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DISCLAIMER

This report is being furnished to the U.S. Environmental Protection Agency
(EPA) by Abt Associates Inc. in partial fulfillment of Contract No. 68-D-03-002, Work
Assignments 3-39 and 4-56. Any opinions, findings, conclusions, or recommendations
are those of the authors and do not necessarily reflect the views of the EPA or Abt
Associates. Earlier drafts of this document were formally reviewed by the Clean Air
Scientific Advisory Committee (CASAC) and made available for public comment. This
document has been informed by the expert advice and comments received from the
CASAC, as well as public comments submitted by several organizations, including
environmental groups, industrial groups and companies, and State air pollution
organizations. Any questions concerning this document should be addressed to Harvey
Richmond, U.S. Environmental Protection Agency, Office of Air Quality Planning and
Standards, C504-06, Research Triangle Park, North Carolina 27711 (email:
richmond.harvey@epa.gov).

Any analyses, interpretations, or conclusions presented in this report based on
hospitalization and mortality data obtained from outside sources, are credited to the
authors and not the institutions providing the raw data. Furthermore, Abt Associates
expressly understands that the Michigan Health and Hospital Association has not
performed an analysis of the hospitalization data obtained or warranted the accuracy of
this information and, therefore, it cannot be held responsible in any manner for the
outcome.
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PREFACE TO JULY 2007 EDITION

This July 2007 edition contains revised lung function risk estimates based on revised
exposure estimates resulting from technical corrections to the exposure model made
subsequent to the January 2007 editions of the Staff Paper and accompanying Technical
Support Document (TSD). As noted in chapters 4 and 5 of the July 2007 edition of the
Staff Paper, a small error was detected in the exposure model in January 2007 that
resulted in small increases in the exposure estimates. This error has been corrected and
the model runs have been redone, generally resulting in small increases in the exposure
estimates. The revised lung function risk estimates, based on the corrected exposure
estimates, are generally slightly higher than the original estimates presented in the
January 2007 edition of the Staff Paper and accompanying TSD. The corrected lung
function risk estimates for all children and for asthmatic children are presented in this
edition of the TSD in Chapter 3 and associated appendices as well as in the July 2007
edition of the Staff Paper. Due to time constraints, however, the lung function risk
estimates for active children, presented in Appendix C of the TSD, were not revised.
Also due to time constraints, the date on the footer was not updated to July 2007.
Sections 1, 2, and 4 of this edition of the TSD and the results in the Appendices for health
endpoints other than lung function remain unchanged with the exception of some minor
corrections and updates to several references.
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Ozone Health Risk Assessment for Selected Urban Areas

1 INTRODUCTION

The U.S. Environmental Protection Agency (EPA) is presently conducting a
review of the national ambient air quality standards (NAAQS) for ozone (O3). Sections
108 and 109 of the Clean Air Act (Act) govern the establishment and periodic review of
the NAAQS. These standards are established for pollutants that may reasonably be
anticipated to endanger public health and welfare, and whose presence in the ambient air
results from numerous or diverse mobile or stationary sources. The NAAQS are to be
based on air quality criteria, which are to accurately reflect the latest scientific knowledge
useful in indicating the kind and extent of identifiable effects on public health or welfare
that may be expected from the presence of the pollutant in ambient air. The EPA
Administrator is to promulgate and periodically review, at five-year intervals, “primary”
(health-based) and “secondary” (welfare-based) NAAQS for such pollutants." Based on
periodic reviews of the air quality criteria and standards, the Administrator is to make
revisions in the criteria and standards, and promulgate any new standards, as may be
appropriate. The Act also requires that an independent scientific review committee
advise the Administrator as part of this NAAQS review process, a function performed by
the Clean Air Scientific Advisory Committee (CASAC).

EPA’s overall plan and schedule for this O3 NAAQS review is presented in a Plan
for Review of the National Ambient Air Quality Standards for Ozone (EPA, 2005a),
which is available at: http://www.epa.gov/ttn/naags/standards/ozone/s_03_cr_pd.html .
That plan discusses the preparation of two key documents in the NAAQS review process:
an Air Quality Criteria Document (hereafter cited as CD) and a Staff Paper. The CD
provides a critical assessment of the latest available scientific information upon which the
NAAQS are to be based, and the Staff Paper evaluates the policy implications of the
information contained in the CD and discusses standard-setting options for the
Administrator to consider. In conjunction with preparation of the Staff Paper, staff in
EPA’s Office of Air Quality Planning and Standards (OAQPS) conducts various policy-
relevant assessments, including in this review a quantitative exposure analysis and a
human health risk assessment. Both the exposure analysis and the risk assessment
require a quantitative analysis of O air quality. The methods and results of this analysis
are described in Chapters 2 and 4 of the Staff Paper (EPA, 2007a) (hereafter “Staff
Paper”) and in Fitz-Simons et al. (2005) and Rizzo (2005, 2006). The methods and
results of the modeling of personal exposures are discussed in Chapter 4 of the Staff
Paper and in an accompanying technical support document (EPA, 2007b). The methods
and results of the human health risk assessment are described in this document.

ISection 109(b)(1) [42 U.S.C. 7409] of the Act defines a primary standard as one “the attainment
and maintenance of which in the judgment of the Administrator, based on such criteria and allowing an
adequate margin of safety, are requisite to protect the public health.”
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As part of the last O3 NAAQS review, EPA conducted exposure anayses for the
general population; children, who spend more time outdoors; and outdoor workers.
Exposure estimates were generated for 9 urban areas for existing (referredto as“asis’)
air quality and for just meeting the existing 1-hour standard and several aternative 8-hour
standards. Severa reports (Johnson et al., 1996a,b,c; Johnson, 1997) that describe these
analyses can be found at:
http://www.epa.gov/ttn/naags/standards/ozone/s 03 pr_td.html. EPA aso conducted a
health risk assessment that produced risk estimates for the number and percent of
children experiencing lung function and respiratory symptoms associated with the
exposures estimated for these same 9 urban areas. This portion of the risk assessment
was based on exposure-response rel ationships devel oped from analysis of datafrom
several controlled human exposure studies. The risk assessment for the last review also
included risk estimates for excess respiratory-related hospital admissions related to O3
concentrations for New Y ork City based on a concentration-response relationship
reported in an epidemiology study. Risk estimates for lung function decrements,
respiratory symptoms, and hospital admissions were developed for “asis’ air quality and
for just meeting the existing 1-hour standard and several alternative 8-hour standards.
Reports describing the health risk assessment (Whitfield et al., 1996; Whitfield, 1997)
can be found at: http://www.epa.gov/ttn/naags/standards/ozone/s 03 pr_td.html.

