiven
association can be explained by confounding. For example, incohort stud-
ies, itisimportant to control for such factorsaseducation, smoking, environ-
mental tobacco smoke, occupation, andregion. Intime-seriesstudies, itis
important to control for time-varying confounders, such as season, weather
variables, and day of the week. Other factors that could influence study
resultsare biasresulting from some aspect of the study design, such asthe
way inwhich study participantsare sel ected, and error in the measurement
of input data, such as exposure or disease data. A factor that should also
be considered iswhether the appropriate model has been used to evaluate
the data.

Two general issuespertainingto confounding arerelevanttoair pollut-
ants. First, air pollutants often have a common source and are subject to
similar atmospheric dispersion processes. Therefore, their concentrations
will tend to be correlated, and their independent effects are often difficult
to disentangl e using multipollutant model s (see Concentration-Response
Function section). However, the EPA analysesreviewed by thecommittee
focused on PM and ozone, which tend not to confound oneanother. PM is
aheterogeneous mixture, however, and the component responsiblefor the
observed effects has not been determined. That adds to the uncertainty
involved in estimating health benefits. The second issueisthe possibility
that some unknown factor that has not been controlled for explains the
association. For example, variationsinair pollution levelsmay also beasso-
ciated with short-term (day-to-day) variationsin societal activity, such as
increased driving, construction, and industria activity, whichmay increase
the daily risk of health effects (Rietveld et al. 1999; Phillips et al. 2001).
Similar arguments could be constructed for behavior rel ated to the weather
(Vaberg and Watson 1998).

Littleinformationwasprovidedinthe EPA anaysesto judgetheplausi-
bility of the causal rel ationshipsassumed. Asstated above, the evidenceof
causality should be summarizedtojustify theinclusion or exclusion of the
heal th outcomes and to assess the uncertainty associated with the assump-
tion of causality, which should beincorporated into thefinal benefitsesti-
mates, when possible. EPA should investigate and, if necessary, develop
methods of evaluating causal uncertainty inrelationto key outcomes, sothat
this uncertainty can be represented in the final benefits estimates.
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CONCENTRATION-RESPONSE FUNCTIONS

A key element of benefitsanalysisisthe“risk function” or “response
function” that describes the quantitative association between ambient air
pollutionandthehealth effect. Theterm* concentration-response” used by
the committeein thisreport refl ects the assumption that measurements of
ambient air pollutant concentrationsadequately represent popul ation expo-
sures. Theterm coined fromlaboratory toxicology istraditionally knownas
dose-response. However, doseisrarely measuredinair pollution epidemiol -
ogy, and therefore, the committee has adopted the use of the term
concentration-responseto describe popul ation exposure-responsefunctions.

Benefitsanalysisassumesthat aunit reductioninthe concentration will
lead to a specific level of reduction in the relevant health effects as re-
flected by the concentration-response coefficient. Several scientific meth-
ods are used to derive the response functions, and the inherent strengths
and weaknesses of each approach affect the range of uncertainty of the
resulting function. Inthefollowing sections, sourcesof concentration-re-
sponsefunctionsare described, i ssuesassociated with sel ecting epidemio-
logical studiesare discussed, and strengths and weaknesses of short-term
and long-term epidemiol ogical studies are addressed. |ssues associated
with threshold assumptions, analysisof popul ation subgroups, and assump-
tionsregarding effectslagsare addressed in thefinal sectionsof thischap-
ter. For each topic area, approaches chosen by EPA are discussed.

Sour ces of Concentr ation-Response Functions

Several typesof scientific studiescan be used to provide concentration-
response functions. The following sections describe the strengths and
weaknesses of using animal studies, human experimental studies, and epide-
miological studies as sources for concentration-response functions.

Animal Studies As Sour ces of Response Functions
Animal toxicologica studiestypically involve controlled experiments of

animalsin chambersexposed to specified dosesof pollutants. Animal stud-
ieshavetheadvantage of applyingfully controlled randomized experimental
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designs and are able to specify accurately an exposure concentration and
durationtoaparticular pollutant. Histological examination of tissuesallows
observation of specific biological, genetic, or biochemical changesand may
assistinidentifyingwhether achemical istoxic through functional impair-
ment, tissue damage, inflammation, hyperplasia, carcinogenesis, or mutagen-
esis. Toxicological studiesalso help €l ucidate the biol ogical mechanism of
theeffect and may allow detection of minor changes, such asalterationsin
enzyme levels, that might not be symptomatic in humans.

Despitethe advantages of animal studies, several substantial disadvan-
tageslimit their usefulness or create additional uncertaintiesinthe assess-
ment of human health benefits. First, useof animal studiesinahealth bene-
fitsanalysisrequiresextrapol ating from animal speciesto humans. Second,
someeffectsobservedin certain animalsmay not occur in humans because
of differencesin organ structure, metabolism, or other factors. Third, ani-
mals are typically exposed to high concentrations to elicit a statistically
significant responsein astudy involving only alimited number of animals.
Therefore, extrapolation from responsesat high concentrati onsto responses
at concentrationssimilar to ambient concentrationsisrequired. Fourth, there
is often substantial uncertainty about the shape of the concentration-re-
sponsefunction at thelower concentrations. Fifth, only limited samplesizes
and subgroups may be studied withtoxicological studiesmakingit difficult
to capture thewhole spectrum of sensitivitiesin human populations. Sixth,
many important public health outcomes, such ashospitalization and work
loss, and exposure conditions (for example, multiple decadesat low levels)
cannot bestudied. Finally, replication of theactual mix of pollutantsfound
intheambient air hasbeendifficult. Most laboratory studieshaveisolated
onepollutant or aset of pollutantsfor experimental purposes. Thestrength
of thisapproachisthat it can help identify the most bi oactive components
of the ambient air pollutant mix. However, interactions among different
pollutants as they exist under true conditions cannot be assessed.

Insummary, toxicol ogical animal studiesmay be useful indetermining
whether agiven pollutant istoxic and in hel ping to el ucidate potential biologi-
cal mechanismsand pathways. However, application of resultsfromanimal
studiesto estimate the health benefits of ambient air pollution control re-
quires several extrapolations, each of whichinvolves considerable uncer-
tainty. Because of these substantial limitations, datafrom human studies
have typically been preferred to those from animal studies.
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Human Experimental Studies As Sour ces of
Concentration-Response Functions

Giventhe state of the science, benefitsanalysesshouldideally rely on
human datarather than animal data. Asidefrom thepopulation-based epi-
demiological studiesdiscussed in the next section, human data can be ob-
tained from functional assessmentsmadeinclinical studiesandinstudiesof
occupationally exposed workers. Clinical studiestypically involvecontrolled
experimentsof human volunteersin exposurechambers. A common exam-
pleof thistechniqueinvolvesobserving changesinlungfunction or asthma
symptomsin subjectsexposedtovaryinglevel sof ozoneover set periods of
time. Advantages of this method include the preciseness with which the
exposure and the response may be assessed, thelack of aneed to extrapo-
latefrom animal speciesto humans, theability to detect subclinical changes,
and theability to determine whether an exposure hasan effect. Disadvan-
tages of using clinical studiesfor assessing benefitsincludelimitationsin
sample size, the range of certain subgroups that can be studied (typically
excluding children, older persons, and thosewith rel atively severe cardio-
vascular disease), the use of only acute exposures, and the difficulty in
replicating the entire mix of ambient pollutants. Aswith animal studies,
clinical studies cannot examine such outcomes as visits to the doctor or
hospitalization.

Health data on occupationally exposed workers can address some of
the shortcomings of clinical studies. However, workers have historically
been exposed to much higher concentrationsof air pollutantsthan thegen-
eral population. Therefore, extrapol ation tolower exposure concentrations
issometimesnecessary. Although thebaseline health of theworker popula-
tion is better than that of the general population, the elevated, long-term
exposures experienced by workers can provide insight into the toxicity or
lack of toxicity of specific componentsof ambient air pollution. Theepide-
miological studies described in the next section allow one to estimate
concentration-response functions for the general population exposed to
ambient air pollutant concentrations.

Epidemiological Studies As Sour ces of
Concentration-Response Functions

Observational epidemiological studiesinvolvethestudy of humansin
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real situations. Thus, human health effects are observed under a wide
range of behaviorsand conditionsusing thismethod. Specifictoair pollu-
tion, epidemiological studieshaveshownthat whenair pollutant concentra-
tionschanged at fixed sitemonitors, acorresponding change occurredinthe
observed incidence of many health effects.

Theprimary advantagesto using epidemiological studiesarethelack of
aneed to extrapolate results across species and the ability to study awide
rangeof health outcomes, including mortality, hospitalization, and respiratory
symptoms. Different subgroupsalso may beexaminedindetail. For exam-
ple, thecorrelation between air pollution and reported health may beexam-
ined inindividual swith severeasthmaor ol der peoplewith chronic bronchi-
tis. Anadditional advantageisthat researchers can examine awiderange
of pollutants, pollutant mixes, and averaging timesby consideringmultiple
seasons or locations.

Disadvantagesto using epidemiological studiesincludeimprecisionin
the measurement of exposure and response, potential confounding of the
results, and the possibility of spuriousfindings. Furthermore, itisdifficultto
determine the underlying mechanism causing the effect or to identify the
specific chemical constituent responsiblefor the observed effect. Asnoted
previously, finding astatistically significant association between ahealth
effect and a specific air pollutant does not prove causality.

Another issuewith epidemiological studiesisthat some degree of ex-
trapolationisrequired. Becauseepidemiologica studiesaretime-consuming
and expensive, al potential health effectsof ambientair pollutioninall cities
or regions are not investigated. Therefore, using concentration-response
functions from epidemiological studiesfor benefits analyseswill require
extrapolation from the study populations to the target populations in the
benefitsanalysis. Theextrapolation of resultsfrom epidemiol ogical studies
assumesafairly similar spatial rel ationship between pollution monitorsand
population. Therefore, researchersoften assumethat agiven changeinthe
ambient air concentration of anair pollutant, suchasPM,,, will resultinthe
sameincreasein risk in the applied area of the benefitsanalysisasin the
original study area. Giventhereplication of health effectsassociated with
PM,, in many parts of the United States and the world (Holgate et al.
1999), this assumption appears reasonable.

Theprocessof extrapolation, however, involvesseveral uncertainties.
First, the underlying socioeconomic or health status of the population for
which the benefitsanalysisis being conducted may differ fromthat of the
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original study. Second, thehuman susceptibility for effectsof ambientair
pollutionvarieswithin populations. For example, short-term effectsof air
pollution on mortality are particularly associated with cardiopulmonary
death. Ageor underlying diseases, such asatherosclerosisor diabetes, may
further modify this effect (Zanobetti et al. 2000; Zanobetti and Schwartz
2001). Similarly, someevidenceexiststhat educational attainment itself, or
asamarker for socioeconomic status or exposure, may modify the effects
of long-term exposure to air pollution (Krewski et al. 2000; Pope et al.
2002). Therefore, the point estimate of the concentration-responsefunction
may differ acrosspopulations, depending onthedistribution of thesefactors
withinthetarget population. Oneadditional factor that may add uncertainty
totheextrapolationisthevariationinthecomposition of anair pollutantin
differentlocations. For example, asdiscussed previously, PM iscomposed
of different chemical constituents and particle sizes and, therefore, may
differintoxicity fromonelocationto another. Thisuncertainty may dimin-
ish for gaseous pollutants, such as ozone.

Sour ces of Concentr ation-Response Functions
For EPA’s Analyses

For the health benefitsanalysesreviewed by thecommittee, EPA used
concentration-response functionsfrom epidemiol ogical studies. Thecom-
mittee believesthat thisapproach was appropriate because using epidemio-
logical studiesavoidsmany of the problemsencounteredinthe other types
of studies. This approach cannot be generalized to all analyses because
epidemiology might not be able to provide valid concentration-response
functions for some toxic agents. Ultimately, the plausibility of the
concentration-responsefunction and the uncertainty surrounding it should
bereflected in the benefitsanalysis. Thisrequiresabrief summary of the
evidencefor causdlity, including animal toxicity and human clinical studies.

Selecting the Appropriate Epidemiological Studies
A key issuein benefitsanalysisissel ecting the concentration-response

estimate from thosein several studies. For each epidemiological study, a
concentration-response functionisderived for agiven population, observa-
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tiontime, and exposure. Thisfunctionistreated asthe best estimate of the
underlying true function. A small portion of the inherent uncertainty be-
tween the observed best estimate and the true unknown functionisusually
described with confidenceintervals. Theuncertainty increaseswith each
level of generalization of the observed results. For example, theuncertainty
increases when the results are transferred to nonparticipants of the same
population and even morewhen they aretransferred to other ages, ethnici-
ties, diseasestatus, cities, regions, or countries. Therefore, abetter estimate
might be an average function derived from several studies that evaluate
different cities and populations.

Epidemiologists have sometimes given higher credence to concen-
tration-responsefunctionsthat are averages of anumber of independent but
valid single studies on the same pollutant and response. However, in air
pollution epidemiol ogy, studiesconducted in different regionsmay involve
air pollution of different quality and composition and, thus, different health
relevance. Difficultiesareal so encountered, however, when alocal study
isjudged asmethodol ogically lessvalid than some nonlocal, more sophisti-
cated study, possibly leading to thedecisiontoignorelocal concentration-
responsefunctionsand adopt thenonlocal functions. Giventheseuncertain-
tiesand necessary judgments, it isnot surprising that analysts do not have
auniversally accepted paradigm or set of rulesfor selecting concentration-
responsefunctions. International expertshavewritten guidelineson behal f
of the European office of the World Health Organization describing the
difficultiesand therange of decisionoptionsavailable (WHO 2000, 2001).
Different projectshaveapplied different processesto sel ect the set of stud-
iesto derive concentration-responsefunctions. Recent studieshavetended
(2) toinclude rather than exclude studies conducted in the same region or
country for which the anaysis has been done; (2) to rely on vari-
ance-weighted mean estimates rather then single studies; and (3) to com-
bine North American and western European estimates but not assume
guantitative comparability of these datawith thosefrom studiesconducted
in South Americaor Asia(Ostro et a. 1996; COMEAP 1997; Ostro and
Chestnut 1998; Ostro et al. 1999; Kiinzli et al. 2000).

The committee believesthat generally the most appropriate approach
isto cal culateawei ghted mean estimaterather than choose one study from
a set of studies conducted on the same health outcome to derive the
concentration-response function. This estimate should be based on the
available single estimates and awei ghting procedure that takes the uncer-
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tainty of each point estimateinto account (for example, aninverse-variance
approach). Additional weighting schemes, such as those giving higher
weight tolocal studies, to morerecent studies, or to some measure of cen-
tral tendency or prior evidence, may be applied. Whatever process is
adopted, the inclusion or exclusion of studies and the weighting scheme
should be justified and clearly explained. The committee notes that the
sel ection processultimately should focusonly onthevalidity and transfer-
ability of a study and not on whether aresult is statistically significant.

Selecting aparticular study or aset of studiesisnot theonly challenge.
Theanalyst must also choose among avast array of models and specifica-
tionswithin the original study or studies. Infact, researchers are usually
encouraged to evaluatethe sensitivity of their resultsto alternative models
and specifications. For example, in short-term-effect studies, researchers
often present results for different lag structures; for different controlsfor
weather, time, and seasonality; and for single- and multipollutant models.
Sometimestheresultsarerelatively robust (insensitive) to these alternative
model specifications. However, moreoften, theresultsvary. If theresults
vary using different model sand specifications, the analyst should attempt
to evaluatethestudy carefully and usethe most appropriaterisk estimates.

Theuseof single- versusmultipollutant modelsmay havealargeinflu-
ence on risk estimates. Some researchers have attempted to identify one
or more pollutantsresponsiblefor agiven heal th effect by entering several
pollutants asindependent variablesinto an explanatory regression model.
Theresultsof multipollutant modeling can bedifficult tointerpret and do not
necessarily yield more reliable results.

