Chapter 3

Health Impacts and the Health Risk Reduction
Strategy

2015 Plan for the 1997 PM2.5 Standard
SJVUAPCD




San Joaquin Valley Unified Air Pollution Control District March 17, 2015

This page intentionally blank.

Chapter 2: Health Impacts and the Health Risk Reduction Strategy
PROPOSED 2015 Plan for the 1997 PM2.5 Standard



San Joaquin Valley Unified Air Pollution Control District March 17, 2015

Chapter 3: Health Impacts and the Health Risk Reduction Strategy

Particulate matter (PM) is a mixture of solid particles and liquid droplets in the air. PM
can be emitted directly into the atmosphere (primary PM), or can form as secondary
particulates in the atmosphere through the photochemical reactions of precursors (when
precursors are energized by sunlight). Thus, PM is made up of a number of
components, including acids (such as nitrates and sulfates), organic chemicals, metals,
and soil or dust particles. PM10 is particulate matter that is 10 microns or less in
diameter, and the PM2.5 subset includes smaller particles that are 2.5 microns or less
in diameter (Figure 3-1).

Figure 3-1 Visual Comparison of PM10, PM2.5, Human Hair, and Fine Beach Sand
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3.1 PM2.5 AND ASSOCIATED HEALTH IMPACTS

Any particles 10 microns or less are considered respirable, meaning they can be
inhaled into the body through the mouth or nose. PM10 can generally pass through the
nose and throat and enter the lungs. PM2.5 can be inhaled more deeply into the gas
exchange tissues of the lungs, where it can be absorbed into the bloodstream and
carried to other parts of the body.

The potential health impacts of particle pollution are linked to the size of the particles,
with the smaller particles having larger impacts. Numerous studies link PM2.5 to a
variety of health problems, including aggravated asthma, increased respiratory
symptoms (irritation of the airways, coughing, difficulty breathing), decreased lung
function in children, development of chronic bronchitis, irregular heartbeat, non-fatal
heart attacks, increased respiratory and cardiovascular hospitalizations, lung cancer,
and premature death. Children, older adults, and individuals with heart or lung diseases
are the most likely to be affected by PM2.5. Many studies have quantified and
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documented the health benefits of attaining the U.S. Environmental Protection Agency
(EPA) air quality standards for particulate matter. For example, one 2008 study used
the Regional Human Exposure Model (REHEX) to evaluate potential San Joaquin valley
(Valley) health benefits.’

In addition to particle size, the chemical composition of PM2.5 is a primary factor in the
type and severity of health impacts. There are several PM2.5 species or chemical
compounds, as summarized in the following table.

Table 3-1 Summary of PM2.5 Species

PM2.5 Species

Description

Organic carbon

Directly emitted, primarily from combustion sources (e.g. residential
wood combustion). Also, smaller amounts attached to geologic material
and road dusts. May also be emitted directly by natural/biogenic
sources.

Elemental carbon

Also called soot or black carbon; formed during incomplete combustion
of fuels (e.g. diesel engines).

Geologic material

Road dust and soil dust that are entrained in the air from activity, such
as soil disturbance or airflow from traffic

Trace metals

Identified as components from soil emissions or found in other
particulates having been emitted in connection with combustion from
engine wear, brake wear, and similar processes. Can also be emitted
from fireworks.

Sea salt

Sodium chloride in sea spray where sea air is transported into the Valley

Secondary organic
aerosol

Secondary particulates formed from photochemical reactions of organic
carbon

Ammonium nitrate

Reaction of ammonia and nitric acid, where the nitric acid is formed from
nitrogen oxide emissions, creating nitric acid in photochemical
processes or nighttime reactions with ozone

Ammonium sulfate

Reaction of ammonia and sulfuric acid, where the sulfuric acid is formed
primarily from sulfur oxide emissions in photochemical processes, with
smaller amounts forming from direct emissions of sulfur.

Combined water

A water molecule attached to one of the above molecules

Understanding various PM2.5 species, including how each species is formed, how
much each contributes to the Valley’s total PM2.5 concentrations, and how each is
linked to different public health impacts, is of the utmost importance for the development
of an effective, health-protecting control strategy. For example, ammonium nitrate is
estimated to comprise about 40% of the Valley’s annual average PM2.5 concentrations,
but it is generally regarded as having relatively low toxicity as compared to other types
of PM2.5 species. In contrast, metals have greater health impacts, but are found in
relatively low concentrations in the Valley. Bioaerosols, such as mold spores, bacteria,
pollen, and endotoxins, carry significant health risks for sensitive individuals. Ultrafine

" Hall, J.V., Brajer, V., Lurmann, F.W. (November 2008). The Benefits of Meeting Federal Clean Air Act Standards in
the South Coast and San Joaquin Valley Air Basins. Institute for Economic and Environmental Studies, California
State University, Fullerton. Retrieved from
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particles, or those particles 0.1 microns or less in diameter (PMO0.1), are small enough to
effectively deliver harmful chemicals into the lungs, bloodstream, and the brain, but
typically comprise a very small portion of the Valley’s total airborne PM mass.