The health risk assessment described in this report builds upon the methodology
and lessons learned from the exposure and risk work conducted for the last review. This
report is also based on the information and evaluation contained in the final O3 CD (EPA,
2006a) (hereafter O3 CD). The general approach used in the current risk assessment was
described in the draft Health Assessment Plan (EPA, 2005b), that was rel eased to the
CASAC and genera public in April 2005 for review and comment and was the subject of
a consultation with the CASAC O3 Panel on May 5, 2005. The approach used in the
current risk assessment reflects consideration of the comments offered by CASAC
members and the public on the draft Health Assessment Plan; comments offered on the
first drafts of the Staff Paper and Risk Assessment TSD at and subsequent to a
consultation with CASAC on December 8, 2005; CASAC comments provided to the
EPA in letters dated February 16, 2006 (Henderson, 2006a) and June 5, 2006
(Henderson, 2006b); and comments offered on the second draft Staff Paper and draft Risk
Assessment TSD at and subsequent to a consultation with CASAC on August 24 and 25,
2006, including CASAC comments provided to EPA in aletter dated October 24, 2006
(Henderson, 2006c¢).

The O3 health risk assessment described in this document estimates the health
effects associated with short-term exposures to Oz under recent (“asis’) air quality levels
and upon just meeting the current and severa aternative O3 primary NAAQS in selected
sample urban areas. These assessments cover avariety of heath effects for which there
is adequate information to develop quantitative risk estimates. However, there are
several health endpoints for which there currently isinsufficient information to develop
quantitative risk estimates. These additional health endpoints are discussed qualitatively
in the Staff Paper. The risk assessment isintended as atool that, together with other
information on these health endpoints and other health effects evaluated in the O3 CD and
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Staff Paper, can aid the Administrator in judging whether the current primary standard
protects public health with an adequate margin of safety, or whether revisionsto the
standard are appropriate.

The basic structure of the risk assessment reflects the two different types of studies
on which the health risk assessment for Ozis based: controlled human exposure studies,
and epidemiological studies. Thisbasic structure, as well as some preliminary
considerations, is described in Section 2. Section 3 describes the methods and results of
that portion of the risk assessment based on controlled human exposure studies. Section
4 describes the methods and results of that portion of the risk assessment based on
epidemiological studies.
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2 PRELIMINARY CONSIDERATIONS

The health risk assessment described in this report estimated various health
effects associated with Oz exposures for recent (“as is”) Oz levels, based on 2002, 2003,
and 2004 air quality data, as well as the reduced risks for one O3 season associated with
just meeting the current 8-hour daily maximum O; NAAQS and several alternative 8-
hour daily maximum standards. Risk estimates were developed for 12 urban areas
located throughout the U.S. In this section we address preliminary considerations.
Section 2.1 briefly discusses the broad empirical basis for a relationship between O3
exposures and adverse health effects. Section 2.2 describes the basic structure of the risk
assessment. Finally, Section 2.3 addresses air quality considerations that affect both
major portions of the risk assessment described in Section 2.2.

2.1 The Broad Empirical Basis for a Relationship Between O3 and Adverse Health
Effects

The health endpoints examined in the risk assessment include: lung function
decrements, respiratory-related hospital admissions, and mortality. In addition, estimates
of respiratory symptoms in asthmatic children were developed for one urban area. The
empirical basis for a relationship between O3 exposures and adverse human health effects
extends well beyond these specific health effects, however, and is by now considered
quite solid.

In its October 24, 2006 letter to the EPA administrator (Henderson, 2006c¢), the
CASAC affirmed this solid empirical basis, quoting and concurring with EPA’s own
assessment, as stated in the second draft Staff Paper (EPA, 2006b):

“... While being mindful of important remaining uncertainties, staff concludes

that the newly available information generally reinforces our judgments about

causal relationships between Oz exposure and respiratory effects observed in the
last review and broadens the evidence of Os-related associations to include
additional respiratory-related endpoints, newly identified cardiovascular-related
health endpoints, and mortality. Newly available evidence also has identified
increased susceptibility in people with asthma. While recognizing that important
uncertainties and research questions remain, we also conclude that progress has
been made since the last review in advancing our understanding of potential
mechanisms by which ambient O3, alone and in combination with other
pollutants, is causally linked to a range of respiratory- and cardiovascular-related

health endpoints.” (Pages 6-6 and 6-7)

The CASAC pointed to “several new single-city studies and large multi-city
studies designed specifically to examine the effects of ozone and other pollutants on both
morbidity and mortality” that have “provided more evidence for adverse health effects at
concentrations lower than the current standard.” (Henderson, 2006c, p. 3). The CASAC
also pointed to the results from controlled human exposure studies, noting that “these
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findings were observed in healthy volunteers” and that, although similar studies in
sensitive groups such as asthmatics have not yet been conducted, “people with asthma,
and particularly children, have been found to be more sensitive and to experience larger
decrements in lung function in response to 0zone exposures than would healthy
volunteers” (Henderson, 2006c, p. 4).

The CASAC also noted that, in addition to the lung function decrements seen in
controlled human exposure studies, “adverse health effects due to low-concentration
exposure to ambient ozone (that is, below the current primary 8-hour NAAQS) ...
include: an increase in school absenteeism; increases in respiratory hospital emergency
department visits among asthmatics and patients with other respiratory diseases; an
increase in hospitalizations for respiratory illnesses; an increase in symptoms associated
with adverse health effects, including chest tightness and medication usage; and an
increase in mortality (non-accidental, cardiorespiratory deaths) reported at exposure
levels well below the current standard. The CASAC considers each of these findings to be
an important indicator of adverse health effects” (Henderson, 2006c, p. 4).