If the effect estimate for a pollutant of interest is unchanged by the
addition of asecond pollutant to the regression model, then the added pollut-
antiseither not aconfounder or, because of measurement error or variable
mi sspecification, itsconfounding eff ects cannot bedetected. If theaddition
of asecond pollutant toamultivariateregression model changestheeffect
estimate for the pollutant of interest, this observation may be the result of
collinearity among the pollutants. Regression estimates can vary widely
withtheinclusion or exclusion of highly correlated covariates. Includinga
highly correlated copollutant increases the standard error of the estimate
and the associated confidenceinterval and often resultsin highly unstable
effect estimatesfor thepollutant of interest. Inaddition, therelativeeffect
estimates of thetwo pollutantsmay beinfluenced by therel ative magnitudes
of their exposuremeasurement errors. Giventhesepotential uncertainties,
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a multipollutant model cannot be assumed to yield necessarily the most
accurateresults. Failuretoincludeacausally linked copollutant, however,
can result in both omitted variable bias and imprecision in the estimate of
risk associated with exposure to the primary pollutant.

A way to estimate the importance of agiven pollutant in the presence
of correlated copollutantsisto examinethepollutant of interest in alternative
cities. For example, it isuseful to consider the effects of PM,, in arange
of cities that have both high and low correlations with other relevant
copollutants, such asozoneor sulfur dioxide (Schwartz 20004). A consis-
tent PM ,, effect estimate under such different circumstances supportsthe
notion of a causal relationship.

Thefindingsof Sarnat et al. (2001) are also important in assessing the
usefulnessof multipollutant models. Thisstudy demonstrated that over time,
ambient concentrations of gaseous pollutants were not associated with
personal exposure to these gases but were associated with personal expo-
sureto PM, .. PM, . personal exposurewasin turn associated with ambi-
ent concentrations of PM,.. The authors concluded that ambient PM,, ¢
may be a suitable surrogate for personal PM,, . exposure and that ambient
gaseous pollutants may also be surrogates, not confounders, for PM, ..
Theserel ationships should be examined in future studiesto establish wheth-
er thisimportant finding can be generalized to other settings.

Insummary, statisticsal one cannot resol vethe question of therelative
influence of various pollutantson agiven health outcome. Statistical results
must beinterpreted by expertsfamiliar with the strengthsand limitations of
variousmodeling approachesand causal mechanisticinformation. Inmany
cases, expert judgmentsmay haveaslargearoleasthe numerical analysis
in interpreting such data for benefits assessment.

EPA’s Selection of Epidemiological Studies

Overal, the committee found that the studies sel ected by EPA for use
in its benefits analysis were generally reasonable choices. However, the
criteria and process by which EPA reached its decisions are not clearly
articulated in many cases. EPA should document clearly therationalefor
its selection of studies and concentration-response coefficients, because
these choices require judgment on the part of the analyst. For example,
weighted averages of coefficientsare used in some cases and coefficients
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from singlestudiesareusedin others, even when multiplestudiesareavail -
able. 1t would be reasonable in some casesto extend the effect estimates
to age groups beyond those used in the original study. For example, esti-
matesfor respiratory symptomsare provided only for those agesincluded
intheoriginal studies, such as children aged 7 to 14, when the effectsare
probably not restricted to this narrow age group.

Althoughthe EPA analysesmay rely ondifferent underlying studies, the
concentration-response functionsfor various outcomestend to be similar
acrossdifferent studies. Thus, inconsistenciesin the selection of studies
may have little impact on the overall estimates; however, comparability
across analyses might be difficult. One advantage of using the same esti-
mate as used in other benefits analyses (rather than deriving new, even
more appropriate estimates) is the ability to compare benefits estimates
across different areas, times, and studies (Knzli et al. 2000).

Specificaly, for long-term effects of air pollution on mortality, EPA
used resultsfromthelarge ACSstudy (Popeet al. 1995) and eval uated use
of theHarvard six citiesstudy (Dockery et al. 1993) inthe sensitivity analy-
ses. Giventhesizeand precisioninthe ACSstudy, thisdecision appearsto
have been areasonable one. However, the large ACS sample size is not
necessarily groundsfor adoption of thisstudy over the otherswith smaller
samples. For example, the Harvard six cities study has some advantages
over the ACSstudy, such astheuse of arandom popul ation sampleandthe
careful placement of monitorsfor thestudy. Furthermore, the educational
attainment of the Harvard six cities study was more representative of the
general population thanthat of the populationinthe ACSstudy, indicating
that the effect estimate from the ACS study might be low for the general
population as educational attainment appears to be an effect modifier.

Given the reanalyses of both studies (Krewski et al. 2000), the recent
extended analyses of the ACS study (Pope et a. 2002), the availability of
athird U.S. cohort study (Abbey et al. 1999; McDonnell et al. 2000), the
Swedish case-control study on lung cancer mortality and air pollution
(Nybergetal. 2000), and the publication of thefirst European cohort study
(Hoek et al. in press), EPA should thoroughly review the selection of the
best estimatefor long-term effectsof air pollution on mortality. EPA may
want to consider derivation of aweighted mean estimate from the cohort
studies following review of the entire database.
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Short-Term VersusLong-Term Studies

Air pollution epidemiol ogical studieshaveinvestigated the association
of acute and chronic health outcomeswith both short- and long-term expo-
sures(Kunzli et al. 2001a). For benefitsanalysis, aclear understanding of
the strengths and weaknesses of studies that examine the effects of short-
and long-term exposure is crucial because health benefits resulting from
improvementsinair quality will appear ondifferent timescales. Therefore,
key issues regarding these studies are reviewed in this section. Given its
dominant rolein benefitsanalysisand thelarge quantity of availabledata,
mortality isthefocusof thisdiscussion. Dataon morbidity outcomesisless
comprehensive and must beimproved, especialy if the value assigned to
mortality decreases and morbidity outcomes play amore dominant rolein
the benefits analyses.

Short-term exposures typically have been studied using time-series
methodsthat test the hypothesisthat daily changesinair pollution arefol-
lowed within daysor weeksby changesin mortality or morbidity amongthe
exposed population in a specific area. For example, a time-series study
could investigate the association between emergency room visitsand air
pollution each day inacommunity over several years. Figure4-1provides
asimplified model of the proposed course of eventsthat time-seriesstudies
investigate. An inherent feature of these studiesis the assumed length of
timeperiods, which aretypically short (days). Theduration of exposure(t,)
isusually a1l-day average, often extended to asimple average over afew
days. Thelag time (t,) between exposure (t,) and achangein health (t.) is
usually set at 1 or afew days. The time during which effects of the expo-
sure might occur (t.) is usualy fixed at 1 day.

Time-seriesstudieshavethedistinct advantage of reducing potentially
confounding or omitted vari abl esbecause population characteristics, such
asage, smoking habits, occupational exposure, and health habits, are basi-
cally unchanged over the study period. Theonly factorsthat arelikely to
vary with daily mortality and morbidity are environmental and meteorol ogi-
cal conditions. Somestudieshave shownthat mortality and morbidity vary
for unknown reasons with day of week, calendar date, and certain social
factors(Malleretal. 1999; Phillipsetal. 1999; Smythetal. 1999). If these
factorsvary onadaily basiswithair pollution, thenthey coul d be confound-
ers. However, time-seriesstudieshavetypically taken into account certain
weather factors, such astemperature and relative humidity, that vary ona
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FIGURE 4-1 Simplified model of thetime-seriesanalysis, which addresseswhether
achangeinair pollutionisfollowed by changesin mortality (or morbidity). All time
periods (period of exposure, lag time to the event, duration of the period with
changed outcome rates) relevant to the model are short (a few days or weeks). B
is the long-term average death rate in the population. E is the long-term average
ambient pollutant concentration.

daily basiswith air pollution (Samet et al. 2000; Katsouyanni et al. 2001).
Another advantage of the times-series studies is that the large number of
these studiesoffersthe unprecedented opportunity to eval uate confounding,
effect modification across cities, and consistency of results.
Althoughtime-seriesstudiesareattractivefor benefitsanalysisbecause
the concentration-response estimatesfrom these studiesmay provide strong
evidencefor theoccurrence of an effect, most time-seriesstudiesunderes-
timatetheshort-termimpact. Furthermore, they do not include effectsthat
result fromlong-term exposure (Kiinzli et al. 2001a,b).2 Only afew time-

3The committee acknowledges that time-series study may capture cases where
long-term exposure has moved a person to a state of higher susceptibility to air
pollution. However, because exposure history is not a part of the time-series study
design, the time-series studies do not distinguish between cases where cumulated
exposure has had an impact on terminal susceptibility and cases where past air
pollution exposureisirrelevant.
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series studies formally consider exposure over several days before the
mortality event (Schwartz 2000b; Bragaet al. 2001; Zanobetti et al. 2002).
The more recent time-series studies that have evaluated longer exposure
periods have generated effect estimates two to three times higher than
thoseusing asingle-day exposure. Thesefindingssupport theassumption
that restricting relevant time periods to 1 or 2 days excludes short-term
health effects that take a few more days or even weeks to occur. For
example, anexposure may trigger amyocardial infarction, resultingininten-
sive care unit treatment rather than an immediate death; however, the in-
farction may lead to death in some cases during the period of convales-
cence, which may be 2 weeks after the primary event (Kunzli et al.
2001a,b; Martuzzi 2001). Therefore, when evaluating the short-term effects
of air pollution, analysts should use the results of time-series studiesthat
integrate over several days or weeks the exposure period and the time
periodtotheevent (cumulativeor distributed |lag model s) rather than those
that restrict these time periods to 1 or 2 days.

Another disadvantage of using time-seriesstudiesto assesstheimpact
of air pollutionon mortality for abenefitsanalysisisthat they do not provide
information about the amount of time lost resulting from the premature
deaths, whichiscritical informationfor certain val uation techniquesthat use
life-years lost rather than mortality cases (see Chapter 6). Thereis evi-
dence that the time lost due to short-term exposure is more than just dis-
placement of afew days. Usingboth frequency- and time-domain methods,
Zeger et a. (1999) and Schwartz (2000b) showed that most air-pollu-
tion-associated mortality isnot dueto such displacement. Specifically, the
averagelife-shorteningfor cardiovascul ar deaths appearsto begreater than
2to3months. However, deathsresulting from chronic obstructive pulmo-
nary disease (COPD), which consists mainly of emphysemaand chronic
bronchitis, may be consi stent with ashort-term mortality displacement hy-
pothesis (Schwartz 2000c, 2001b).

Thecommittee notesthat theidea epidemiological study should assess
both the cumulated long-term life-time exposure and the morerecent expo-
sure patterns, including the exposure period shortly beforedeath. The best
approach would be to assess the effect of various degrees of exposure on
lifeexpectancy using arandomized intervention study, but thisstudy design
isnot feasibleinthefield of ambient air pollutionresearch. Studiesof long-
term exposure have involved both cross-sectional and prospective cohort
study designs. Cross-sectiona mortality studiescomparebaselinemortality
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acrosspopulationsrather than thefluctuation of ratesover short time peri-
ods. However, these studieslack information onindividual s, making proper
adjustment for rel evant covariates, such assmoking and occupational expo-
sure, difficult, if notimpossible. Therefore, cross-sectional comparisonsof
mortality ratesareinferior sourcesof concentration-responsefunctionsfor
long-term effects.

A better approach to assessing theinfluenceof air pollution onbaseline
mortality rates is the prospective cohort mortality study. These studies
follow large groupsof peopleliving under environmentally distinct conditions
over time and assess both their exposures and relevant health covariates.
For benefits analyses, a more complete assessment of the impacts of air
pollutionisgenerated by prospective cohort mortality studies(Dockery et
al. 1993; Popeet al. 1995; Abbey et al. 1999; Popeet al. 2002; Hoek et .
in press) than by time-series studies. Whereas time-series studies do not
assesstheeffect of air pollution on baselinemortality rates, cohort studies
directly measurethe association of long-term exposureonlife expectancy.
Thecohort studiesare not restricted to anarrow time period between expo-
sure and health effect but assume that some cumulated exposure experi-
ence might result in shorter life expectancy dueto, for example, illnesses,
such aschronic bronchitisor lung cancer (Abbey et al. 1995; Nyberget al.
2000; Popeet al. 2002). The assumptions made are comparable to those
made regarding the health effects of smoking for which the cumulated
pack-years are associated with shortening of life expectancy. In contrast,
thetime-seriesapproach would addressthe question of whether therisk of
dying might be higher afew daysafter aday of smoking 20 cigarettescom-
pared with smoking only five cigarettes.

Figure 4-2 illustrates the effect of long-term exposure on mortality
evaluated in aprospective cohort study. Inthisgraph, the averagefrailty
or susceptibility of death (probability of dying) islowest after the neonatal
period and then increases over alifetime leading to death at time T,. Re-
peated and cumulated long-term exposuresfrom regul ar smoking or ambi ent
air pollutants, for example, may shift thefrailty level upward. Asaresult,
time of death is shifted to a younger age (T,), At being the life-years lost
when life expectancy in the exposure scenario is compared with that in a
no-exposure scenario. Therefore, thisapproach assumesthat the shorten-
ing of lifeisdueto not only the exposure pattern experienced shortly before
death, but a so the long-term cumulated exposure experience. The expo-
sure in the days before death might be influential because it could cause
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FIGURE 4-2 Simplified model for long-term exposure effects in which the frailty
level increases over the lifetime, resulting in death. The basic model without expo-
sure reaches death at age T,. Under the long-term exposure scenario (lifetime air
pollution or long-term smoking), the increase in the frailty level is accelerated,
reaching death at an earlier point in life, T, At reflects the life-years lost due to
exposure.

additional life-yearstobelost (increase At). Thus, theremight be casesin
which only the past |ong-term exposure contributed tolife-shortening, cases
inwhichonly short-term exposure before death contributed to life-shorten-
ing, and casesinwhich both aspects of exposure contributed to life-shorten-
ing (Kunzli et al. 2001a,b). Prospective cohort studies could include the
cases of mortality due to short-term exposure, as well as cases resulting
from long-term exposure.

The particular advantage of the cohort studiesis the measurement of
time (person-years or life expectancy). Accordingly, concentration-re-
sponse functions from cohort studies theoretically can be used to provide
estimates of the number of liveslost dueto air pollution each year and the
amount of life-yearslostinapopulation. Fromapublic-health perspective,
life-years lost might be more relevant than annual number of mortality
cases.
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A disadvantage of the prospective cohort air pollution study istheeco-
logical assignment of exposure, whichisinherently imprecise.* Thus, the
exposure measures may increasethestatistical variability inthedata, reduc-
ing the ability to observe effects. Thissource of variation may be particu-
larly great when long time periods are evaluated for increasingly mobile
populations. Another key disadvantageisassessing differencesinmortality
acrossdifferent populations, in contrast to time-seriesstudiesthat evaluate
differenceswithinasinglepopulation. Therefore, cohort studiesmay have
agreater chance of confounding because of some unmeasured popul ation
characteristics.

Although cohort studies measure person-time directly, the available
cohort studiespresent only death ratesand numbersof deaths, not estimates
of life-yearslost. Theadditional number of peopledyingin 1year andthe
life-years lost by these deaths are linked by the age distribution of these
individualsat death. However, thisdistribution hasnot been published, and
assumptions must be made about the age structure of air-pollution-attribut-
able deaths. Severa authors have used local data on age- and disease-
specific deathratesto estimateindirectly theamount of timelost duetoair
pollution. However, these estimates have larger uncertaintiesthan the esti-
matesfor theliveslost (Brunekreef 1997; Pope 2000; Sommer et al. 2000;
Miller 2001).

Despite some differences in the central estimates of concentration-
response coefficients, the cohort studies from the United States suggest
important associ ations between long-term exposure and timeto death and
appear to be the most appropriate study design to assesstheimpactsof air
pollutionon health. Onefindingthat supportsusingthecohort study design
over thetime-series study designisthe reported association between lung
cancer and air pollution exposure (Nyberg et al. 2000; Pope et al. 2002).
Lung cancer involves a process in which exposure to carcinogens results
inthedevel opment of clinical disease (cancer) many yearsafter exposure.
In such cases, death may occur regardlessof theambient air quality during
the days before death. Given thisfact, thetime-series study will not typi-
cally capture such casesof death, although air pollution wasan underlying
long-term contributing factor that led to life-shortening. Inother words, the

“Ecological assignment of exposure means that all people living in an area are
assigned the same exposure concentration based on the monitor in that area.
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total life-yearslost from short-term exposuresis not identical to the total
life-yearslost observed inthe cohort studies. Thelatter quantity isgreater
than the quantity that can be captured by thetime-seriesstudy. Therefore,
it is essential to use the cohort studies in benefits analysis to capture all
important effects from air pollution exposure.

EPA’s Approach to Using Short-Term and Long-Term Studies

For the estimation of mortality benefits, EPA had to chooseaconcen-
tration-responsefunction from the small number of cohort studiesor from
the large number of time-series studies. The committee findsthat EPA’s
decision to base mortality estimates primarily on the cohort studiesisrea-
sonable. Given the uncertaintiesin the cohort dataand the publication of
new studies, EPA should reeval uate the database of studiesnow available
to derive a concentration-response function.

EPA used the time-series studies to derive benefits estimates of se-
lected morbidity outcomes for its primary analyses. For example, in the
benefitsanalysisfor the HD engineand diesel-fuel rule, hospital admissions
for various illness, such as those for COPD, were estimated using time-
seriesstudies. The committee believesthat consideration of these studies
is appropriate to estimate acute effects from short-term exposure. How-
ever, recent investigationshavereveal ed problemsfor somemodels, but not
all, that usethe S-plusstatistical softwaretofit generalized additive models
(GAM) to the data (HEI 2002). Therefore, this problem should be thor-
oughly investigated to determine the effect on the coefficients used in the
benefits estimation.

Andystsfacethechallengeof interpretingthefindingsfromthestudies
that evaluate short-term and long-term exposure. Theoretically, acohort
study measures the total life-years lost due to long-term exposure to air
pollution. However, the available cohort studies use crude measures of
cumulative exposure, such as the annual mean value, and the effects of
short-termexposuresareunlikely to befully capturedinthe cohort studies.
Thus, the overall effect estimates may be a combination of effects from
long-term exposure plus some fraction from short-term exposure. The
amount of overlap is unknown (Kinzli et al. 2001a,b). Zeger et al. (in
press) providesanew analytical framework for addressing the contributions
of various exposuretime periodsto thetotal life-yearslost. Theapproach
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has not been applied to benefitsanal ysisbut may providefurther insight into
the contribution of short-term andlong-term exposureto life-yearslost and
may clarify the amount of overlap. Determining the amount of overlap
between the study typesis an important research need.

Finally, short- and long-term effectsof air pollution on morbidity have
beeninvestigated |essextensively than mortality. Therefore, theanalytical
uncertainties may be larger for morbidity than mortality. For long-term
exposure, the contribution of PM and other pollutants to devel opment of
cardiopulmonary morbidity isanimportant areaof scientificinquiry. EPA
could play aleading role in addressing these knowledge gaps.

Linearity and Thresholds

The shape of the concentration-response functions may influence the
overall estimate of benefits. The shapeis particularly important for lower
ambient air pollution concentrationsto which alarge portion of the popul a-
tionisexposed. For thisreason, theimpact of the existence of athreshold
may be considerable.

Inepidemiological studies, air pollution concentrationsare usually mea-
sured and model ed as continuousvariables. Thus, it may befeasibletotest
linearity and the existence of threshol ds, depending onthestudy design. In
time-seriesstudieswith thelarge number of repeated measurements, linear-
ity and threshol ds have been formally addressed with reasonabl e statistical
power. For pollutantssuchasPM,,and PM, ¢, thereisno evidencefor any
departureof linearity inthe observed range of exposure, nor any indication
of athreshold. For example, examination of the mortality effectsof short-
term exposureto PM ,,in 88 citiesindi catesthat the concentration-response
functionsarenot dueto the high concentrationsand that the slopesof these
functions do not appear to increase at higher concentrations (Samet et al.
2000). Many other mortality studies have examined the shape of the con-
centration-response function and indicated that a linear (nonthreshold)
model fit the datawell (Pope 2000). Furthermore, studies conducted in
citieswith very low ambient pollution concentrations have similar effects
per unit change in concentration as those studies conducted in cities with
higher concentrations. Again, thisfinding suggestsafairly linear concentra-
tion-response function over the observed range of exposures.

Regarding the studies of long-term exposure, Krewski et al. (2000)
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found that the assumption of alinear concentration-response function for
mortality outcomeswas not unreasonable. However, the statistical power
to assess the shape of these functions is weakest at the upper and lower
end of the observed exposure ranges. Most of the studies examining the
effects of long-term exposure on morbidity compare subjectslivingin a
small number of communities(Dockery et al. 1996; Ackermmann-Liebrich
1997; Braun-Fahrlénder et a. 1997). Because the number of long-term
effectsstudiesarefew and the number of communitiesstudiedisrel atively
small (8 to 24), the ability to test formally the absence or existence of a
no-effect thresholdisnot feasible. However, evenif thresholdsexist, they
may not be at the same concentration for all health outcomes.

A review of thetime-seriesand cohort studies may |lead to the conclu-
sion that although athreshold is not apparent at commonly observed con-
centrations, onemay exist at lower levels. Animportant point to acknowl-
edgeregarding thresholdsisthat for health benefitsanalysisakey threshold
isthe population threshold (thelowest of theindividual thresholds). How-
ever, thepopul ation threshold would bevery difficult to observeempirically
through epidemi ol ogy, because epidemiol ogy integratesinformation from
very large groups of people (thousands). Air pollution regulations affect
even larger groups of people (millions). It is reasonable to assume that
among suchlargegroupssusceptibility toair pollution health effectsvaries
considerably acrossindividuals and depends on alarge set of underlying
factors, including genetic makeup, age, exposure measurement error, pre-
existing disease, and simultaneous exposures from smoking and occupa-
tional hazards. Thisvariationinindividual susceptibilitiesandtheresulting
distribution of individual thresholds underliesthe concentration-response
function observedinepidemiology. Thus, until biologically based model sof
thedistribution of individua thresholdsare developed, it may beproductive
to assumethat the popul ation concentrati on-responsefunctioniscontinuous
andto focuson finding evidence of changesinitsslope asoneapproaches
lower concentrations.

EPA’s Use of Thresholds
In EPA’ shenefitsanalyses, thresholdissueswerediscussed and inter-

preted. For the PM and ozone National Ambient Air Quality Standards
(NAAQS), EPA investigated the effects of apotential threshold or refer-
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ence value below which health consequences were assumed to be zero
(EPA 1997). Specifically, the high-end benefits estimate assumed a 12-
microgram per cubic meter (ug/m?) mean threshold for mortality associated
withlong-termexposureto PM, .. Thelow-end benefitsestimate assumed
al5-ug/mithresholdfor all PM-related health effects. The studies, how-
ever, included concentrationsaslow as 7.5 pg/m?. For the Tier 2 ruleand
theHD engineand diesel-fuel rule, no threshold was assumed (EPA 1999,
2000). EPA in these analyses acknowledged that there was no evidence
for athreshold for PM.

Several pointsshould be noted regarding thethreshold assumptions. |f
athreshold is assumed where one was not apparent in the original study,
then the data should be refit and anew curve generated with the assump-
tion of azero slopeover asegment of the concentration-response function
that wasoriginally foundto be positively sloped. Theassumption of azero
slope over aportion of the curvewill forcethe slopein the remaining seg-
ment of the positively sloped concentration-responsefunctionto begreater
than was indicated in the original study. A new concentration-response
function was not generated for EPA’ s benefits analysis for the PM and
ozone NAAQSfor which threshold assumptionswere made. Thegenera-
tion of the steeper slopein the remaining portion of the concentration-re-
sponsefunction may fully offset the effect of assuming athreshold. These
aspects of assuming athreshold in abenefits analysis where one was not
indicatedintheoriginal study should be conveyedtothereader. Thecom-
mittee notes that the treatment of thresholds should be evaluated in acon-
sistent and transparent framework by using different explicit assumptions
in the formal uncertainty analyses (see Chapter 5).

Analysis of Population Subgroups

Regulators may want to understand the differential effects of regula-
tionsfor avariety of reasons, including the question of equity, thedesireto
achieve the maximum benefit, and regional interests. Differential health
effects may occur because the effects of the regulation result in different
reductionsin popul ation exposures or because subgroupswithinthe popula-
tion vary in response to agiven exposure reduction. Thelatter effect can
occur because baseline rates of health outcomes may vary across sub-
groups or because the concentration-response function may differ across
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subgroups. Differential health effectsmay be of interest acrossgeographic
regions; across demographic categories of sex, age, or race; or across
groupswith varying health status (such as personswith asthmaversusthose
without asthma), socioeconomic status, or behavioral factors(such assmok-
€rs versus nonsmokers).

Toinvestigatethe possihility of differential exposurereductions, expo-
sure must be estimated on rel evant spatial scales. Exposureismost easily
estimated spatially at thelevel of town or region. However, analysts may
need to consider other dimensions. For exampl e, the association between
health effectsand proximity to heavily travel ed roads may need to beinves-
tigated. For thisstudy, theexposure could beestimated using geographical
information system (GIS) methods, and possible health effects could be
evaluated using epidemiological datarelatingincreasesin respiratory prob-
lemsto traffic proximity. It might also beimportant to model exposure at
thesmall arealevel, such asinner-city environments. Asindicated previ-
ously, when estimating heal th benefits associated with finely mapped expo-
sures, concentrati on-response functions shoul d be derived from epidemio-
logical studies conducted at similar geographical exposure scales.

Given the assumption that the relative risk of ahealth outcomeispro-
portional to thelevel of exposure, the predicted number of casesfor aspe-
cific health outcome will also be proportional to the baseline rate for that
health outcome. Because baselinerisksfor subgroupscanvary by an order
of magnitude or more, the additional number of casesin two subgroups of
thesamesizecan vary by that amount. Therefore, special attention should
be givento the subgroups at the greatest baseline risks, where the attribut-
able risks would be greatest (Kinzli 2002; Ro6dli et al. in press).

As noted above, expected health benefits across subgroups may vary
becauseof differencesintheconcentration-responsefunction. Thediffer-
ences may arise from variations in vulnerability due to age, preexisting
disease, or factorsrel ated to soci oeconomic status. Alternatively, regional
differences in concentration-response functions may reflect differentia
toxicity of regiona PM. Recent studies suggest some differences in
concentration-response functionsacrossdifferent subgroups, such asper-
sonsfrom citieswith higher traffic-related primary emissions (K atsouyanni
eta. 2001; Rijndersetal. 2001) or personswith different educationa levels
(Krewski et al. 2000; Pope et a. 2002).

Thecomplexity and uncertainty of analyzing subgroupsin benefitsanal -
ysiscan beillustrated with the results of the recent extended follow-up of
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the ACS cohort (Pope et al. 2002). The study observed different sizes of
the concentration-responsefunction for men and women, the concentration-
response function being smaller and nonsignificant for women. Further-
more, associationsof air pollutionwith mortality werestrongin groupswith
low educational level but decreased with increased educational level. No
association was observed among those with more than a high-school de-
gree. Specificaly, relativerisksof all-cause mortality wereestimated to be
1.2 per 10 pg/md for the subgroup with less than a high-school education
and 1.0 per 10 ug/m?3for thosewith morethan ahigh-school education. The
underlying reasonsfor these differences across subgroups are not known,
but several explanations may be possible.

Depending ontheinterpretation, analystsmay choosedifferent strate-
giesfor benefitsanalysis, reaching potentially different results. For exam-
ple, if asex differenceisexplained genetically (only men being susceptible
to effectsof long-term exposure) only menwould beincludedintheanaly-
sis—modeling and deriving exposure, baseline health frequencies, and
concentration-response functions for men only. However, differencesin
exposure to air pollution may cause concentration-response functions to
appear dissimilar. For example, inthe Popeet al. (2002) study, the disap-
pearance of an effect in the high-education group may be explained partly
by errorsintheassigned exposure. Specifically, thewealthier individuals
typically liveinthecleaner partsof cities. Thus, theassigned concentration
may overestimatetrueresidential exposureamong thewealthy, but underes-
timate exposure among the economically disadvantaged. Given thissce-
nario, thetrue exposure may belower among the high-education group and
the variation of exposure for this group across cities may be smaller than
the measures used in model estimation. This may reduce the statistical
power in the high-education group and bias the concentration-response
function. If the subgroup findings are driven by exposure measurement
issues, a subgroup benefits analysis may be less appropriate than simply
applying the aggregate total risk function for the full population.

EPA’s Analysis of Subgroups
EPA analyzed subgroup-specific effectsonly to the extent that benefits

were assessed for the subgroups considered in the original studies (for
example, restriction by agefor mortality [morethan 30 years] or for lower
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respiratory symptomsamong children[7-14 years]). Other potentially rele-
vant stratawerenot considered. EPA should explainitsdecisionto extrap-
olate (or not) to other subgroups. Risk assessors should be aware of the
paradox that asophi sti cated assessment requiring morecomplex analytical
tools may have more biased findings than a simple aggregated analysis.

Asafinal note, ahierarchical set of models (models that increase in
compl exity with each stage of theanalysis) may hel pto distinguishfactors
that affect theresults. For example, inthefirst stageof amulticity analysis,
regressionsmay berun relating mortality and morbidity toair pollutionfor
eachcity. Inthesecond stage of theanalysis, city-specific factors, suchas
socioeconomic and demographic factorsor copollutants, may be examined
to determine whether these factors influence the first-stage city-specific
effect estimates. Samet et al. (2000) tested for effect modification of the
PM ,,-mortality association among the 90 cities used in the study. Using
citywide statistics, they tested for potential modification using local
socioeconomic-rel ated vari abl es, including househol dincome, educational
level, public transit use, and unemployment level. None of those factors
helpedto explainthecity-specific pollution effects. However, thevariable
representing educational level had amoderate association withtheregres-
sion coefficient for PM .

Effect Lags and EPA’s Assumptions

Understanding long-term disease processes is important for benefits
analysis. For example, certain health benefitsresultingfromachangeinair
quality may occur only after several years. Althoughit appearsthat mortal-
ity following short-term exposure to PM occurs within arelatively short
time, littleis known about the temporal relationship between longer-term
exposure and mortality asdemonstrated in the prospective cohort studies.
For example, the ACS study (Pope et al. 1995) provided littleinformation
astowhether the observed geographic differencesinmortality risksaredue
to al-year average or some multiyear history of PM exposures preceding
mortality. Thus, itisnot knownwhich period of exposureisthemostimpor-
tant and how quickly benefitsfrom air pollution reductionswill appear inthe
case of long-term disease processes. In the Swedish lung cancer study
(Nyberg et al. 2000), effects were strongest for the exposure 20-30 years
ago. For other outcomes, other time periods may be relevant.
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Thetimecourserel ating exposureto outcomeisanimportant assump-
tioninbenefitsanalysis, especialy whenlong-term mortality eff ectsdomi-
natetheanalysis, asoccursin PM analyses. Itisimportant because health
benefitsthat occur far into the future may count less based on the way the
benefitsare monetized. In EPA’sbenefitsanalysesfor the Tier 2 ruleand
the HD engine and diesel-fuel rule, EPA assumed aweighted 5-year time
course of benefitsinwhich 25% of the PM-rel ated mortality benefitswere
assumed to occur inthefirst and second year, and 16.7% were assumed to
occur ineach of theremaining 3years. Althoughrecommended by EPA’s
Science Advisory Board, thecommitteefound littlejustification for a5-year
time course and recommends that future benefits analyses more fully ac-
count for the uncertainty regarding lagsin health effects by incorporating
arange of assumptions and probabilities on the temporal relationship.

CONCLUSIONS

® EPA’sapproachesto exposureassessment have evolved consider-
ably over timebecause of the continued improvement inthemodelsandthe
marked increasein availablemonitoring datafor key pollutants. Overall, the
methods used inthe most recent EPA analysisreviewed by the committee
(heavy-duty engine and diesel-fuel analysis) represent an appropriate and
reasonably thorough application of theavailabledataand model sfor expo-
sure assessment.