2.2 Basic Structure of the Risk Assessment

At this time, two general types of human studies are particularly relevant for
deriving quantitative relationships between O3 levels and human health effects: controlled
human exposure studies and epidemiological studies. Controlled human exposure studies
involve volunteer subjects who are exposed while engaged in different exercise regimens
to specified levels of O3 under controlled conditions for specified amounts of time. The
responses measured in such studies have included measures of lung function, such as
forced expiratory volume in one second (FEV1), respiratory symptoms, airway
hyperresponsiveness, and inflammation. As noted above, prior EPA risk assessments for
O3 have included risk estimates for lung function decrements and respiratory symptoms
based on analysis of individual data from controlled human exposure studies. For the
current health risk assessment, we used exposure-response relationships based on
analysis of individual data that describe the relationship between a measure of personal
exposure to Oz and the measure(s) of lung function recorded in several studies. The
measure of personal exposure to ambient Og is typically some function of hourly
exposures — e.g., 1-hour maximum or 8-hour maximum. Therefore, a risk assessment
based on exposure-response relationships derived from controlled human exposure study
data requires estimates of personal exposure to Os, typically on a 1-hour or multi-hour
basis. Because data on personal hourly Oz exposures are not available, estimates of
personal exposures to varying ambient concentrations were derived through exposure
modeling, as described in the exposure analysis technical support document (EPA,
2007D).

In contrast to the exposure-response relationships derived from controlled human
exposure studies, epidemiological studies provide estimated concentration-response (C-
R) relationships based on data collected in real world settings. Ambient O3 concentration
is typically measured as the average of monitor-specific measurements. Population
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health responses for O3 have included lung function decrements, respiratory symptomsin
moderate to severe asthmatic children, asthma emergency department visits, respiratory-
related hospital admissions and premature mortality. As described more fully below, a
risk assessment based on epidemiological studies requires baseline incidence rates and
popul ation data for the risk assessment locations.

The characteristics that are relevant to carrying out arisk assessment based on
controlled human exposure studies versus one based on epidemiology studies can be
summarized as follows:

o A risk assessment based on controlled human exposure studies uses exposure-
response functions, and therefore requires as input (modeled) personal
exposures to Os. A risk assessment based on epidemiology studies uses C-R
functions, and therefore requires as input (monitored) ambient Os
concentrations.

. Epidemiological studies are carried out in specific real world locations (e.g.,
specific urban areas). A risk assessment focused on locations in which the
epidemiologic studies providing the C-R functions were carried out will
minimize uncertainties. Controlled human exposure studies, carried out in
|aboratory settings, are generally not specific to any particular real world
location. A controlled human exposure studies-based risk assessment can
therefore appropriately be carried out for any location for which there are
adequate air quality data on which to base the modeling of personal exposures.

. The adequate modeling of hourly personal exposures associated with ambient
concentrations requires more compl ete ambient monitoring data than are
necessary to estimate average ambient concentrations used to calcul ate risks
based on C-R relationships. Therefore, there may be some locations in which
an epidemiological studies-based risk assessment could appropriately be
carried out but a controlled human exposure studies-based risk assessment
would introduce significant additional uncertainty.

. To derive estimates of risk from C-R relationships estimated in
epidemiological studies, it is usually necessary to have estimates of the
baseline incidences of the health effectsinvolved. Such baseline incidence
estimates are not needed in a controlled human exposure studies-based risk
assessment.

The methods and results for the two parts of the risk assessment — the part based on
controlled human exposure studies and the part based on epidemiological studies— are
discussed in Sections 3 and 4 below. Both parts of the risk assessment were implemented
within a new probabilistic version of TRIM.Risk, the component of EPA’s Total Risk
Integrated M ethodology (TRIM) model that estimates human health risks.
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2.3 Air Quality Considerations

Both the portion of the risk assessment based on controlled human exposure studies
and the portion based on epidemiological studiesinclude risk estimates for arecent year
of air quality (*asis’ air quality) and for air quality adjusted so that it smulates just
meeting the current or alternative 8-hr O3 standards based on a recent three-year period
(2002-2004). This period was selected to represent the most recent air quality for which
complete data were avail able when the risk assessment was conducted.

In order to estimate health risks associated with just meeting the current and
aternative 8-hr O3 standards, it is necessary to estimate the distribution of hourly O
concentrations that would occur under any given standard. Since compliance with the
current O3 standard is based on a 3-year average, air quality data from 2002 to 2004 were
used to determine the amount of reduction in O3 concentrations required to meet the
current standard. Estimated design values were used to determine the adjustment
necessary to just meet the current 8-hr daily maximum standard. The amount of control
was then applied to each year of data (2002, 2003, and 2004) to estimate risks for asingle
O3 season or single warm O3 season, depending on the health effect, in each of these
individual years.

As described in section 4.5.6 of the Staff Paper and in more detail in Rizzo (2005,
2006), after considering severa approaches, including proportiona rollback and Weibull
adjustment procedures, EPA concluded that the Quadratic air quality adjustment
procedure generally best represented the pattern of reductions across the Oz air quality
distribution observed over the last decade. The Quadratic air quality adjustment
procedure was applied in each of the 12 urban areasto the filled in 2002, 2003, and 2004
O3 monitoring data, based on the 3-year period (2002-2004) O3 design values, to generate
new time series of hourly Oz concentrations for 2002, 2003, and 2004 that simulate air
quality levels that just meet the current 8-hr O3 standard and each of the alternative 8-hr
O3 standards considered in the risk assessment over this three year period.

Because compliance with the current standard is based on the 3-year average of the
4th daily maximum 8-hr values, the air quality distribution in each of the 3 years can and
generaly doesvary. Asaresult, therisk estimates associated with air quality just
meeting the current standard also will vary depending on the year chosen for the analysis.
The risk assessment includes risk estimates involving adjustment of 2002, 2003, and
2004 air quality datato illustrate the magnitude of this year-to-year variability in the
estimates. The year 2002 generally had meteorology that was very conducive to
producing O3 over the eastern half of the U.S., and this resulted in the highest O3 levels
over the 2002-2004 time period in the vast mgority of the 12 urban study areas. In
contrast, 2004 was a year associated with an unusually cool and rainy summer in the
eastern half of the U.S. and this contributed to the fact that the lowest O3 levels over this
same three-year period were observed in this year in most of the urban areas included in
therisk assessment. The lower O3 levels observed in 2004 were also due, in part, to
reductions in emissions of nitrogen oxides (NOy) associated with implementation of
additional regional controls on large power plantsin the eastern half of the U.S. Therisk
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results for 2002 and 2004 thus provide generally lower-end and upper-end estimates of
the annual risks that can occur over athree-year period when aternative standards are
just met in most of the urban areas examined.