® Many uncertainties associated with exposure assessment need to
be addressed morefully asmore databecome available. These uncertain-
tiesinclude the assumptionsthat ambient pollutant concentrationsconsis-
tently represent population exposures acrosslocationsand at futuretimes,
that sources affect actual exposuresinthe sameway that they affect ambi-
ent concentrations, and that all particle types have a constant potency.

® Theappropriate selection and definition of adverse health outcomes
isintegral to any assessment of health benefits. A wide range of health
effects associated with exposure to air pollution has been described and
most of them have been carefully considered by EPA. However, many
health outcomes are not quantified because of insufficient dataor because
of the potential for double-counting.

e Data for many health outcomes are restricted to a specific age
group, and EPA did not extrapol ate those data beyond the age ranges pro-
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videdinthestudies. However, recent studiesconducted outsidethe United
States provide information on certain health outcomes with broader age
rangesand on outcomes, such asuse of the primary care system, not evalu-
ated by EPA.

® EPA used concentration-responsefunctionsfrom epidemiological
studies. Thecommittee supportsthisapproach because using epidemiol ogi-
cal studiesavoids many of the problemsencountered with animal toxicity
and human clinical studies.

® Thestudiesselected by EPA for useinits benefits analyses were
generally reasonable choices. However, the criteria and the process by
which EPA reached its decisions are often not clearly articulated.

® For the analysis of mortality, EPA used cohort studies to derive
benefitsestimatesintheanalysesreviewed by the committee. Thecommit-
tee supports this approach. Compared with time-series studies, cohort
studies give amore complete assessment of thelong-term, cumulative ef-
fectsof air pollution. Furthermore, theparticul ar advantage of cohort stud-
iesisthat they provide data to estimate the number of life-yearslostin a
population, not just thenumber of liveslogt, thusallowingfor severa valua
tion methods to be used.

RECOMMENDATIONS

® Asinall other stages of the benefitsanalysis, EPA should justify
and clearly describethe assumptionsand methods used to assess exposure,
choose health outcomes, and select studies and concentration-response
functions, paying careful attention to assessing and communicating key
sources of uncertainty.

® Becausepollutionmodeling rardly addressesthe smaller-scaleissue
of how local concentrations from specific source categoriesinteract with
human time-activity patterns, EPA should examine how different major
source categories, for example, mobile versus large stationary sources,
affect total exposures per unit emissions.

® EPA has typicaly made the assumption of equivalent potency
across particletypesbecause of insufficient scientificinformation. Asmore
data become available, EPA should strengthen its benefits analyses by
evaluating arange of alternative assumptions regarding relative particle
toxicity andincorporate these assumptionsin sensitivity or uncertainty anal-
ySes.
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® Thelack of clear categorization of severity of certain health out-
comesin benefits analyses hasimplicationsfor the quantification and the
valuation of these outcomes. Although EPA has made some attempt to
recognizethisissue, it should continueto devel op and improve methodsused
to reconcile differences between the severity of disease described in air
pollution epidemiology and that commonly used to develop estimates of
background disease prevalence and incidence.

® EPA should consider datafrom U.S. and non-U.S. studiesto ex-
trapolate beyond the age groups evaluated and incorporate other relevant
outcomes not evaluated in its current benefits analyses.

® EPA should give more emphasisto the assessment, presentation,
and communication of changesin morbidity. Although often difficult to
guantify, these factors may begin to play amore dominant rolein benefits
analysisif the value assigned to mortality decreases.

® EPA providedlittleinformationin the benefitsanalysesreviewed
by the committee on causal association between particular types of air
pollution and adverse health outcomes. EPA should summarize the evi-
dence for causality to justify the inclusion or exclusion of the health out-
comes and to assess the uncertainty associated with the assumption of
causality.

e EPA shouldinvestigateand, if necessary, devel op methodsof eval-
uating causal uncertainty relating to key outcomes so that this uncertainty
can be represented in the final benefits estimates.

® Althoughthecommitteebelievestheuseof the ACSstudy to derive
premature mortality estimates was reasonable, EPA should thoroughly
review itssel ection of thebest estimatefor long-term effectsof air pollution
on mortality. Several new studies have been published since the ACS
study, including an extended analysisof the ACSstudy, anew U.S. cohort
study, and other non-U.S. studies. EPA should also consider whether the
derivation of aweighted mean estimatefromthe cohort studiesisappropri-
ate following review of the database.

® To evaluate short-term effects of air pollution, EPA should use
concentration-response functions from studiesthat integrate over severa
daysor weeksthe exposure period and thetime period to the event (cumu-
lative or distributed lag models) rather than those that restrict these time
periodsto 1 or 2 days.

® Although the assumption of no thresholdsinthe most recent EPA
benefitsanalyseswasappropriate, EPA should eval uatethreshol d assump-
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tionsin a consistent and transparent framework using several alternative
assumptions in the formal uncertainty analysis.

® Thecommitteefoundlittlejustification for the 5-year time course
of exposure and outcome assumed in the more recent EPA analyses and
recommendsthat EPA morefully account for theuncertainty regardinglags
in health effects by incorporating arange of assumptionsand probabilities
on the temporal relationship.

® EPA isencouraged to estimate and report benefitsby age, sex, and
other demographicfactors. Thecommitteerecognizes, however, that eval -
uating the differences for various subgroups adds complexity and uncer-
tainty to theanalysisand that caution must be exercised intheinterpretation
of such results.
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Uncertainty

Therearesevera major barriersto broad acceptance of recent EPA health
benefitsanalyses. Onebarrier isthelarge amount of uncertainty inherent
intheseanalyses, and another isthe manner in which theagency dealswith
thisuncertainty. A third barrier isthat projected health benefits are often
reported as absol ute numbers of avoided death or adverse heal th outcomes
without acontext of population size or total numbers of outcomes. Areas
of uncertainty includeair-quality modeling, popul ation demographicsand
heterogeneity, intersubject variability, health and exposure baselines, compli-
ancewith control measures, effectivenessof controlsin reducing pollutant
emissions, validity and precision of concentration-responsefunctionsand
use of alternative models(linear, nonlinear), estimation of thesefunctions
as relative effects (relative risks) or absolute effects (risk differences),
relativetoxicity of mixturecomponents, and applicability of thesefunctions
totarget popul ationsof regulatory concern. Theseuncertaintiesarerooted
inincompl ete scientific knowledge. When benefitsareestimated for future
target populations, the cumulative magnitude of the uncertainties can be
formidable. Many of them can be reduced by further research, but on the
whole, they are likely to remain high.

Even great uncertainty doesnot imply that action to promoteor protect
public health should be delayed. Decisionsabout whether to act, whento
act, and how aggressively to act can only be madewith some understanding
of the likelihood and consequences of aternative courses of action. The
potential for improving decis onsthrough research must be bal anced against
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thepublic health costsincurred because of adelay intheimplementation of
controls. Complete certainty is an unattainable ideal.

Health benefits analyses compare alternative scenarios that would
result with and without regul atory action. Asaconsequence, these analy-
sesareinherently speculative and their resultsunverifiable. Becauseonly
oneregulatory option can be chosen by decision-makers, the outcomes of
theremaining regulatory options, including the baselinewith no action (if not
chosen), can never be directly observed.

Analyses of health benefits should represent the uncertainties in the
choicesfacing decision-makersand society at large (Hattisand Anderson
1999). Analyses should attempt to provide insight into the variability of
impacts (among persons, places, and other dimensionsof interest) and the
extent and sources of uncertainties in the results. The representation of
uncertainty requiresagood faith appraisal of theimperfectioninthe state
of information about these impacts (Hattis and Burmaster 1994). Uncer-
tainty assessment should not overrepresent or underrepresent the quality
and completeness of available information.

This chapter discusses EPA’s current approach to assessing uncer-
tainty in health benefitsanalysesfor air pollution control regulations. The
agency’ sanalysisof thehealth benefitsfor thefina Tier 2 vehicleemissions
standardsand gasolinesulfur control rule-making (EPA 1999a) isused for
illustration. The chapter outlines a revised approach that would reflect
overall uncertainty morerealistically, in part by using probabilistic expres-
sions of expert judgment. The chapter also briefly reviews the history of
probabilistic uncertainty assessment in EPA health benefitsanalysesunder
the Clean Air Act.

Thischapter isconfined to uncertainty intheanalysisof health benefits
expressed solely intermsof health. Althoughuncertaintiesinthemonetary
valuation of health benefitsand in the analysis of regulatory costs are not
considered, the committee notesthat there are great uncertaintiesin those
analyses as well.

EPA’SAPPROACH TO UNCERTAINTY ANALYSIS
EPA usesatwo-part approach to assessing uncertainty in health bene-

fitsanalysesthat rely on epidemiological studiesasthe sourceof estimated
concentration-responsefunctions, although different approachesare some-
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times used, especially when epidemiological evidence is lacking (EPA
1997). Thefirst partisaprimary analysis, which produces numerical esti-
matesor projectionsof each health benefitintheform of aprobability distri-
bution. Thisanalysisincorporatesonly onesourceof uncertainty: theran-
domsampling error inthe epidemiol ogical study or studiesthat providethe
estimated concentration-responsefunction. The second part of the uncer-
tainty assessment is an array of ancillary analyses in which many other
sources of uncertainty are considered in several disparate ways.

Primary Uncertainty Analysis

Theprimary uncertainty analysis producesanumerical estimateof each
health benefit EPA believesto be plausible for aparticul ar regulatory ac-
tion. Typically, the benefitisexpressed asanumber of deaths or cases of
an adversehealth event that will beavoided inthe United Statesinafuture
year if some regulatory actionistaken. Theyear chosenis often far into
thefuturetoalow for theactionto beimplemented, for theimplementation
to result in exposure reductions, and for the reduced exposuresto resultin
health benefits. Inthe Tier 2 analysis, the chosen year was 2030.

EPA reports each numerical health benefit estimate in the form of a
probability distribution and summarizesthedistribution by reportingitsmean
and 5th and 95th percentiles. Thedistribution assignsanonzero probability
to every possible value including the null hypothesis of no benefit. The
mean of the distributionisinterpreted as the expected benefit based upon
theanalysisperformed. The 5th and 95th percentilesaredefined asacred-
iblerangewithinwhichthetruebenefit valuewill liewitha90% probability
(EPA 1999, p. 3-26).

The solid line in Figure 5-1 shows the probability distribution from
EPA’ sprimary analysisof avoided mortality for theproposed Tier 2 rulefor
theyear 2030. The mean of thedistribution (whichisalso the median and
the 50th percentile) is4,307 avoided deaths among persons 30 years of age
andolder. The5thand 95th percentilesare 2,671 and 5,891 avoided deaths,
respectively (EPA 1999g, p. 6-3).

Theprobability modelsin EPA’ sprimary anaysesincorporateonly one
of themany sourcesof uncertainty intheseanalyses: therandom sampling
error inthe estimated concentration-response function derived from either
an epidemiological study or ameta-anal ytic or pool ed aggregation of two or
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FIGURE 5-1 Probability distributions from primary and aternative analyses of
avoided mortality for Tier 2 analysis. Source: Datafrom EPA 1999a.

moresuch studies. Inametaor pooled analysisof separate studies, asum-
mary estimateof the concentration-responsefunctionisproduced by aver-
aging study estimatesthat may include onesthat vary in strength and ones
that suggest little or no effect. To estimate avoided mortality for the Tier
2rule, theagency chose an estimated concentration-responsefunctionfrom
alog-linear (Poisson regression) analysis of results from a study by the
American Cancer Society (Popeet al. 1995). For achangein concentra-
tionfrom 9to 33.5 )g/m?, theresult was an estimated rel ativerisk of 1.17
with a95% confidence interval of 1.09to 1.26 (EPA 19994, p. C-2). The
random sampling error represented by this confidenceinterval istheonly
source of uncertainty in the agency’s probability distribution for avoided
mortality. The incorporation of additional sources of uncertainty would
widen the distribution.

EPA correctly notesthat incorporating only the uncertainty from ran-
dom sampling error in concentration-response function estimatesinto its
primary health benefits analyses " omitsimportant sources of uncertainty,
such as the contribution of air quality changes, baseline population inci-
dences, proj ected popul ationsexposed, transferability of the concentration-
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response function to diverse locations, and uncertainty about premature
mortality” and “would provide amisd eading picture about the overal | uncer-
tainty in the estimates’ (EPA 1999a, p. 3-26).

Ancillary Uncertainty Analyses

EPA assesses all other uncertainties in a second part of each health
benefitsanalysis. Theagency beginswith alist of asmany key uncertain-
tiesasit canidentify. Thelist compiled for the Tier 2 analysisisgivenin
Table5-1. Much of thisuncertai nty resultsfrom unavoi dableand expected
variability or heterogeneity in concentration-response functions estimated
by epidemiological studies. Someof it resultsfrombasdinestatistica varia-
tion, asno study hasinfinite samplesizeand all study populationsdifferin
their distributions of background causes of health outcomes and in their
distributionsof susceptibility totoxicagents. Projection of future baselines,
such as the death rate to be expected 30 or more yearsin the future if no
action istaken, are particularly uncertain. Important uncertainty is also
produced by variationin study design, datacollection, and statistical analy-
sis. Althoughtheremay be other uncertaintiesthat have not beenidentified,
EPA typically makesno allowancefor these unidentified sources of uncer-
tainty.

EPA takesavariety of approachesregarding theseidentified uncertain-
ties. Somearemerely mentioned. Other uncertaintiesare discussed quali-
tatively with regard to the direction and, sometimes, the magnitude of the
impact that they are likely to exert on the mean value of the probability
distribution. For example, in the discussion of the epidemiological study
providing the estimated concentration-response function for avoided mortal -
ity inthe Tier 2analysis, EPA referred to downward biasesfromtherela-
tively healthy study popul ation and fromintercity migration of study partici-
pants, which the agency believed would counteract an upward bias associ-
ated with historical air-quality trends (EPA 19993, p. C-1).

For selected sources of uncertainty, EPA conducted supplemental
calculations, alternative cal cul ations, and sensitivity anayses (EPA 19993,
p. 3-19). Theseterms have specific meaningsin EPA health benefits as-
sessments. Supplemental cal culations* provide additional information about
specific health effects, but are not suitable for inclusion in the primary or
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TABLE 5-1 Key Sources of Uncertainty in the Tier 2 Benefits Analysis

1.Uncertainties Associated with Concentration-Response (C-R) Functions

— The value of the ozone- or particulate matter (PM)-coefficient in each C-R function.

— Application of asingle C-R function to pollutant changes and populationsin all
locations.

— Similarity of future year C-R relationshipsto current C-R relationships.

— Correct functional form of each C-R relationship.

— Extrapolation of C-R relationships beyond the range of ozone or PM concentrations
observed in the study.

2.Uncertainties Associated with Ozone and PM Concentrations

— Estimating future-year baseline and hourly ozone and daily PM concentrations.
— Estimating the change in ozone and PM resulting from the control policy.

3.Uncertainties Associated with PM Mortality Risk

— No scientific literature supports a direct biological mechanism for observed
epidemiological evidence.

— Direct causal agents within the complex mixture of PM responsible for reported
health effects have not been identified.

— The extent to which adverse health effects are associated with low level exposures
that occur many times in the year versus peak exposures.

— Possible confounding in the epidemiological studies of PM, . effects with other
factors (such as other air pollutants, weather, and indoor and outdoor air).

— The extent to which effects reported in the long-term studies are associated with
historically higher concentrations of PM rather than the concentrations occurring
during the period of study.

— Reliability of the limited ambient PM, . monitoring datain reflecting actual PM,, ¢
exposures.

4.Uncertainties Associated with Possible Lagged Effects

— What portion of the PM-related long-term exposure mortality associated with
changesin annual PM levels would occur in asingle year, and what portion might
occur in subsequent years.

5.Uncertainties Associated with Baseline Incidence Rates

— Some baseline incidence rates are not |ocati on-specific (such as those taken from
studies) and might not accurately represent the location-specific rates of interest.

— Current baseline incidence rates might not approximate baseline incidence rates in the
year 2030.

— Projected population and current demographics—used to derive incidences—might
not approximate future-year populations and demographics.

(Continued)
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TABLE 5-1 Continued

6.Uncertainties Associated with Aggregation of Monetized Benefits

— Health and welfare benefit estimates are limited to the available C-R functions.
Thus, unquantified benefit categories will cause total benefits to be underestimated.

Source: Adapted from EPA 1999a, Exhibit 3-3, p. 3-20.

alternative estimatesdueto concerns about doubl e-counting of benefitsor
the high degree of uncertainty about the estimates’ (EPA 19994, p. 3-21).
Thesupplementa analysesinthe Tier 2 report pertained to short-term mor-
tality, infant (postneonatal) mortality, ozone mortality, asthma attacks,
restricted-activity days, and ozone-related cardiovascular disease (EPA
19993, pp. 3-23, 3-24, A-1).

In other contexts, both EPA’ s alternative cal cul ations and sensitivity
analyseswould be called sensitivity analyses (Morgan et al. 1990; Green-
land 1998). Thedistinctionfor EPA liesinitsjudgment of their plausibility.
Alternativecal culations* arebased onrelatively plausiblealternativestothe
assumptionsused in deriving the primary benefit estimates’ (EPA 19993,
p. 3-21). Sensitivity analyses" examinethesensitivity of estimated benefits
resultstolessplausibleaternativesto theassumptionsused intheprimary
analyses’ (EPA 1999, p. 3-25). For both calculations and analyses, as-
sumptionsor sourcesof uncertain quantitiesarevaried and the mean of the
health benefit probability distribution is recomputed.

In al cases, the alternative calculations and sensitivity analyses are
conducted for only onesourceof uncertainty at atime. Inaddition, they are
conducted only to determinethe sensitivity of the mean of the probability
distribution fromthe primary analysisto modified assumptionsand informa-
tion sources. With oneexception, the spread of the heal th benefit probabil -
ity distribution, asgauged by thedistance of theinterval betweenits5thand
95th percentiles, isnot affected. EPA’ srationalefor focusing only onthe
meanisthat an* attempt to assign probabilitiesto thesealternative calcul a-
tions. .. would only add to the uncertainty of theanalysisor present afalse
pictureabout the precision of theresults’ (EPA 19994, p. 3-21). EPA does
not discusswhy adding to the uncertainty of theanal ysiswould beinappro-
priate. Notingthat someanalysesof health benefitsof air pollution reduc-
tions(Langet al. 1995; Holland et al. 1999) haveincluded the assignment
of “probabilities to ranges of parameter values for different endpoints,”
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EPA argued that “the estimated pointson these distributionsarethemsel ves
highly uncertain and very sensitiveto the subjectivejudgementsof theana-
lyst. Toavoid these subjectivejudgements, we chooseto allow the reader
to determinethewei ghtsthey would assignto alternative estimates’ (EPA
19994, p. 3-21).

FortheTier 2analysis, alternative cal culationswere performed for an
alternative source of the estimated concentration-responsefunctionand for
life-years saved rather than avoided deaths as ameasure of health benefit
(EPA 19993, pp. 3-21, 23). Sensitivity anayseswereconducted for thresh-
olds and alternative lag structures (EPA 1999a, p. 3-25).

The one exception to the exclusive focus on the mean of the health
benefit probability distribution occurs when an alternative calculationin-
volvesthe use of adifferent study to provide the estimated concentration-
response function, which hasits own standard error estimate. The broken
linein Figure5-1 showsthe probability distributionwhen the concentration-
responsefunctionfrom an analysisof theHarvard six citiesstudy (Dockery
et al. 1993) isused. This study produced a higher point estimate of the
relativerisk, so the mean of the probability distribution is higher (10,000
avoided deaths). The alternative study was smaller, however, so its esti-
mate had morerandom sampling error and thedistributioniswider. The5th
and 95th percentiles are 5,000 and 15,000 avoided deaths, respectively.

CRITIQUE OF EPA’SCURRENT
UNCERTAINTY ASSESSMENTS

Numerica projectionsappear to beessential in health benefitsanalyses,
and probability distributions can be used to describethe uncertainty inthese
analyses. Issues arise, however, over which sources of uncertainty the
distributionsshouldincorporate, how toincorporate them, and how to pres-
ent the results. EPA’s decision to incorporate only one source of uncer-
tainty, therandom sampling error in the estimated concentrati on-response
function, into the probability distributionsresulting fromitshealth benefits
analysesisworthreconsidering. The committee agreeswiththeagency’s
judgment that itscurrent practice produces heal th benefits probability distri-
butionsthat give“amisleading picture about the overal | uncertainty inthe
estimates’ (EPA 1999g, p. 3-26). In particular, the distributions suggest
that there isless uncertainty, perhaps much less, than is actually present.
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The committeefindsthat the mean of the distributions should not beinter-
preted as“ best” estimates, and theinterval s between the 5th and 95th per-
centilesof thedistributionsshould not beinterpreted as* 90 percent credible
intervals,” withinwhich “thetrue benefit lieswith 90 percent probability”
(EPA 1999, p. 3-26).

The committee agrees with EPA’s statement that it would require
expert judgment to specify probability distributionsfor many of theuncertain
components of the health benefits analyses. In these cases, probability
would beused not only initsconnotation of variability* but alsoinitsconno-
tation of subjective uncertainty or lack of completebelief aswell (Hacking
1984; Poole 1988; Lindley 2000). EPA is correct that the elicitation of
expert opinionsintheformof probability distributionsisadifficult and un-
certain process(Morgan et al. 1990; Cooke 1991; Pate-Cornell 1996). The
committee does not agree, however, that these difficulties are sufficient
reasonsfor not trying to obtain such advice. Nor doesthe committeefind
any reason to avoid theattempt onthegroundthat it “would only add tothe
uncertainty of theanalysisor present afal se picture about the precision of
theresults’” (EPA 19993, p. 3-21). Onthecontrary, by growingwider, the
health benefits probability distributionswould moreaccurately depict the
uncertainty andlack of precisionintheanalyses. Asdifficultand uncertain
as these specifications are, they are preferable to EPA’s current practice
of treatingimportant and highly uncertain model componentsasthoughthey
were certain.

The probability models from which standard errors are estimated for
concentrati on-response-function estimates from observationa epidemiologi-
cal studies are lessthan certain aswell. These modelswould have afirm
theoretical foundation only if study populationswererandomly sampled from
target popul ationsand exposure concentrationswererandomly allocated to
study participants (Greenland 1990; Poole2001). In observational studies
such as the American Cancer Society study (Pope et al. 1995) and the

YIn risk analysis, a distinction is often made between characterization of vari-
ability (the true variation in a parameter over time, space, or persons) and uncer-
tainty (ignorance about the true value of the parameter). Variability is characterized
primarily to provideinformation about the true distribution of exposure and risk and
to suggest opportunities for control or to provide a sense of equity. Uncertainty
is characterized primarily to give a sense of the confidence that can be placed in
study results and to help in setting priorities.
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Harvard six citiesstudy (Dockery et al. 1993), neither random sampling nor
random exposureall ocation wasused. Neverthel ess, anaystsuse probabil -
ity model sfor thesedesign featuresin analyzing observational databecause
larger observational studieshavelessvariability than smaller onesand ac-
count for the incomplete enumeration of the population of interest.

Theapplicability of probability modelsfor random variability to observa-
tional dataislessthan perfectly secure, but their useispreferableto assum-
ing that thereisno variability related to study sizein observational results.
Theuseof probability modelsfor uncertaintiesinvol ving expert judgment is
also preferable to assuming that these uncertainties do not exist.

Many of the key uncertaintiesin these analyses may be characterized
only subjectively by reference to expert judgment. The question is not
whether to rely on expert judgment but how best to elicit and summarizethe
viewsof expertsand how toincorporatetheminto theanalysis. Probability
distributionsarealegitimateand useful way to expresstheuncertaintiesin
expert judgments. Incorporation of thoseuncertaintiesasprobability distri-
butionsinto the primary analysiswould likely changethe expected valueand
widentheresulting probability distributionfor each health benefit. Theresult
will include more of the uncertainty in the health benefits assessment.

Thealternative cal cul ationsand sensitivity analyses conducted by EPA
hel p to describethe uncertainty in the analyses, but they are not sufficient.
Themajor problemswith them arethat EPA consignsthemto anancillary
status and not to the primary analysis, that the various sources of uncer-
tainty are considered oneat atime, and that EPA explicitly offersnojudg-
ment astotherelative plausibility of thealternative scenariosconsideredin
theseanalyses. Without acombined, simultaneousassessment of multiple
uncertainty sources, it isimpossible to gain an appreciation of the overall
magnitude of theuncertainty intheanaysis. Thecommitteedoesnot agree
withtheagency’ sdecisionto havethereader determinetheplausibility and
relativewe ghting of alternative assumptionsand datasourcesandintegrate
these assessments across uncertainty sources.

Initscurrent analyses, EPA doesnot systematically or probabilistically
address the extension of results beyond a study population’s age range.
The typical assumption is that the health-outcome-rate ratio is constant
across age; however, thisassumptionisseldomtested and seldom hasany
strong etiological justification, evenwhen compared withasimplealterna-
tive, such as a constant-rate difference. For example, the method of ex-
trapol ating to additional agegroupscan beof crucial importanceif thestudy
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popul ation excludeselderly personswho areat especially high basdlinerisk
and thetarget popul ation includes a sizabl e proportion of elderly persons.
A large portion of the overall health benefit may then be projected for an
age range that has not been studied. In such cases, the mixture of model
and data would be tilted heavily toward the model.

Two additional illustrative examplesarethreshol dsfor adverse effects
andlag structures.? EPA considersimplausibleany threshold for mortality
in the particul ate matter (PM) exposure ranges under consideration (EPA
19994, p. 3-8). Althoughtheagency conducts sensitivity analysesincorpo-
rating thresholds, it providesno judgment astotheir relative plausibility. In
aprobabilistic uncertainty analysis, EPA could assign appropriateweights
tovariousthreshold models. For PM-related mortality inthe Tier 2analysis,
the committee expects that this approach would have resulted in only a
slight widening of the probability distribution for avoided mortality and a
dight reductioninthemean of that distribution, thusreflecting EPA’ sviews
about theimplausibility of thresholds. Thecommitteefindsthat suchformal
incorporation of EPA’ sexpert judgmentsabout the plausibility of thresholds
into its primary analysis would have been an improvement.

Uncertainty about threshol dsisaspecial aspect of uncertainty about the
shape of concentration-responsefunctions. Typically, EPA and authorsof
epidemiological studies assume that these functions are linear on some
scale. Often, thescaleisalogarithmic transformation of therisk or rate of
the health outcome, but when arateor risk islow, alinear function on the
logarithmic scale is approximately linear on the scale of the rate or risk
itself. Increasingly, epidemiological investigatorsare employing analytic
methods that permit the estimation of nonlinear shapesfor concentration-
response functions (Greenland et al. 1999). Asaconsequence, EPA will
need to be prepared toincorporate nonlinear concentrati on-responsefunc-
tionsfrom epidemiol ogical studiesintotheagency’ shealth benefitsanaly-
ses. Any sourceof error or biasthat can distort an epidemiol ogical associa-
tion can also distort the shape of an estimated concentration -response
function, ascan variationinindividual susceptibility (Hattisand Burmaster
1994; Hattis et al. 2001).

EPA expressed much lesscertainty about alternativelag structuresthan
it did about thresholdsinthe Tier 2 analysis. Thelag structureusedinthe

2A lag reflects the time course between pollutant exposure and devel opment
of clinical disease. A lag structure reflects the variation among the population in
the lags experienced by various individuals.
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primary analysiswas recommended by the Science Advisory Board (EPA
19993, pp. 4-6, 4-7), but the agency considered arange of alternative lag
structuresplausible. Hereaprobabilistic weighting of alternativelag struc-
tures based on expert judgment might haveled to amore appreciable wid-
ening of the health benefit probability distribution.

Although EPA considered aternativelag structurestovary inplausibil-
ity, thesevariationswerenot, but could have been, approximately captured
by subjective probability distributions. Theincorporation of thesedistribu-
tionsinto the final probability distribution for the primary analysiswould
have resulted in amorerealistic presentation of acknowledged sources of
uncertainty.

In principle, many componentsof the health benefitsmodel needrealis-
tic probabilistic models(see Table5-1 for alisting of such components), in
addition to concentration-responsethreshol dsand timel ags between expo-
sureand response. For example, additional features of the concentration-
responsefunction—such as projection of theresultsfrom the study popul a-
tiontothetarget populations (which may haveetiol ogically relevant charac-
teristics outside the range seen in the study population) and the projection
of baselinefrequenciesof morbidity and mortality into thefuture—must be
characterized probabilistically. Other uncertainties that might affect the
probability distributionsarethe estimations of popul ation exposure (or even
concentration) from emissions, estimates of emissionsthemselves, andthe
relativetoxicity of variousclassesof particles. Similarly, many aspectsof
the analysis of theimpact of regulation on ambient concentrationsand on
population exposureinvol ve considerableuncertainty and, therefore, may be
beneficially modeedinthisway. Dependingontheanal ytic approach used,
joint probability distributionswill haveto be specified toincorporate correla
tionsbetween model componentsthat are structurally dependent upon each
other, or theanalysiswill haveto be conducted in asequential fashion that
follows the model for the data-generating process.

EPA should exploreaternative optionsfor incorporating expert judg-
ment intoits probabilistic uncertainty analyses. Theagency possessescon-
siderableinternal expertise, which should beemployed asfully aspossible.
Outsideexpertsshould a so be consulted asneeded, individualy or in panels.
In all cases, when expert judgment is used in the construction of amodel
component, theexperts should beidentified and therationalesand empirical
bases for their judgments should be made available.
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Oneother potential limitation of the sensitivity analysesand alternative
calculationsisthat the longer and more detailed the ancillary uncertainty
analysesare, thelessrealistic theresultsof theprimary analysestend to be.
Decision-makersand others may betempted, however, to reach the oppo-
siteconclusion. Thelength and depth of theancillary uncertainty analyses
might givetheimpression that the mean and 90% “ credibleinterval” from
the primary analysis have been rendered more certain and well supported
whentheoppositeistrue. Themean of ahealth benefit probability distribu-
tionisinsome sensethebest single estimate, but no estimate can be consid-
ered best if only one of thelarge number of uncertaintiesisincludedinthe
analysisproducingthat estimate. Moreover, variabledegreesof uncertainty
among analyses dictate that some best estimates are better than others.

EPA should present the results of its health benefits analysesin ways
that foster an appropriate appreciation of their inherent uncertainty. The
reporting of too many significant digits, asinthe Tier 2 estimate of 682,898
work-lossdaysavoided (EPA 1999, p. 6-3), lendsan unwarranted impres-
sionof exactitude. EPA’ sfocuson themean valueof thedistributionrather
than on the distribution range, such astheinterval from the 5th to the 95th
percentile of the distribution, also contributes to an impression of undue
precision. Theabsenceof graphical displaysof the probability distributions,
asshowninFigure5-1, preventsan understanding of how sharply or gradu-
ally theprobability fallsaway fromitshighest valuestolessplausible health
benefits.

EXAMPLES OF UNCERTAINTY ASSESSMENTS

EPA is aware of health benefits analyses for air pollution reduction
measuresthat have used probabilistic uncertainty assessment incorporating
expertjudgment (Langet al. 1995; Holland et al. 1999). Theseassessments
usethe same methods asthose the agency usesto combine health benefits
probability distributionswith probability distributionsfor val uation of those
benefitsaswasdonefor the prospective analysisof the 1990 Clean Air Act
Amendments (EPA 1999b). Furthermore, EPA hasalimited but promising
history of exploring the use of probabilistic uncertainty assessmentin air
pollution health benefits analysis.