Daily maximum 1-hr and 8-hr O3 levelsin 2003 generally fell somewhere between
2002 and 2004 levelsin most of the 12 urban areas. Differencesin meteorology were
less evident in Texas and California, and these areas also were not impacted by the recent
additional regional controlsimposed on large power plants. It is therefore not surprising
that the daily maximum 8-hr levels observed in Houston in 2003 and 2004 were
somewhat higher than those observed in 2002 and that 8-hr levels were higher in Los
Angelesin 2003.

The risk estimates developed for both the recent air quality scenario and scenarios
in which Oz concentrations just meet the current or alternative 8-hr standards represent
risks associated with O3 levelsin excess of estimated background concentrations. The
results of the global tropospheric Oz model GEOS-CHEM have been used to estimate
average background Os levels for different geographic regions acrossthe U.S. These
GEOS-CHEM simulations include a background simulation in which North American
anthropogenic emissions of nitrogen oxides, non-methane volatile organic compounds,
and carbon monoxide are set to zero, as described in Fiore et al. (2003). EPA estimated
monthly background concentrations for each of the 12 urban areas based on the GEOS-
CHEM simulations, including daily diurnal profiles that were fixed for each day of each
month during the O3 season (see Appendix 2-A of the Staff Paper for plots of these
estimated background values).
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3 ASSESSMENT OF RISK BASED ON CONTROLLED HUMAN EXPOSURE
STUDIES

3.1 Methods

The major components of the part of the health risk assessment based on data
from controlled human exposure studies are illustrated in Figure 3-1. The air quality and
exposure analysis components that are integral to this part of the risk assessment are
discussed in Chapters 2 and 4, respectively, of the Staff Paper. As described in the O3
CD, there are numerous controlled human exposure studies reporting lung function
decrements (as measured by changes in FEV;), other measures of lung function, airway
responsiveness, respiratory symptoms, and various markers of inflammation. Most of
these studies have involved voluntary exposures with healthy adults, although a few
studies have been conducted with mild and moderate asthmatics and one study reported
lung function decrements for children 8-11 years old (McDonnell et al., 1985a) at a single
exposure level.

3.1.1 Selection of health endpoints

In the last review, the health risk assessment estimated both lung function
decrements (>10, >15, and >20% changes in FEV) and respiratory symptoms in children
6-18 years old associated with 1-hour exposures at moderate and heavy exertion and 8-
hour exposures at moderate exertion. At that time EPA staff and the CASAC O3 Panel
judged that it was reasonable to estimate the exposure-response relationships for children
6-18 years old based on data from adult subjects (18-35 years old). As discussed in the
1996 O3 Staff Paper (EPA, 1996a) and 1996 O3 CD (EPA, 1996b), findings from other
chamber studies (McDonnell et al., 1985a) for children 8-11 years old for a single
exposure level and summer camp field studies involving children exposed to ambient O
in at least six different locations in the United States and Canada found lung function
changes in healthy children similar to those observed in healthy adults exposed to O3
under controlled chamber conditions. We are using the same approach in this
assessment.

In the prior risk assessment, EPA estimated risk for lung function decrements
associated with 1-hour heavy exertion, 1-hour moderate exertion, and 8-hour moderate
exertion exposures. Since the 8-hour moderate exertion exposure scenario clearly
resulted in the greatest health risks in terms of lung function decrements, EPA staff has
chosen to include only the 8-hour moderate exertion exposures in the current risk
assessment for this health endpoint. As discussed in Chapter 4 of the Staff Paper, levels
of physical activity were categorized by a daily Physical Activity Index (PAI). Children
were characterized as active if their median daily PAI over the period modeled was 1.75
or higher, a level characterized by exercise physiologists as being “moderately active” or
“active.”
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Figure 3-1. Components of Ozone Health Risk Assessment Based on Controlled Human Exposure Studies
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Although respiratory symptoms in healthy children were estimated in the last review,
EPA staff has decided not to estimate respiratory symptoms in healthy children given the lack of
symptoms found in field studies examining responses in healthy children published since the
prior review. The O3 CD concludes that “collectively, these studies indicate that there is no
consistent evidence of an association between O3 and respiratory symptoms among healthy
children” (p. 7-55). While a number of controlled human exposure studies have been published
since the last review reporting various other acute effects, including airway responsiveness and
increases in inflammatory indicators, none of these studies were conducted at multiple
concentration levels within the range of greatest interest (i.e., below 0.12 ppm). Thus, EPA staff
has decided to limit this portion of the risk assessment to lung function decrements in children
and to again base the exposure-response relationships on data obtained for 18-35 year old
subjects.

3.1.2 Development of exposure-response functions

We used a Bayesian Markov Chain Monte Carlo approach to estimate probabilistic
exposure-response relationships for lung function decrements associated with 8-hour moderate
exertion exposures, using the WinBUGS software (Spiegelhalter et al. (1996)). (For an
explanation of these methods, see Gelman et al. (1995) or Gilks et al. (1996). The combined
data set from the Folinsbee et al. (1988), Horstman et al. (1990), and McDonnell et al. (1991)
studies provide three data points — lung function decrements associated with each of three O3
concentrations (0.08, 0.10, and 0.12 ppm) — for each of the three measures of lung function
decrement listed above (>10, >15, and >20% changes in FEV3). In addition, we now have three
studies by Adams (Adams 2002, 2003, and 2006) that provide data for O3 concentrations of 0.04
and 0.06 ppm as well as additional data for 0.08 and 0.12 ppm. In total, then, we have data for
five O3 concentrations — 0.04, 0.06, 0.08, 0.10, and 0.12 ppm. All of these studies were
conducted for 6.6 hours under moderate exertion.

Before being used to estimate exposure-response relationships for 8-hour exposures, the
data from these controlled human exposure studies were corrected for the effect of exercise in
clean air to remove any systematic bias that might be present in the data attributable to an
exercise effect. Generally, this correction for exercise in clean air is small relative to the total
effects measures in the Oz-exposed cases. The resulting study-specific results, based on the
corrected data, are shown in Table 3-1.