Greenland (2001) illustrated the impact that one additional source of
uncertainty can have on an analysis conducted to comply with California
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regulatory guidelines. Theanaysislooked at therel ativerisk of skin cancer
inacohort of patientswith severe psoriasiswho received topical coal-tar-
derived therapy. One of the sources of uncertainty pertained to the co-
hort’ shaseline expectation of skin cancer frequency. Typicaly, thissource
of uncertainty would be qualitatively described asa“ study limitation.” The
analysis, whichwassimilar to an EPA health benefitsanalysis, produced a
point estimate of 0.71 and a95% confidenceinterval of 0.46t01.12. When
aprobability distributionfor thissource of uncertainty wasincorporatedinto
the analysis, the mean of the probability distribution shifted upward to a
relativerisk of 0.77, and the 95% probability interval widened to arange of
0.43t0 1.37. Adding further sources of uncertainty to the analysis might
causethemeantoriseor fall but would further widen the probability distri-
bution.

In 1994, the National Research Council recommended that EPA con-
duct formal uncertainty analyses, including probabilistic assessment of un-
certainties that “cannot be quantified on the basis of data” (NRC 1994, p.
12) and that theref orerequireexpert judgment to quantify. That committee
observed, “ Objective probabilitiesmight seeminherently moreaccuratethan
subjective probabilities, but thisisnot alwaystrue. . .. Therecanbenorule
that obj ective probability estimatesare alwaysto be preferred to subjective
estimates, or vice versa’ (NRC 1994).

The EPA Officeof Air Quality Planning and Standards (OAQPS) has
demonstrated the potential use of formal expert judgment in support of the
development of air quality standards (M cCurdy and Richmond 1983). An
initial effortin 1977 wasmadeto apply judgmenta probabilitieselicited from
health and air-quality experts to evaluate the health risks associated with
aternative air-quality standardsfor ozone (EPA 1978). In 1979, the EPA
Science Advisory Board reviewed thiswork, commended EPA foritsinitia-
tive, critiqued certain elements of the approach used, and recommended
further work in thisarea (SAB 1979). The magjor criticism of thisinitial
work wasthat rather than focusing on point estimates of subjective proba
bilities, EPA attempted to elicit secondary probabilities(interval estimates
of the probabilities).> The SAB (1980) endorsed the concept but asked
EPA to develop approaches that did not involve secondary probability.

In 1980, OA QPSheld apublic meetinginvolving six groupsof experts

®Discussion. Presented by H.M. Richmond at the American Statistical
Association—EPA conference, Washington, DC, October 2, 1986.
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fromthefieldsof decisionanalysis, biostatistics, and behaviora psychology
to discuss alternative approaches for the elicitation of expert judgment.
Two approaches were selected for further development. OAQPS began
work to illustrate how these approaches could be applied to estimate the
health risksfrom carbon monoxideand a so began to conduct anillustrative
probabilistic risk assessment for lead.

By 1983, the OAQPS effort moved from the developmental stage to
initiation of itslead National Ambient Air Quality Standard (NAAQS) risk
assessment. Probabilistic dose-response functionsfor two health outcomes
of lead exposurewereelicited from 10 nationally recogni zed experts. This
work wasreviewed favorably by the EPA’ sClean Air Scientific Advisory
Committee (CASAC 1986a,b). In1990-1991, asecond effort wasmadeto
apply expert judgment to assessthe risks of ozone. Inview of thelack of
adeguate human data, EPA devel oped arisk assessment for chronic lung
damagefrom ozonebased onformally dlicited expert judgment (Rosenbaum
etal. 1995). However, therisk assessment for chroniclunginjury wasnot
formally used in support of the 1997 NAAQSrevision for ozone. By the
time the standard was set, the risk assessment was out of date, and the
experts elicited had been told that their judgments would not be used for
standard setting.

Thecommitteerecommendsthat the EPA officesresponsiblefor health
benefitsanalysisbuild on OAQPS experience. Althoughthe specific meth-
odsfor selection and elicitation of experts may need to be modified some-
what, the protocols that have been devel oped and tested by OAQPS pro-
videasolidfoundationfor futurework inthisarea. EPA may also consider
havingitsapproachesreviewed and critiqued by decisionanaysts, biostatis-
ticians, and psychologistsfrom other fiel dswhere expert judgment hasbeen
applied (for exampl e, nucl ear-power-pl ant-accident-consequencerisk as-
sessment). Much has been learned in this area since EPA’s last formal
review of methods in the late 1970s.

An approach for the analysis of uncertainty isthe 1994 NRC report,
which included a case study of a probabilistic uncertainty analysisin an
assessment of cancer risk from coal-fired power plant emissions of chro-
mium, arsenic, cadmium, and benzene. Theauthorsidentified 49 uncertain
parameters, which they reduced to 22 onthe basisof apreliminary assess-
ment of their degree of uncertainty and potential influence onthefinal re-
sults. “Eva uation of the probability distributionsof the 22 influentia param-
eters of the model was performed on the basis of available statistical data,
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literaturevalueranges, and personal judgment” (Seigneur et al. 1994). This
analysisis mentioned not for its substantive implications, but because it
illustrateshow the propagation of the uncertaintiesin many individual pa-
rameters can be analyzed and how the results of such an analysis can be
used to identify the most influential sources of uncertainty.

A recent analysis of estimated short-term mortality of PM, . provides
another example (Dominici et a. 2002). Figure 5-2 shows the effect of
adjustingfor ozone, carbon monoxide, and sulfur dioxide. Themean of the
resulting distribution does not change very much, but the spread of thedistri-
bution appropriately widens. Although not theresult of aformal probabilis-
ticuncertainty analysis, thiswideningisan approximaterefl ection of existing
uncertainty that these copol lutants might affect mortality and be associated
with PM, ., thus confounding the PM, . effect estimate.

RECOMMENDED APPROACH TO
UNCERTAINTY ASSESSMENT

Other NRC reports addressed the issue of uncertainty in risk assess-
ment and benefits estimation (NAE 1972; NRC 1975, 1982, 1983, 1994,
1996; Presidential Commission 1997). Without exception, they found that
proper characterization of uncertainty is essential. Almost all expressed
concern that most risk assessments and health benefits analyses tend to
underestimate uncertainties and |eave decision-makers with afalse sense
of confidence in estimates of risk. In addition, most of the reports sug-
gested that failureto address model uncertainty adequately isoftenamajor
issue.

Despitethisbroad agreement on theimportance of honest characteriza-
tion of uncertai nty and thecommon view that model uncertainty in particular
tends to be understated or ignored, the NRC reports reached somewhat
different conclusions about how best to resolve the problem. All agreed
that sources of uncertainty should belisted and described, and most recom-
mended that parameter uncertainties (and variability) be quantitatively char-
acterized. Furthermore, they recommended that formal approaches for
uncertainty, such as Monte Carlo analysis, be applied to understand the
cumul ative uncertainty and to provideinsight into the dominant sources of
parameter uncertainty. However, on the question of characterization of
model uncertainty, differencesin opinion emerged—some discussed and
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FIGURE 5-2 Posterior probability distributionsfor estimated short-term mortality
effects of PM,, with and without adjustment for copollutants. The x-axis is the
percent changein daily mortality ([relativerisk 1 1] x 100%) for a10 )g/m®increase
inPM , concentration. Thus, 0.2%isarelativerisk of 1.002. Source: Adapted from
NMMAPS 2002.

recommended the use of expert judgment to characterize epistemic uncer-
tainty, while others recommended that such basic scientific uncertainties
should be thoroughly described but not quantified.

The committee sharesthe view that proper characterization of uncer-
tainty isessential to good decision-making and agreesthat uncertaintiesare
often underestimated, |eaving decision-makerswith afal se sense of secu-
rity. Havingreached thisconclusion, thecommittee sharestheview of M.
Granger Morgan (Morgan et al. 1990):

When thevalue of an uncertain quantity isneededin policy analy-
sis, and limitsin dataor understanding precludethe use of conven-
tional statistical techniquesto produce probabilistic estimates, about
the only remaining option is to ask experts for their best profes-
sional judgment.
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Inthecommittee’ sview then, the questionisnot whether to use expert
judgment but how to use expert judgment. Theoptionsareto pick apartic-
ular model component fromarangeof varyingly plausiblealternativesand
treat that oneasthoughit were absol utely certain or to specify ajudgment-
based probability model for the alternativesthat reflectstheir varying de-
grees of plausibility and incorporate those probabilities into the primary
analysis. Thelatter option hasmany difficulties, but it hasthe potential to
portray the existing uncertainty more realistically than the former option
does.

Thecommittee recommendsthat EPA begintoincorporate additional
sourcesof uncertainty into the probability modelsit usesinitsprimary health
benefits analyses. Furthermore, the committee recognizes that decision-
makerswill needto beinformed about how and why uncertai nty wasadded
to the health benefits analysis and how, in turn, this uncertainty might be
communicated tothepublic. Thisprocesswill useprobability distributions
to replace model components that are treated as known fixed values. Of
necessity, the probability distributionsfor the uncertain model components
will have to reflect a combination of empirical observations and expert
judgment. Thiswill resultin amorerealistic picture of the overall uncer-
tainty in the analyses. The mean of the health benefit distribution will re-
flect the expected magnitude of the health benefit more accurately and, as
a consequence, will be more defensible. The mean might shift upward,
downward, or not at all aseach additional source of uncertainty isaddedto
thecoreanalysis. Theeffect onthe spread of thedistribution, asreflected
by theinterval between its 5th and 95th percentilesfor example, will bea
predictable widening.

There is alarge and growing body of literature on the use of expert
judgment inrisk assessment and quantitativepolicy analysis(Morganet al.
1990; Cooke 1991). It has been applied in fields such as climate change
(Reillyetal. 2001). Thereareseveral applicationsin healthrisk assessment
(Northand Merkhofer 1976; Morganet a. 1984; Evansetal.1994). Infact,
asdescribed above, OA QPS has been apioneer inthe application of these
approachesto estimating the health risks due to exposureto air pollutants
(Richmond 1981; Feagansand Biller 1981; Whitfield et al. 1991; Rosen-
baum et al. 1995). These approaches have aso been used in cases of
residential radon cancer risks (Krewski et al. 1999) and for stratospheric
ozone depletion (NRC 1979a,b).

Asit incorporates additional sources of uncertainty into its primary
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health benefitsanalyses, EPA should consider conducting analysesto deter-
mine which uncertainty sources have the greatest influence on the fina
results. Thoseimpacts should be measured not only on the mean but also
onthe spread of the health benefit probability distribution. The sourcesthat
have the greatest influence on the spread of the distribution of a health
benefit should begiven priority for futureresearch. Vaue-of-information
analysis, abranch of statistical decisionanalysis, providesawell-structured
approach for estimating the decision-making benefits of information that
might be expected to flow from various research strategies (Raiffa 1970;
Lindley 1985).

EPA should aso consider conducting analysesto determinethe sensitiv-
ity of thefinal resultsto the specification of reasonabl e alternative probabil -
ity distributions for the uncertainty sourcesin the primary analyses. The
needfor sensitivity analyseswill be particularly great for distributionsthat
are based solely or largely on expert judgment.

EPA should consider comparing predictionsfrom health benefitsanaly-
sismodelswith subsequent observationsthat were not used in deriving or
calibratingthemodels. Ideally, the subsequent observationsand compari-
sonsshould be made by researcherswho areindependent fromthe authors
of the original model and the investigators whose observationswere used
to derive and calibrate it. The results of the comparisons should be pre-
sented in future heal th benefits analyses and used to assess, quantify, and
reduce uncertainties in the resulting estimates.

Asit beginsinthetransition toincorporate additional sourcesof uncer-
tainty intoits primary health benefits analyses, EPA should continue the
sensitivity analysesit hastraditionally conducted. Theseandysesshouldbe
expanded, however, to include more than one source of uncertainty at a
time. For example, if EPA were to include three additional uncertainty
sourcesinto itsprimary analysisof ahealth benefit, it might also conduct a
traditional sensitivity analysis of these three sourcesjointly. With three
illustrative scenariosfor each component, for example, thisexpansion of the
traditional sensitivity analysiswould produce mean health benefitsestimates
for all 27 possible combinations of the scenarios. EPA thenwould beable
to refer to the probability assigned to these combinations in the primary
analysisto reflect their varying degrees of plausibility.

EPA should consider distinguishing between theuncertaintiesthat arise
from difficultiesin projecting the future and the uncertaintiesinherent in
estimating health benefitsin current popul ations onthe basisof hypothetical
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changesincurrent levelsof emissions. By providingapreliminary analysis
that estimatesin current popul ationsthe heal th benefitsresulting from hypo-
thetical changesin current level sof emissions, EPA might developanidea
of the lower bound on the uncertainty in any prediction of consequences
projected into the distant future. There would be fewer uncertaintiesin
these preliminary analyses than in analyses of the impacts of proposed
regulatory actions on future exposures and health outcomes.

EPA should continueto striveto present theresultsof itshealth benefits
analysesinwaysthat avoid conveying an unwarranted degree of certainty.
Thesealternative approaches shouldincluderoundingto fewer significant
digits. For example, themean of the Tier 2 distributionfor avoided mortality
could have been reported as 4,300 or 4,000 avoided deaths rather than
4,307. Another needisto placelessemphasisonasinglevalue, such asthe
mean of ahealth benefit probability distribution, and more onranges, such
astheinterval between thedistribution’ s5th and 95th percentiles. Itwould
also behelpful toincreasetheuse of graphsto display health benefitsprob-
ability distributionsintheir entirety. Graphswill beespecially helpful asthe
incorporation of additiona uncertaintiesresultsinasymmetrical health bene-
fit probability distributions (Read and Morgan 1998).

In presenting aprobability distribution for each health benefit produced
by aprimary analysis, EPA should emphasize even morethanit hasinthe
past the sources of uncertainty that remain unaccounted for inthe primary
anaysis. Alongwith depictingtheuncertainty initsprimary health benefits
analysesmoreresalistically, EPA shouldfoster adiscussioninwhichit rebuts
explicitly themisperception that such analyseswould not be* useful.” That
view comes from amistaken belief that avery high degree of certainty is
required before regulatory action can be considered warranted to protect
the environment and the public health. The result is needless pressure to
makethe scientific basisfor that regul atory action appear more certainthan
itis. A moredefensible position isthat decision-makers can make much
better decisionswhen provided with realistic assessments of the natureand
extent of the uncertainty that is present. The correct mix of action and
researchisapolicy decision that can beinformed by afull appraisal of the
sources, nature, and extent of uncertainty.

Thecommitteerecommendsthat formally elicited expert judgment be
used in the characterization of uncertainty in estimates of health benefits,
although the committee recognizes that a number of issues must be ad-
dressed to use this approach responsibly. However, the committee be-
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lievesapproachesthat explicitly incorporatejudgmental probabilitiesinto
EPA estimates of health benefits are preferableto onesthat fail to charac-
terize the degree and key sources of uncertainty in estimates of health
benefitsfromregulatory action. Furthermore, the committeerecommends
that EPA formally acknowledgethose expertsfromwhomit elicited judg-
ments on uncertainty issues in the health benefits analysis.

CONCLUSIONS

® [nitsprimary analyses of health benefits, EPA reports the uncer-
tainty asaprobability distribution. Only one source of uncertainty, theran-
domsampling variability of theestimated concentration-responsefunction,
isgiven with an emphasison the mean of the probability distribution. The
absence of other sources of uncertainty makes the results of the primary
analyses appear more certain than they are.

® Toaddressother sourcesof uncertainty, EPA usesancillary analy-
ses, such asaternative and supplementary cal cul ationsand sensitivity anal -
yses. With the exception of concentration-response function estimates,
theseancillary analyses usually examine only one source of uncertainty at
atimeand only for theimpact on themean value of the probability distribu-
tionfromtheprimary analysis. Asaconsequence, though laudablestepsin
theright direction, these ancillary analyses do not adequately convey the
relative or aggregate degree of uncertainty created by the sourcesof uncer-
tainty addressed intheanalyses, nor, of course, do they depict uncertainty
from other sources.

RECOMMENDATIONS

® EPA shouldbeginto movetheassessment of uncertaintiesfromits
ancillary analysestoitsprimary analyses. Thisshiftwill requirethespecifi-
cation of aprobability distribution for each uncertainty sourcethat isadded
tothe primary analysisand, asnecessary, the specification of joint distribu-
tions for the uncertainty sources that are not independent of each other.
Expert judgment, aswell asdata, will berequired to specify thesedistribu-
tions. Althoughtheeffect onthemean of theresulting probability distribu-
tionmight increase, decrease, or remain the same, theeffect onthe spread
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of the distribution will be a predictable widening and, therefore, a more
realistic depiction of the overall uncertainty in the analysis.

® Asitincorporatesadditional sourcesof uncertainty intoitsprimary
health benefitsanalyses, EPA should consider conducting analysesto deter-
mine which uncertainty sources have the greatest influence on the mean
and spread of the probability distribution. The need for these sensitivity
analyseswill beparticularly great for distributionsthat are based on expert
judgment. Theuncertainty sourcesthat havethegreatest consequencesfor
decision-making, including thosethat have the greatest impact on the spread
of the distribution, should be given high priority for additional research.

® Becausetheincorporation of expert judgment when data are un-
availablewill influencethe estimatesof health benefitsaswell asthe uncer-
tainty analyses, the committee al so recommends that EPA clearly distin-
guish between data-derived estimates of some components—such asthe
concentration-response function—and expert opinionsabout other compo-
nentsthat arelackingin scientific data—such asthe degree of compliance
with a particular regulation 30 yearsinto the future. Inthisway, policy-
makerswill better understand how existing dataand expert judgment com-
bine to produce estimates and where new data would be most valuable.

® ASEPA beginsthetransition to incorporate additional sources of
uncertainty intoitsprimary health benefitsanalyses, it should continuethe
sengitivity analysesit hastraditionally conducted. Theseanalysesshouldbe
expanded, however, to consider sources of uncertainty jointly rather than
singly.

® |n presenting the probability distribution for each health benefit
produced by aprimary analysis, EPA should emphasize even morethan it
hasin the past the sourcesof uncertainty that remain unaccountedfor inthe
primary analysis. These uncertainties should continue to be described as
completely and redlistically as possible.

® EPA should consider providing apreliminary analysisthat estimates
in current populations the health benefits resulting from hypothetical
changesincurrent levelsof emissions. Thesepreliminary analyseswould
help EPA develop anideaof the lower bound on the uncertainty of future
consequences and would have fewer uncertainties than analyses of the
impacts of proposed regulatory actions on future exposures and health
outcomes.

® EPA should continue to strive to present the results of its health
benefits analysesin waysthat avoid conveying an unwarranted degree of
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certainty. Suchwaysincluderoundingtofewer significant digits, increasing
theuseof graphs, presenting proj ected baselinealong with projected health
benefits, and placing less emphasis on single numbers (for example, the
mean of the probability distribution for ahealth benefit) and greater empha-
sison ranges (for exampl e, the range between 5th and 95th percentiles of
the distribution).

® Thereisacommon misperceptionthat ahigh degreeof certaintyis
required for regulatory actionsto take placeto protect public health. Asa
result, primary health benefitsanalysesthat morefully and accurately por-
tray the uncertainties might not be considered useful. It isunrealistic for
EPA to defer decisions until it can make them on the basis of perfect sci-
ence. A careful and deliberate balancing of the benefits and costsis re-
quired, and this balancing must be informed by a fair assessment of the
current level s of uncertainty and arealistic evaluation of thelikely reduc-
tions in uncertainty attainable through further research.

® EPA should perform similar detailed analysesof uncertainty inthe
valuation of health benefits and in the regulatory cost analyses that the
committee recommends for the health benefits analyses.
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Using, Presenting, and Reviewing
Health Benefits Analyses

Estimating the heal th benefitsof areductioninambient air pollution concen-
trations involves the series of steps described in Chapter 1 of this report.
To summarize, the regulatory options to be evaluated must be clearly de-
fined with regard to scope, timing, and implementation. Boundariesof the
analysismust be established, and the regul atory baselinesmust be defined.
Oncethe analysis has been structured, changesin pollutant emissions can
beestimated and transl ated i nto changesin pollutant concentrationsor expo-
sures. Changesin health outcomes can then be estimated from the changes
in pollutant concentrations or exposures and concentration- or exposure-
responsefunctions. Asdiscussed in Chapter 5, uncertaintiesat each stage
of theanalysis should be quantified and carried through the entire process.
Theresultsof health benefitsanal ysesare often used in cost-benefit or
cost-effectivenessanalysesof air pollution regulations. Althoughthe philo-
sophical foundationsof cost-benefit analysisand especially the economic
valuation of benefits remain controversial, it isimportant to discuss the
implicationsof cost-benefit analysisfor conducting ahealth benefitsanaly-
sis. Accordingly, thischapter discusseshow health benefits should be com-
puted to be compatible with cost-benefit and cost-effectiveness analyses.
Methods of presenting the results of health benefits analyses and issues
regarding quality assurance and quality control are also addressed.
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COMPATIBILITY OF HEALTH BENEFITSANALYSES
WITH COST-BENEFIT ANALYSES

Thegoal of acost-benefit analysisisto comparethe monetized benefits
of aregulationwithitscosts. Regulationsare oftenranked accordingtothe
sizeof their net benefits(benefitsminuscosts). Asaresult, health benefits
must be cal culated and then converted to dollars using aval ue per avoided
case to allow comparison to the costs.

M onetization of Health Benefits

Economistsestimate the val ue of avoi ded morbidity by determiningthe
amount apersoniswilling to pay to avoid anillness. The estimate should
include the value of avoided pain and suffering, the value of timelost due
toillness (both leisureand work time), and the costs of medical treatment.
If some of the costs are not borne by the individual and therefore not re-
flected in the person’s “willingness to pay” (WTP), these costs must be
added to the estimate to measure the total benefits to society of reduced
morbidity. For certain chronicillnesses, such aschronic bronchitis, econo-
mists try to measure what a person would be willing to pay to reduce his
risk of contractingtheillness. Theamountisusually expressedintermsof
the“valueof astatistical case” of agivenillness, such aschronic bronchitis,
and represents the sum, across different individuals, of WTPsfor risk re-
ductions that together equal one statistical case.

Similarly, for premature mortality, economiststry to measure what a
person would bewilling to pay to reduce hisrisk of dying. Theamountis
usually expressed in terms of the “value of a statistical life” (VSL) and
representsthe sum, acrossdifferent individuals, of WTPsfor risk reductions
that together equal one statistical life. For example, if 10,000 people are
willingto pay $100 eachtoreducetheir risk of dying by 1in 10,000, together
they arewillingto pay $1 millionfor risk reductionsthat equal one statistical
life. The$1lmillionistheVSL. TheV SL includesthelost incomeassoci-
ated with dying prematurely but does not reflect the medical costs that
might precede death. These costs are assumed to beincluded inthe value
of morbidity.

Empirical estimates of the value of avoided morbidity that include all
three components (WTP to avoid pain or discomfort, lost earnings, and
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medical costs) do not exist for many of the health outcomesassociated with
air pollutionin epidemiol ogical studies. For example, therearefew studies
of WTPto avoid the discomfort associated with ahospital admission or to
reduce the risk of a heart attack or stroke. For these outcomes, the unit
valuestypically used in EPA analysesreflect medical costsand lost earn-
ings.

Implications of Monetization for Estimation of Health Benefits

Doesthemonetization of health benefitsimply that health benefitsesti-
mates should be reported in a particular way, such as by income, age, or
health status? A ccordingto economictheory, WTPtoreducerisk of death
and WTPtoavoidillnessshouldincreasewithincome. For equity reasons,
however, unit health valuesare currently not varied according totheincome
of theaffected population. Therelation between WTPandincomeisused
only to adjust unit health values over timeto reflect the impact of income
growth onthevalueof avoided morbidity or death. Therefore, for purposes
of monetization, health benefitsdo not need to bereported by incomegroup.

For chronicillnessesand mortality, onemight expect WTPto vary with
age and possibly health status and conclude that health benefits (avoided
cases) should be estimated and reported by these factors. There is no
evidencethat WTPto reducerisk of death varieswith current health status
(Alberini et a. 2002; Krupnick et al. 2002). However, statistical lives
saved might need to be reported by age group with estimates of remaining
lifeexpectancy. Theempirical literature suggeststhat WTPto reducerisk
of death and hencethe V SL eventually decline with age (Jones-Leeet al.
1985; Krupnick et al. 2002). Toallow for thepossibility thattheV SL varies
with age, estimatesof statistical livessaved by air pollution control programs
should be presented by the age of the beneficiaries.

Theremaining lifeexpectancy for each age group must also bereported
if mortality reductions are monetized using the “value of astatistical life-
year” (VSLY) approach. Toillustratethisapproach, supposethat theV SL
is$5million and that the average age of peopl ereceiving thisbenefitis40.
If remaining life expectancy at age 40 is 35 years and the interest rate is
zero, thentheVSLY isapproximately $140,000. Thevalueof preventing
the death of an 80-year-old, with 8 years of remaining life expectancy,
would be 8 times $140,000 or $1.2 million. Thus, applyingthe VSLY re-
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guiresan estimate of theremaining life expectancy. Thecommittee notes
that this procedure has been criticized because it implicitly assumes that
eachyear of lifeisequally valuableand that theV SL isstrictly proportional
toremaininglifeexpectancy. It hasbeen used by EPA (1997, 1999), how-
ever, and is commonly used in the European Union (ExternE 1999).

COMPATIBILITY OF HEALTH BENEFITSANALYSES
WITH COST-EFFECTIVENESS ANALYSES

The goals of a cost-effectiveness analysis are to aggregate the health
benefits of a program by using a measure that reflects the magnitude and
theduration of improvementsin health statusand to expressthe cost of the
program asacost per unit of health benefit received. This practice should
not be confused with the use of cost-effectivenessto screen pollution con-
trol options, which expresses the cost of the measure as cost per ton of
emissionsreduced. A commonly used measure of health benefitsfor this
analysis is the “quality adjusted life-year” (QALY) (Gold et al. 1996),
whereaweight of onerepresentsoptimal healthand aweight of zero repre-
sentsdeath.! The cost-effectivenessestimate of aprogramisexpressed as
the ratio of the program costs (numerator) to the QALY s achieved by a
program (denominator).

In a cost-effectiveness analysis for a program, the value of avoided
morbidity isthe product of theduration of theavoidedillnessand thediffer-
encebetweenthe health statusindex, suchas QALY , with and without the
program. Toillustrate, supposethat an air pollution regulation preventsa
person from contracting chronic bronchitis at age 40 and living with the

The World Health Organization, World Bank, and a number of other interna-
tional and national agenciescommonly usethedisability-adjusted life-year (DALY),
atype of QALY, for heath comparisons (World Bank 1993; Murray and Lopez
1996). A distinction of the DALY isthat it has been used to devel op databases that
enumerate the entire pattern of illness by age, sex, and location (city, province,
nation, or in WHO'’ s[2002] Global Burden of Disease Database, theworld). It varies
from the QALY in that lost life-years only vary by age and sex and not health sta-
tus. If DALYs areto be calculated, a health benefits analysis should use the cate-
gories of illness (disease and injury states) available in the appropriate burden of
disease database.
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disease for 30 years. The regulation would save 30 times the difference
betweenthe QALY weight assigned to theindividual’ scurrent health state
and the QALY weight assigned to living with chronic bronchitis (30 x
[QALYcurrent health ! QALYchronic bronchitis])' See Gold et al. (1996) foradis-
cussion of the different methods used to assign QALY weights and for
alternative health-related quality of life scales.

Astheexampleaboveimplies, avoided casesof chronic morbidity and
mortality must bereportedintermsof ageat onset or ageat which mortality
isprevented and intermsof remaining life expectancy if the benefits esti-
mates are to be used as inputs into a cost-effectiveness analysis. In the
case of avoided mortality, it isalso useful to have some knowledge of the
health status of personswhose deathsare postponed. If reducingair pollu-
tionis morelikely to prevent the deaths of persons with congestive heart
failureor coronary artery diseasethan personsinthegeneral population, the
number of QALY's saved will be fewer than if the deaths were evenly
distributed over the population. That is because the QALY weights as-
signed to coronary artery disease and congestive heart failure are smaller
than the average QALY weight assigned to the current health of the gen-
eral population.

For avoided cases of acute morbidity, the QALY approach also re-
guires an indication of the period of avoided iliness. For example, if 10
millionfewer restricted-activity days (RADS) areexperienced inayear in
apopulation of 20 million then an average of 0.5 fewer RADs per person
per year areexperienced. Theannua QALY sgained per personwould be
the difference between the QALY weight assigned to having 0.5 fewer
RADs and the baseline QALY weight. To calculate the total QALY's
gained, thenumber of QALY sgained per personwould bemultiplied by the
size of the exposed population, which is 20 million in this example.

COMPATIBILITY OF HEALTH BENEFITSANALYSES
WITH COST ANALYSES

I n estimating heal th benefits, assumptionsmust be made about thesize
of the population exposedto air pollution for each year of theanalysisand
about the baseline incidence of each health outcome evaluated. Assump-
tionsmust al so be made about remaining life expectancy whenaVSLY or
aQALY approachisused. In monetizing benefits, assumptionsare made
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about the rate of income growth, and those assumptions are used to esti-
mate how the unit values assigned to each health outcome change over
time.

Theassumptionsmade about diseaseincidenceand mortality and espe-
cially income and popul ation growth used in the health benefits analysis
must be consistent with assumptions made in computing the costs of air
pollution control. Thechoiceof yearsfor whichto compute health benefits
must also correspond in a sensible way to the period for which costs are
computed.

COMMUNICATION OF METHODSAND
RESULTSOF ANALYSIS

A common complaint about EPA benefitsanal ysesisthat themethods,
the rational e behind the decision-making, and the results are not clearly
presented or described. After review of the four EPA analyses, the com-
mittee agreesthat the presentation could beimproved and isconcerned that
factorsthat drivetheanalysisareburied in appendixesor technical support
documents. Furthermore, the committee noted that thelengthsof discussion
devoted to certain components of theanal ysisare not based ontheir impor-
tancetotheanalysis. For example, for the heavy-duty engine and diesel -
fuel rule, EPA usesfour pagesof text to describe V oronoi neighbor averag-
ing to interpolate ambient air pollution concentrations at the mid-point of
each spatial grid used in the atmospheric model (EPA 2000). The method
of interpolationisatechnical issuethat isunlikely to be akey determinant
of theultimateprediction of air quality. Thefact that simulationsof ozone
concentrations were done only for the eastern United States and were
based on meteorological datafor only 30 daysin the summer of 1995 isof
much greater importance. This limitation, however, is dealt with in one
sentence. For further contrast, the entiretopic of statistical uncertainty is
covered in approximately one page.

Although thedocumentsreviewed by the committee contained execu-
tive summaries, the committee believesthat the summary should be more
detailed, such as 20-30 pages in length, and present the key information
summarizedin Table6-1. Subsequent chaptersshould describethe methods
usedin each step of theanalysis, the validation of modelsusedintheanaly-
sis, and the uncertainty associated with the estimates at each stage of the
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TABLE 6-1 Itemsto Be Reported in the Summary of a Benefits Analysis of an
Air Pollution Control Regulation

Framing the Analysis

Emissions and Air
Quality

Health Benefits

Describe each regula
tory option
Geographic scope
Timing
Parties affected

Describe the bound-
aries of the analysis
Time period of bene-
fitsanaysis
Intervals at which
benefits are calcu-
lated
Pollutants eval uated
Degree of compliance
with regulation

Describe the regulatory

baseline
Conditions without
regulation, including
other regulationsin
place and assump-
tions about the econ-
omy and population.

Highlight any assump-
tions that have a sub-
stantial impact on the
results of the analysis

Summarize emissions at
the national level by
sector with and without
the regulation
Compare baseline
emissionsto histori-
cal trends
Present emissions
changes associated
with the regulation in
absolute and in per-
centage terms

Summarize ambient air
quality by region and at
the national level with
and without the regula-
tion
Report as population-
weighted annual av-
erages
Compare baseline air
quality to historical
trends
Present pollution
changes associated
with theregulation in
absolute and in per-
centage terms

List health outcomes
evaluated and describe
each

Indicate time path of
avoided cases for each
health outcome

For quantified out-
comes at each time pe-
riod for which results
are presented, the fol-
lowing information
should be presented
Size of exposed popu-
lation
Baseline number of
cases (cases/100,000)
Coefficient of
concentration-re-
sponse function
Number of avoided
cases

For avoided mortality
and chronic morbidity,
information indicated
above should be pre-
sented by age at onset
and remaining life ex-
pectancy

analysis. EPA should discussmorefully the componentsthat aretheimpor-
tant contributors to the benefits estimates and that may have substantial
uncertainty associated with them.
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Thesummary should beginwith adescription of theregulatory options
considered, including their timing, scope, and assumptionsmade about the
degree of compliance with each option. This description should be con-
trasted with the conditions that are assumed to exist without the regula-
tion—that is, the regulations that are in place and the air quality without
enactment of the proposed regulation.