Our Bayesian estimation approach incorporated both model (epistemic) uncertainty and
(aleatory) uncertainty about the values of the parameters in the models considered. In particular,
for each of the three measures of lung function decrement we assumed a 90 percent probability
that the exposure-response function has the following 3-parameter logistic form:**

2 As noted in Whitfield et al., 1996, the response data point in the combined dataset from the Folinsbee, Horstman,
and McDonnell studies associated with 0.12 ppm for the response measure FEV1 > 15% appeared to be inconsistent
with the other data points (see Whitfield et al., 1996, Table 10, footnote c). Because of this, we estimated the
probability of a response of FEV1 > 15% at an O3 concentration of 0.12 ppm by interpolating between the FEV1 >
10% and FEV1 > 20% response rates at that O3 concentration.

® The 3-parameter logistic function is a special case of the 4-parameter logistic, in which the function is forced to go
through the origin, so that the probability of response to 0.00 ppm is 0.
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Table 3-1. Study-Specific Ozone Exposure-Response Data for Lung Function Decrements

Change in FEV>10%

Change in FEV>15%

Change in FEV;>20%

Study and O3 Level Protocol Number Number Number Number Number Number
Exposed Responding Exposed Responding Exposed Responding

0.04 ppm O5

Adams (2006) Triangular 30 0 30 0 30 0

Adams (2002) Square-wave, face mask 30 2 30 0 30 0

0.06 ppm O5

Adams (2006) Square-wave 30 2 30 0 30 0
Triangular 30 2 30 2 30 0

0.08 ppm Os

Adams (2006) Square-wave 30 7 30 2 30 1
Triangular 30 9 30 3 30 1

Adams (2003) Square-wave, chamber 30 6 30 2 30 1
Square-wave, face mask 30 9 30 3 30 1
Variable levels (0.08 ppm 30 6 30 1 30 1
avg), chamber
Variable levels (0.08 ppm 30 5 30 3 30 0
avg), face mask

Adams (2002) Square-wave, face mask 30 6 30 5 30 2

F-H-M* Square-wave 60 18 60 11 60 5

0.1 ppm O3

F-H-M | Square-wave 32 13 32 9 32 5

0.12 ppm O3

Adams (2002) Square-wave, chamber 30 17 30 12 30 10
Square-wave, face mask 30 21 30 13 30 7

F-H-M Square-wave 30 15 30** 15** 30 6

*Data from Folinsbee et al. (1988), Horstman et al. (1990), and McDonnell et al. (1991) are combined.
**In general, the percentages of responders followed the same pattern at each of the three ozone concentrations in the Folinsbee, Horstman, and McDonnell studies —
the percentage with FEV, decrements > 15% at a given 0zone concentration was about midway between the percentages with FEV; decrements > 10% and > 20% at
that ozone concentration. The sole exception was the percentage with FEV, decrements > 15% at an ozone concentration of 0.12 ppm, which was the same as the
percentage with FEV; decrements > 10% at 0.12 ppm (50%). This data point was therefore sufficiently inconsistent with the other data that it was considered an
outlier and was not included in the analysis.
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a*e’ (1-e”)
@+e")d+e™7)’

y(X; @, B,y) = (3-1)

where x denotes the Oz concentration (in ppm) to which the individual is exposed, y denotes the
corresponding response (decrement in FEV; > 10%, > 15% or > 20%), and «, 5, and y are the
three parameters whose values are estimated.

We assumed a 10 percent probability that the exposure-response function has the
following linear (hockeystick) form:

a+ px, fora+ x>0

v e p) = {O, for a + px <0 ' (3-2)

We assumed that the number of responses, S, out of N subjects exposed to a given
concentration, x, has a binomial distribution with response probability given by model (3-1) with
90 percent probability and response probability given by model (3-2) with 10 percent probability.
The choice of a 90 percent logistic/10 percent linear split as the base case for the current risk
assessment was made by EPA staff (EPA, 2007a) based on the following considerations: 1) the
prior 1997 risk assessment had used a linear form consistent with the advice from the CASAC O3
Panel at the time that a linear model reasonably fit the available data at 0.08, 0.10, and 0.12 ppm;
2) with the addition of data at 0.06 and 0.04 ppm, a logistic model provides a very good fit to the
data; and 3) as the current CASAC O; Panel has noted, there is only very limited data at the two
lowest exposure levels and, therefore, a linear model cannot entirely be ruled out. Section 3.3.2
presents the results of sensitivity analyses that explore the impact of different assumptions about
the functional form of the exposure-response function.

In some of the controlled human exposure studies, subjects were exposed to a given O
concentration more than once — for example, using a square-wave exposure pattern in one
protocol and a triangular exposure pattern in another protocol. However, because there were
insufficient data to estimate subject-specific response probabilities, we assumed a single
response probability (for a given definition of response) for all individuals and treated the
repeated exposures for a single subject as independent exposures in the binomial distribution.

For each of the two functional forms (logistic and linear), we derived a Bayesian
posterior distribution using this binomial likelihood function in combination with prior
distributions for each of the unknown parameters. We assumed lognormal priors with maximum
likelihood estimates of the means and variances for the parameters of the logistic function, and
normal priors, similarly with maximum likelihood estimates for the means and variances, for the
parameters of the linear function. For each of the two functional forms considered, we used
1000 iterations as the “burn-in” period followed by 9,000 iterations for the estimation. Each
iteration corresponds to a set of values for the parameters of the (logistic or linear) exposure-
response function. We then combined the 9,000 sets of values from the logistic model runs with
the last 1,000 sets of values from the linear model runs to get a single combined distribution of
10,000 sets of values reflecting the 90 percent/10 percent assumptions stated above.
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For any O3 concentration, x, we could then derive the n™ percentile response value, for
any n, by evaluating the exposure-response function at x using each of the10,000 sets of
parameter values (9,000 of which were for a logistic model and 1,000 of which were for a linear
model). The resulting median (50" percentile) exposure-response functions for changes in FEV;
> 10%, > 15% and > 20% are shown together in Figure 3-2. The 2.5" percentile, median, and
97.5™ percentile curves, along with the response data to which they were fit, are shown
separately for each of the three response definitions in Figures 3-3a, b, and c, respectively.

3.1.3 Approach to calculating risk estimates

We have generated several risk measures for this portion of the risk assessment. In
addition to the estimates of the number of school age children and active children experiencing 1
or more occurrences of a lung function decrement > 10%, > 15% and > 20% in an O3 season,
risk estimates have been developed for the total number of occurrences of these lung function
decrements in school age children and active school age children. The mean number of
occurrences per child has been calculated to provide an indicator of the average number of times
that a responder would experience the specified effect during an O3 season.