Itiscritical that theimplicationsof aregulation for emissionsand ambi-
ent air quality be presented clearly. Summary information should be pro-
vided describing emissionsof theair pollutantswith and without enacting the
regulation. An excellent example of how thisinformation should be pre-
sented iscontained in Appendix A of the prospectiveanalysisof the Clean
Air Act (EPA 1999). Thechartsshow aggregateemissionsof eachcriteria
pollutant (onechart for each pollutant) with and without the 1990 Clean Air
Act Amendments(CAAA) over theperiod of analysis. Historical emission
trendsfor 1980-1997 are shown on each graph so that the reader can judge
how reasonable the predictions without CAAA regulations are. The
changesin emissions(in absol ute and percentageterms) attributabletothe
regulation should also be presented. Similar statisticsshould beprovided for
ambient concentrationsand changesin ambient concentrations. Inthecase
of ambient concentrations, it would be useful to describe changes in
popul ation-wei ghted average concentrationsboth for regionsof the country
and for the nation as awhole.

Thesummary shouldincludeadescription of health outcomesevaluated
inthestudy. For quantified outcomes, the number of avoided casesshould
belisted for each year of the analysis, both in absolute terms and as a per-
centage of baseline cases of the outcome (see EPA 1999, Table 5-3).
Avoided casesof mortality and chronic morbidity, such aschronic bronchi-
tis, should be broken down by age group with estimates of averageremain-
ing life expectancy presented for each age group. The benefits may also
need to be presented by various demographic or other subgroupswhen the
expected changesin pollution and thusthe health benefitsare not uniformly
distributed acrossthe population. The presentation of thisinformationwould
alert and aid decision-makerswhenissuesof equity areconcerned. Expla-
nationsfor not quantifying certain health outcomes should al so be provided.

In addition to presenting numbersof avoided cases, enoughinformation
should be provided for at least 1 year of the analysisto permit approxima-
tion of the estimates of health benefits provided at the national level. For
example, the number of avoided casesof chronic bronchitisresultingfrom
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areductioninair pollutionisthe product of (1) the size of the exposed popu-
lation, (2) thebaselineincidence of chronic bronchitis(casesper 100,000),
(3) the percentage change in incidence per unit of pollution, and (4) the
population-weighted changein pollution. Thecommitteeacknowledgesthat
thiscal culation would only approximateasimilar cal culation performed at
the county level and then aggregated across counties; however, summariz-
ing thisinformation for each health outcome would allow the reader to at
least approximate the calculations.

Asdiscussed in Chapter 5, the analysis of the uncertainty isanimpor-
tant component of health benefitsanalysis. The summary chapter should
discuss briefly the methods used to address and quantify uncertainty and
should highlight sources of uncertainty that could not be adequately as-
sessed. EPA should strive to present the results of the analyses in ways
that avoid conveying an unwarranted degree of certainty. Such waysin-
cluderoundingto few significant digits, increasing the use of graphs, and
placing less emphasis on single numbers and greater emphasis on ranges.

To clarify further the methods used in the health benefits process, a
detailed flow diagram should be added to theintroduction of the summary
(see Figure 6-1). Thisdiagram would provide at a glance the regulatory
optionsconsidered, thetimeframeof theanalysis, and any assumptionsthat
substantially affect the results of the analysis. Pollutants and modeling
techniques should beindicated, and the health outcomes and basisfor their
quantification should be presented in this diagram. The diagram would
serveasareference point for thediscussion that follows. Figure6-1could
be considered an expansion of thediagramsthat EPA providesinitsanaly-
sesthat simply indicate generic stepsof abenefitsanalysis(see EPA 2000,
Table 7-1).

If thebenefitsanalysisisanintegral part of acost-benefit analyss, then
enough information should be provided to alow approximation of the mone-
tized estimates or to produce alternativeresultswherethereisdisagreement
with the assumptionsused. Theinformation shown below should be pro-
vided in the summary.

® Unitvaluesused to monetize health outcomesshould belistedina
table with the year in which dollar estimates apply (see EPA 1999, Table
6-1).

® Each unit value should indicate whether it includesWTPfor pain
and suffering, medical costs, and lost earnings.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10511.html

162 ESTIMATING PuBLIC HEALTH BENEFITS OF AIR POLLUTION REGULATIONS

8 |
Proceed? No Yes Yes No

Too costly Not technologically
feasible

BENEFITSANALYSIS

|

| Time Frame of Analysis |

!

Baseline Assumptions - I ndicate assumptionsthat drive the analysis.

!

Emissions Estimates - I ndicate pollutants evaluated and indicate
model or estimation technique used for each pollutant.

.

Ambient Air Concentrationsor Exposure - I ndicate pollutants evaluated
and indicate model or estimation technique used for each pollutant.

v

| Health Outcomes Quantified

Pollutants X
Outcome Basis for Quantifying Valuation Similar Information As Indicated for Pollutant X
Premature Pope et al. (1995) $1M

Mortality

FIGURE 6-1 Flow diagram of a health benefits analysis.

e |nformation should beprovided on how unit valuesareassumedto
change over time.

e Total monetized value of health benefits by year and current dis-
counted value of health benefits should be provided.

® The discount rate used should be clearly stated, and alternative
rates should be presented for sensitivity analysis.

If the benefits analysisis a part of a cost-effectiveness analysis, then
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additional information should beprovided. Inthiscase, theweightsusedto
aggregatetheavoided cases of morbidity and mortality and thedurations of
avoidedillnesses should be presented. Theanalysisshouldbeexplicit about
how avoided lost earnings and medical costs were incorporated into the
analysis.

Presentation of theinformation discussedinthissectionwouldalow a
more compl ete and straightforward assessment of themethodsand results
of theanalysis. With the presentation of the avoided casesof morbidity and
mortality and the unit valuations, estimates of the annual dollar value of
health benefitsachieved or annual QALY savoided could bechecked. This
would increase confidence in the estimates generated.

QUALITY ASSURANCE AND QUALITY CONTROL

Reportingtheinformationin Table6-1inasummary at the beginning of
each report will not guarantee that the study is scientifically sound and
satisfies the following criteria:

The study considers the appropriate regulatory options.
The study chooses an appropriate time period for analysis.
The study uses state-of-the-art data and validated models.
® The study uses models and data comparable to those in similar
analyses.

Theissues of quality control that are specific to aparticular study in-
clude the regulatory options that are considered relevant, the appropriate
timeperiodfor theanalysis, and the assumptionsregarding complianceand
theregulatory baseline. Clearly, peer review of these aspects of the study
would be most useful at the beginning of the study. Although an expert
panel similar to a subcommittee of the EPA’s Science Advisory Board
could be assigned such atask, few experts have the technical knowledge
to evaluatethese aspectsof study design. Therefore, astanding, independ-
ent technical review panel with aprofessional staff should beestablishedto
evaluateanalysesat theinitial stagesand throughout the process. Thispanel
should includememberswith expertiseinregulatory optionsanaysis, emis-
sions and exposure assessment, epidemiology, toxicology, risk analysis,
bi ostatisti cs, and economicsand shoul d be appointed with strict attention to
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avoiding conflict of interest, balancing bias, and ensuring broad representa-
tiveness. This panel could ensure that there is reasonable consistency
among similar types of analyses produced within EPA and across other
agencies.

CONCLUSIONS

® Theresultsof health benefitsanalysesaretypically used asinputs
to cost-benefit or cost-effectivenessanalyses; therefore, theresultsneed to
be presented in ways compatible for these analyses.

® The presentation of methods, rationale, and results from health
benefitsanalysesis sometimesinadequate. For example, EPA’ sanalyses
donot highlight key assumptionsthat drivetheanalysis, do not indicatethe
rationale behind study selection, and do not present results in ways that
allow verification of estimates obtained.

® Benefitsanalysesaretypically not scrutinized at theinitial stagesof
study design, during the process, or at the final stages of the process.

RECOMMENDATIONS

® EPA should provide health benefits estimates in ways that will
support multiplekindsof analysis, including various approachesto mortaity
valuation and aggregation of benefits using quality-adjusted life-years.

® EPA should provideasummary of theanalysiscontaininginforma-
tion asoutlined in Table 6-1. Thisinformation would allow the reader to
evaluate the study design and verify estimates obtained in the analysis.

® Eachanalysisshould provideresultsaccording to demographic or
other subgroupswhen the expected changesin pollution and thusthe health
benefitsarenot distributed uniformly acrossthe popul ation. Thisinforma-
tionwould aid decision-makersin situationsin which equity issuesmight be
involved.

® To enhance the quality of future regulatory benefits analyses, a
standing, independent, technical review panel should advise EPA in the
initial stages of its benefitsanalysis. This panel should have expertisein
regulatory optionsanaysis, emissionsand exposure assessment, toxicol ogy,
epidemiology, risk analysis, biostatistics, and economicsand should beap-
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pointed with strict attention to avoiding conflict of interest, balancing biases,
and ensuring broad representation. Thispanel should be supported by per-
manent technical staff to ensure consistency of reviews over time. EPA
should follow the panel’ s guidance on the need for peer review.
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mental regulations. Her recent research focuseson factorsaffecting defor-
estation in devel oping countries and on the externalities associated with
motorization. Dr. Cropper received her Ph.D. in economicsfrom Cornell
University.

JOHN S. EVANSisasenior lecturer on environmental sciences and the
codirector of the Programin Environmental Scienceand Risk Management
at the Harvard School of Public Health. Hisresearch focuseson risk as-
sessment, uncertainty anadysis, and decision-making in environmental health.
Dr. Evanshasdevel oped and applied approachesfor quantitatively charac-
terizing the uncertainty in health risk assessments and for analyzing the
value of information provided by alternative research strategies. Here-
ceivedaSc.D. inenvironmental health sciencesfrom Harvard University.

DALE B. HATTISisaresearch professor at the George Perkins Marsh
Instituteat Clark University. Hisresearch focusesonthedevelopment and
application of methodsto assess the heal th impacts of regulatory options.
His emphasisis on incorporating interindividua variability datainto risk
assessments for both cancer and noncancer end points. He has served as
amember of several NRC committees (such as the Committee on Neuro-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10511.html

168 ESTIMATING PuBLIC HEALTH BENEFITS OF AIR POLLUTION REGULATIONS

toxicology and Mode sfor A ssessing Risk and the Subcommitteeon Methyl
Bromide). Dr. Hattisreceived hisPh.D. ingeneticsfrom Stanford Univer-
Sity.

ROGENE F. HENDERSON isthedeputy director of the National Envi-
ronmental Respiratory Center at the Lovel ace Respiratory Research Insti-
tutein Albuquerque, New Mexico. Her researchinterestsinclude biochem-
istry of thelung and the pharmacokinetics of inhaled xenobiotics. Shehas
extensively studied the use of biomarkersto predict environmental expo-
suresand health outcomes. Shehasserved on numerous NRC committees
(such asthe Committee on Epidemiology of Air Pollutantsand Committee
on Risk Assessment Methodology). She has served as the chair of the
Committeeon Toxicology andiscurrently servingonthe Board of Environ-
mental Studies and Toxicology. Dr. Henderson received her Ph.D. in
chemistry fromthe University of Texasat Austinandisadiplomate of the
American Board of Toxicology.

PATRICK L.KINNEY isanassociate professor at the ColumbiaUniver-
sity School of Public Health. He conductsepidemiological researchonthe
respiratory healthimpactsof air pollutionwith an emphasison characteriza-
tion of human exposure. His current research includes investigating the
rel ationship betweenindoor air pollutants and asthma; characterizing out-
door, indoor, and personal concentrationsof avariety of toxicair pollutants
to which urban residents are exposed; and assessing exposures and health
impactsof air pollution at thecellular and molecular level. Heserved onthe
NRC Committee on an Assessment of Asthmaand Indoor Air Quality. Dr.
Kinney received hisSc.D. in environmental scienceand physiology at the
Harvard School of Public Health.

NINO KUNZLI is an assistant professor (PD) at the Institute of Social
and Preventive M edicineinthe Department of Environmental Health at the
University of Basel, Switzerland. His research focus is environmental
epidemiol ogy with anemphasison air pollution epidemiology. Hehascom-
pleted a European assessment of the public health impact of outdoor and
traffic-related air pollution. Heisamember of the World Health Organiza-
tion (WHO) Air Pollution Health Impact Assessment Working Group. Dr.
Kunzli received hisM.D. fromthe University of Basel and hisM.P.H. and
Ph.D. from the University of Californiaat Berkeley. In September 2002,
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Dr. Kiinzli becameassociate professor at University of Southern California,
Keck School of Medicine, Division of Occupational and Environmental
Health.

BART D. OSTRO ischief of the Air Pollution and Epidemiology Unit,
Officeof Environmental Health Hazard Assessment, California Environ-
mental Protection Agency, Oakland. Hisresearch activitieshaveincluded
devel opingamethod for estimating air pollution health effectsfor theWorld
Health Organi zation, eval uating health and economic consequencesof air
pollutionin devel oping countriesfor theWorld Bank, and conducting epide-
miological studiesof thehealth effectsof air pollution. Hewasthe coauthor
of theU.S. Environmental Protection Agency health and economic assess-
ment that resulted in the ban of leaded gasoline, and hiswork has contrib-
uted to the devel opment of state and federal ambient air quality standards.
Dr. Ostro received his Ph.D. in health economicsfrom Brown University
and acertification inenvironmental epidemiology fromthe Stateof Califor-
nia.

CHARLES POOLE is an associate professor of epidemiology at the
School of Public Health of the University of North Carolinaat Chapel Hill.
Hisresearchfocusisthe devel opment and application of general epidemio-
logical principlesand methods. Theseinclude problem conceptualization,
study design, datacollection, analysis, and interpretation. Heisamember
of the Solvent Panel of theInstitute of Medicine’ sCommittee on Gulf War
and Health: Review of the Literature on Pesticidesand Solvents. Dr. Poole
received hisM.P.H. in health administration from the University of North
Carolinaat Chapel Hill and his Sc.D. in epidemiology from the Harvard
School of Public Health.

KIRK R.SMITH isaprofessor and chair of the Division of Environmen-
tal Health Sciencesat the University of Californiaat Berkeley. Dr. Smith
first identified, characterized, and quantified indoor air pollution in poor
countries as the major source of air pollution exposure and as one of the
most significant environmental healthrisks. Currently, heisinvestigatingthe
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strategiesfor urban and rura pollution control andisinvolvedinon-siteair-
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1997 and servesonthe NRC Board of Environmental Studiesand Toxicol-
ogy aswell asthe NRC Committee on Collaborative Opportunities with
Indiain Energy and Environment. Hereceived hisPh.D.and M.P.H. from
the University of Californiaat Berkeley.

PETER A. VALBERG isaprincipal at Gradient Corporation in Cam-
bridge, Massachusetts. He specializesin human health risk assessment,
human toxicology, and biol ogical modeling of human exposureto environ-
mental chemicalsand has particular expertisein health effectsof air pollut-
ants. From 1985 to 2000, hewas an associate or adjunct professor of phys-
iology at the Harvard School of Public Health and conducted research on
human health effects of air toxics, methods to measure lung macrophage
function, and lung deposition and clearance of radioactivetracer particles.
Dr. Vaberg received aPh.D. in physics from Harvard University and an
M.S. in human physiology and inhalation toxicology from the Harvard
School of Public Health.

SCOTT L. ZEGER is a professor and chair of the Department of
Biostatisticsat the Johns Hopkins School of Public Health. Hisresearchis
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