A headcount risk estimate for a given lung function decrement (e.g., >20% change in
FEV;) is an estimate of the expected number of people who will experience that lung function
decrement. To obtain risk estimates associated with ozone concentrations in excess of policy
relevant background (PRB) concentrations, we have (1) estimated expected risk, given the
personal exposures associated with “as is” ambient O3 concentrations, (2) estimated expected
risk, given the personal exposures associated with estimated background ambient O
concentrations, and (3) subtracted the latter from the former. The headcount risk is then
calculated by multiplying the resulting expected risk by the number of people in the relevant
population. Because response rates are calculated for 21 fractiles, estimated headcount risks are
similarly fractile-specific.

Figure 3-2. Bayesian-Estimated (90% Logistic and 10% Linear) Median Exposure-Response Functions:
Change in FEV, > 10%, 15%, and 20%
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Figure 3-3. a, b, c. Probabilistic Exposure-Response Relationships for FEV,; Decrement > 10%, > 15%, and
> 20% for 8-Hour Exposures Under Moderate Exertion*
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* Derived from Folinsbee et al., 1988; Horstman et al. 1990; McDonnell et al., 1991; Adams 2002, 2003, 2006).
Each curve is 90% logistic and 10% linear (see text above).

Abt Associates Inc.

3-7 December 2006



The risk (i.e., expected fractional response rate) for the k™ fractile, Ry is:
N Np
Re=D.P,x(RR,|e;) — D.P"x(RR,|€}) (Equation 3-1)
j=1 i=1

where:

ej = (the midpoint of) the jth category of personal exposure to ozone, given “as is”
ambient Oz concentrations;

e’ = (the midpoint of) the ith category of personal exposure to ozone, given background
ambient O3 concentrations;

P; = the fraction of the population having personal exposures to O3 concentration of e;
ppm, given “as is” ambient O3 concentrations;

P" = the fraction of the population having personal exposures to O concentration of
e’ ppm, given background ambient O3 concentrations;

RR, | e; = k-fractile response rate at Os concentration e;;

RR, | "= k-fractile response rate at Os concentration e ; and

N = number of intervals (categories) of Oz personal exposure concentration, given “as is”
ambient O3 concentrations; and

N, = number of intervals of Oz personal exposure concentration, given background
ambient O3 concentrations.

For example, if the median expected response rate given “as is” ambient concentrations is
0.065 (i.e., the median expected fraction of the population responding is 6.5%) and the median
expected response rate given background ambient concentrations is 0.001 (i.e., the median
expected fraction of the population responding is 0.1%), then the median expected response rate
associated with “as is” ambient concentrations above PRB concentrations is 0.065 — 0.001 =
0.064. If there are 300,000 people in the relevant population, then the headcount risk is 0.064 x
300,000 = 19,200.

An artifact of the method used is that the population numbers associated with PRB
concentrations were not identical to those associated with “as is” concentrations (or
concentrations rolled back to simulate just meeting current or alternative standards) in the same
location. Before calculating risk estimates associated with o0zone concentrations in excess of
PRB concentrations, we therefore first normalized the number of responders (or the number of
occurrences of response) given personal exposures associated with “as is” ambient O
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concentrations (or concentrations rolled back to simulate just meeting a standard) by multiplying
by the ratio of the population associated with PRB concentrations to the population associated
with “as is” concentrations (or concentrations rolled back to simulate just meeting current or
alternative standards in the same location). For example, the number of person-days for all
children in St. Louis associated with PRB concentrations was 39,500,000; the number of person-
days for all children in St. Louis associated with “as is” concentrations was 42,310,000. The
ratio of the former to the latter is 0.9336. The number of person-days with a decrease in FEV;
>10% given personal exposures associated with “as is” ambient O3 concentrations was 391,011.
After normalizing to the background population of person-days, this becomes 365,042. The
number of person-days with a decrease in FEV; >10% given personal exposures associated with
PRB O3 concentrations was 50,183. The number of occurrences of a decrease in FEV; >10%
associated with “as is” ambient O3 concentrations over PRB concentrations was therefore
calculated to be 365,042 - 50,183 = 314,859, or about 315,000.

3.1.4 Selection of urban areas

EPA staff chose to develop lung function decrement risk estimates for school age
children and active school age children living in 12 urban areas in the U.S. Since the exposure-
response functions for lung function decrements based on the controlled human exposure studies
were based on controlled laboratory conditions, the location of these studies played no role in
selecting urban locations for the risk assessment. Instead, several criteria and considerations
guided the selection of urban areas for the risk assessment, including the following:

e The overall set of urban locations should represent a range of geographic areas, urban
population demographics, and climatology, and be focused on areas that do not meet the
current 8-hour O3 NAAQS.

e The largest areas with major O3 nonattainment problems should be included.

e There must be sufficient air quality data for the three-year period (2002 - 2004).

Several additional criteria, which apply to the epidemiology-based portion of the risk
assessment, are discussed below in Section 4.1.4. Because the same 12 urban areas were used in
both the controlled human studies- and the epidemiological studies-based portions of the risk
assessment, these additional criteria were used to further narrow the choice of urban areas for
which lung function decrement risk estimates were developed.

For the purposes of estimating population exposure and the risk of lung function
decrements associated with these population exposure estimates, the 12 urban areas were defined
based on consolidated statistical areas (CSAs). In contrast, for the risk estimates for premature
mortality and excess hospital admissions based on C-R relationships estimated in
epidemiological studies, the urban areas were defined to be generally consistent with the
geographic boundaries used in those studies. While risk estimates in the epidemiology-based
portion of the O risk assessment are based on the months of April through September, risk
estimates in the controlled human studies-based portion are based on the actual location-specific
O3 seasons. The CSAs and their O3 seasons are shown in Table 3-2. Throughout the rest of this
report, the urban area in bold is used as a short-hand name representing the entire CSA for the
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lung function part of the risk assessment. The populations of all, active, and asthmatic school
age children in these areas are shown in Table 3-3.

3.1.5 Addressing variability and uncertainty

Any estimation of risk and reduced risks associated with just meeting the current O3
standards should address both the variability and uncertainty that generally underlie such an
analysis. Uncertainty refers to the lack of knowledge regarding the actual values of model input
variables (parameter uncertainty) and of physical systems or relationships (model uncertainty —
e.g., the shapes of exposure-response and concentration-response functions). The goal of the
analyst is to reduce uncertainty to the maximum extent possible. Uncertainty can be reduced by
improved measurement and improved model formulation. In a health risk assessment, however,
significant uncertainty often remains.

Table 3-2. Urban Areas Used in the Controlled Human Studies-Portion of the O3 Risk Assessment and Their
O3 Seasons

Urban Area (CSA) O3 Season
Atlanta-Sandy Springs-Gainesville, GA-AL March 1 to Oct. 31
Boston-Worcester-Manchester, MA-NH April 1 to Sept. 30
Chicago-Naperville-Michigan City, IL-IN-WI April 1 to Sept. 30
Cleveland-Akron-Elyria, OH April 1 to Oct. 31
Detroit-Warren-Flint, Ml April 1 to Sept. 30
Houston-Baytown-Huntsville, TX Jan. 1 to Dec. 30
Los Angeles-Long Beach-Riverside, CA Jan. 1 to Dec. 30
New York-Newark-Bridgeport, NY-NJ-CT-PA April 1 to Sept. 30
Philadelphia-Camden-Vineland, PA-NJ-DE-MD April 1 to Oct. 31
Sacramento--Arden-Arcade--Truckee, CA-NV Jan. 1 to Dec. 30
St. Louis-St. Charles-Farmington, MO-IL April 1 to Oct. 31
Washington-Baltimore-N. Virginia, DC-MD-VA-WV | April 1 to Oct. 31
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Table 3-3. Population Coverage of Modeled Areas

Urban Area (CSA) Modeled All school Active Asthmatic
population | age children school age school age

(thousands) | (thousands) children children

(thousands) | (thousands)

Atlanta 4,548 942 519 100
Boston 5,714 1,098 529 200
Chicago 9,311 1,946 933 300
Cleveland 2,945 582 295 100
Detroit 5,357 1,110 553 200
Houston 4,815 1,076 598 100
Los Angeles 16,349 3,594 1,951 500
New York 21,357 4,084 2,009 600
Philadelphia 5,832 1,179 609 200
Sacramento 1,930 418 226 100
St. Louis 2,754 572 309 100
Washington, DC 7,572 1,473 759 200

The degree of uncertainty can be characterized, sometimes quantitatively. For example,
the statistical uncertainty surrounding the estimated O3 coefficients in the exposure-response
functions is reflected in confidence or credible intervals provided for the risk estimates.

As described in Section 3.1.3 above, we used a Bayesian Markov Chain Monte Carlo
approach to estimate exposure-response functions as well as to characterize uncertainty
attributable to sampling error based on sample size considerations. Using this approach, we
could derive the n™ percentile response value, for any n, for any Oz concentration, x, as described
above (see Section 3.1.3). Because our exposure estimates were generated at the midpoints of
0.01 ppm intervals (i.e., for 0.005 ppm, 0.015 ppm, etc.), we derived 2.5™ percentile, 50"
percentile (median), and 97.5" percentile response estimates for O; concentrations at these
midpoint values. The 2.5 percentile and 97.5™ percentile response estimates comprise the lower
and upper bounds of the credible interval around each point estimate (median estimate) of
response. The median curve, and the upper and lower bounds of the credible intervals are shown
above, separately for each of the three response definitions, in Figures 3-3a, b, and c,
respectively.

As noted above, the exposure-response functions shown in Figures 3-3a, b, and ¢ above
are based on the assumption that the relationship between exposure and response has a logistic
form with 90 percent probability and a linear (hockeystick) form with 10 percent probability. If
we had assumed different probabilities for the two alternative functional forms, the resulting
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exposure-response curves, and the response probabilities associated with exposure to any given
O3 concentration, would have been different. Alternative median exposure-response functions,
with 95% credible intervals, based on an 80 percent logistic/20 percent linear split and a 50
percent logistic/50 percent linear split are shown in Figures 3-4 and 3-5, respectively. The
median exposure-response functions for all three alternative forms are shown for decrements in
FEV; >10% and >15% in Figures 3-6a and b, respectively.

We carried out sensitivity analyses to explore the impact of alternative input values for
two sources of uncertainty that we did not characterize quantitatively. The first set of sensitivity
analyses explore the impact of alternative assumptions about PRB levels in each of three of the
locations included in the risk assessment — Atlanta, Los Angeles, and New York. The second set
of sensitivity analyses explores the impact of different assumptions about the functional form of
the exposure-response function. The results from both sets of sensitivity analyses are presented
in Section 3.3 below.
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Figure 3-4. Probabilistic Exposure-Response Relationships for FEV; Decrement > 10%, > 15%, and > 20% for
8-Hour Exposures Under Moderate Exertion: Comparison of 90% Logistic/10% Linear (Hockeystick) Split and
80% Logistic/20% Linear (Hockeystick) Split in Assumed Relationship Between Exposure and Response*
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Figure 3-5. Probabilistic Exposure-Response Relationships for FEV; Decrement > 10%, > 15%, and > 20% for
8-Hour Exposures Under Moderate Exertion: Comparison of 90% Logistic/10% Linear (Hockeystick) Split and
50% Logistic/50% Linear (Hockeystick) Split in Assumed Relationship Between Exposure and Response*
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Figure 3-6. Median Exposure-Response Functions Using Three Different Combinations of Logistic and Linear
(Hockeystick) Models
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In addition to uncertainties arising from sampling variability, other uncertainties
associated with the use of the exposure-response relationships for lung function responses are
briefly summarized below. Additional uncertainties with respect to the exposure inputs to the
risk assessment are described in Chapter 4 of the Staff Paper and in the Exposure Assessment
TSD (EPA 2006c¢). The main additional uncertainties with respect to the approach used to
estimate exposure-response relationships include:

e Length of exposure. The 8-hour moderate exertion risk estimates are based on a combined
data set from six controlled human exposure studies conducted using 6.6-hr exposures. The
use of these data to estimate responses associated with an 8-hour exposure seem reasonable,
however, because lung function response appears to level off after exposure for 6 hours. It is
unlikely that the exposure-response relationships would have been appreciably different had
the studies been conducted over an 8-hour period.

e Extrapolation of exposure-response relationships. It was necessary to estimate responses at
O3 levels below the lowest exposure levels used in the controlled human studies (i.e., 0.04
ppm). In both the prior review and the current assessment, the response has been
extrapolated down to background levels.

e Reproducibility of Os.induced responses. The risk assessment assumed that the Os-induced
responses for individuals are reproducible. This assumption is supported by the evaluation in
the O3 CD (see section AX6.4), which cites studies by McDonnell et al. (1985b) and
Hazucha et al. (2003) as showing significant reproducibility of response.

e Age and lung function response. As in the prior review, exposure-response relationships
based on controlled human exposure studies involving 18-35 year old subjects were used in
the risk assessment to estimate responses for school age children (ages 5-18). This approach
is supported by the findings of McDonnell et al. (1985a) who reported that children 8-11
years old experienced FEV; responses similar to those observed in adults 18-35 years old
when both groups were exposed to concentrations of 0.12 ppm at an EVR of 35 L/min/m?.
In addition, a number of summer camp studies of school age children exposed in outdoor
environments in the Northeast also showed Osz-induced lung function changes similar in
magnitude to, and in some cases somewhat larger than, those observed in controlled human
exposure studies.

e Exposure history. The risk assessment assumed that the Os-induced response on any given
day is independent of previous Oz exposures. As discussed in Chapter 3 of the Staff Paper
and in the O3 CD, Os-induced responses can be enhanced or attenuated as a result of recent
prior exposures. The possible impact of exposure history on the risk estimates is an
additional source of uncertainty that is not quantified in this assessment. In addition, the
Adams studies were conducted in southern California, where ozone levels are generally
higher than those in Chapel Hill, NC, where the Folinsbee, Horstman, and McDonnell studies
were conducted. However, the Adams studies were conducted when ozone levels were
below the level of the current standard.
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e Exposure-response relationship for all, active, and asthmatic school age children. The risk
assessment used the same exposure-response relationship, developed from data on “healthy”
subjects, for all, active, and asthmatic school age children. Based on evidence from
epidemiological studies, it is likely that moderate to severe asthmatic children would
experience greater lung function decrements than other children without these conditions.
This would tend to lead to the lung function decrements presented in this assessment for
asthmatic children being underestimated. One consideration working in the opposite
direction is that the activity patterns used in the exposure analysis to estimate exposures for
asthmatic children were not specific to asthmatic individuals. To the extent that asthmatic
children, especially those with moderate to severe asthma, are less active or spend less time
outdoors than other children of the same age, the estimates of their 8-hr exposures to O
under moderate exertion may be overstated. This factor would tend to lead to overestimates
of risks for lung function decrements in the asthmatic school age population.

e Interaction between O3 and other pollutants. Because the controlled human exposure studies
used in the risk assessment involved only Oz exposures, it was assumed that estimates of Os-
induced health responses would not be affected by the presence of other pollutants (e.g., SO,
PMs_ s, etc). Some evidence exists that other pollutants may enhance the respiratory effects
associated with exposure to Os, but the evidence is not consistent across studies.

Variability refers to the heterogeneity in a population or parameter. Even if there is no
uncertainty surrounding inputs to the analysis, there may still be variability. For example, there
may be variability among exposure-response functions describing the relationship between O
and lung function across urban areas. Similarly, there may be variability among C-R functions
describing the relationship between Oz and mortality across urban areas. This variability does
not imply uncertainty about the exposure-response or C-R function in any of the urban areas, but
only that these functions are different in the different locations, reflecting differences in the
populations and/or other factors that may affect the relationship between O3 and the associated
health endpoint. In general, it is possible to have uncertainty but no variability (if, for instance,
there is a single parameter whose value is uncertain) or variability but little or no uncertainty (for
example, people’s heights vary considerably but can be accurately measured with little
uncertainty).

The current controlled human exposure studies portion of the risk assessment
incorporates some of the variability in key inputs to the analysis by using location-specific inputs
for the exposure analysis (e.g., location-specific population data, air exchange rates, air quality
and temperature data). Although spatial variability in these key inputs across all U.S. locations
has not been fully characterized, variability across the selected locations is imbedded in the
analysis by using, to the extent possible, inputs specific to each urban area. Temporal variability
is more difficult to address, because the risk assessment focuses on some unspecified time in the
future. To minimize the degree to which values of inputs to the analysis may be different from
the values of those inputs at that unspecified time, we have used relatively recent inputs — in
particular, year 2002, 2003, and 2004 air quality data for the urban locations, and the most recent
available population data (from the 2000 Census). However, future changes in inputs have not
been predicted (e.g., future population levels).
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3.2 Results

Section 3.2.1 presents the results of the assessment of lung function decrement associated
with exposure to “as is” Oz concentrations (representing levels measured in 2004, 2003, and
2002 for all of the assessment locations) over PRB levels, based on controlled human exposure
studies. The corresponding results when O3 concentrations just meet the current and alternative
8-hour daily maximum standards are presented in Section 3.2.2. Section 3.2.2.1 focuses on the
current standard and a set of seven alternative standards, based on adjusting 2004 and 2002 air
quality data. Section 3.2.2.2 focuses on the current standard and a (different) set of five
alternative standards, based on adjusting 2002, 2003, and 2004 air quality data for a subset of
five locations. Results for “as is” O3 concentrations for each of the three years are also included
in the tables of results in Section 3.2.2.2. While all three lung function response measures were
developed and included in the risk assessment, based on CASAC advice and EPA staff
recommendations, the focus of the results discussed in this section is primarily on decrements in
FEV; >15% for all and active school age children and on decrements in FEV; >10% for
asthmatic school age children as an indicator of adverse lung function effects.

All estimated numbers (of children and of occurrences) were rounded to the nearest 1000,
and all percentages were rounded to one decimal place. These rounding conventions are not
intended to imply confidence in that level of precision, but rather to avoid the confusion that can
result when a greater amount of rounding is used.

3.2.1 Assessment of lung function decrement associated with exposure to “as is” O3
concentrations in excess of policy relevant background levels

3.2.1.1 Results for all school age children

The estimated number and percent of occurrences of lung function decrement associated
with exposure to “as is” Oz concentrations over PRB concentrations among all school age
children (ages 5 — 18) engaged in moderate exercise for at least one 8-hour period during the O
season in 2004 is given in Table 3-4; the corresponding table for 2002 is Table 3-5. The
numbers and percents of these children estimated to experience at least one lung function
decrement associated with exposure to “as is” O3 concentrations over PRB concentrations is
given in Tables 3-6 and 3-7, for 2004 and 2002, respectively. The corresponding results for
active children are given in Appendix C. Results for all three measures of lung function
decrement being considered in this analy