In addition to affecting human health, air pollution also affects the health of the natural
environment. PM2.5 can be transported from sources hundreds of miles away to
contribute to visibility problems at remote locations, such as the Sierra Nevada
mountain range and associated national parks. As PM settles out of the air, it can make
lakes and streams acidic, change an ecosystem’s nutrient balance, and affect
ecosystem diversity. PM can affect vegetation by damaging foliage, disrupting the
chemical processes within plants, reducing light adsorption, and disrupting
photosynthesis. This can impact green spaces as well as crops. PM can also stain and
damage stone and other materials. As the Valley progresses toward attainment of
EPA’s human-health-based PM2.5 standards, there will also be less harmful impacts to
the surrounding natural environment.

3.2 WHAT IS THE HEALTH RISK REDUCTION STRATEGY?

The EPA National Ambient Air Quality Standards (NAAQS) are the primary driving force
for new emissions controls that result in air quality improvements and health benefits to
Valley residents. In the conventional planning process for attaining these standards,
success in protecting public health is defined by whether the standards are met at all air
monitors. In effect, the reduction in PM2.5 mass, which shows progress toward
attainment of the standard, serves as the surrogate for population exposure and risk.

Attaining these standards will result in clear and significant health benefits. However,
NAAQS, as currently established, are essentially mass-based standards. In the case of
PM2.5, the current standards do not account for particle size distribution, chemical
species composition, surface area, and other factors of health risk. There is inherent
complexity in documenting the health risks associated with exposure to particles (which
have a wide range of characteristics) as compared to pollutants like ozone (which has
more consistency between molecules).

In contrast, recent health-science research has substantially deepened our knowledge
of air pollutant health risk beyond the current Clean Air Act (CAA) framework and EPA
standards. There is a growing recognition within the scientific community that the
NAAQS alone can be incomplete measures of public exposure to air pollution. Thus,
while the CAA NAAQS and state implementation plan (SIP) process is motivated by
public health, the process alone does not fully address public health impacts of ambient
air pollution. To fully address potential public health benefits, an attainment strategy
can use a more comprehensive, multidimensional population exposure assessment
approach that goes beyond ambient mass measurements.?

2 Lippman, M. (2012, April 16). Presentation: Results from National Particle Component Toxicity (NPACT) Program
and NYU: Toxicology Findings, Integration, and implications. Presented at the Annual Meeting of the Health Effects
Institute (HEI) in Chicago, IL, April 15—-17, 2012. Presentation retrieved from
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EPA policy directly acknowledges the importance of a health risk reduction-based
strategy to maximize public health benefits within a region’s efforts to attain the NAAQS.
EPA’s March, 2012, PM2.5 implementation guidance memo states, “...it is likely that
SIPs for the 2006 24-hour PM2.5 NAAQS may need to include greater emphasis on
reducing emissions from local sources...” EPA’s memo further encourages that states
consider evidence from published literature indicating that reductions of direct PM2.5
have a greater health benefit per ton than reductions of other criteria pollutants, such as
S02 and NOx,* and that providing methods to maximize health benefits and minimize
risk inequality.”

The San Joaquin Valley Air Pollution Control District (District) Governing Board adopted
a research-driven Risk-based Strategy (RBS) designed to maximize public health
improvements resulting from the District’s attainment strategies and related initiatives.
The overall goal of the RBS was to minimize cumulative population exposure to air
pollution and corresponding health risk in the region. In May 2013, the District
Governing Board rebranded this strategy as the Health Risk Reduction Strategy
(HRRS) in response to criticisms and skepticism by a number of air quality advocates,
even though the air quality advocates did not put forward any scientific or policy-
relevant evidence to refute the risk-based strategy, and the fact that the RBS had been
steadily gaining support from both the EPA and the scientific community. Even industry
representatives largely embraced the RBS, even though it targets certain sources for
new air pollution control strategies. This is largely due to the fact that the RBS provides
an assurance of effective controls that produce real air quality benefits. The District has
integrated the HRRS into the development of air quality attainment plans.

3.3 BACKGROUND FOR THE HEALTH RISK REDUCTION STRATEGY

As a response to mounting epidemiological evidence that PM2.5 was more harmful than
PM10, EPA established a PM2.5 NAAQS in 1997 to accompany the previously
established PM10 NAAQS. PM10 occurs at larger mass concentrations than PM2.5, so
the shift to PM2.5 somewhat conflicted with the time-tested toxicological precept of “the
dose (mass) makes the poison.” Particulate inhalation studies found that the smaller
PM2.5 particles penetrate more deeply into the lungs, where particles more effectively
avoid immune system defenses. Toxicological analyses of PM2.5 identified chemical
species that acted differentially to promote respiratory and cardiovascular inflammation.
While it was unclear at that time which PM2.5 chemicals were the most harmful, the
scientific consensus was that the health risks stemmed from the chemicals rather than
the particles themselves.

% U.S. Environmental Protection Agency (2012, March 2). Memorandum from the Office of Air Quality Planning and
Standards: Implementation Guidance for the 2006 24-Hour Fine Particle (PM2.5) National Ambient Air Quality
Standards (NAAQS). Retrieved from

4 Fann, N., Fulcher, C.M., & Hubbell, B.J. (2009). The Influence of Location, Source, and Emission Type in Estimates
of the Human Health Benefits of Reducing a Ton of Air Pollution. Air Quality, Atmosphere & Health, 2(3), 169-176.
doi: 10.1007/s11869-009-0044-0

5 Fann, N., Roman, H.A., Fulcher, C.M., Gentile, M.A., Hubbell, B.J., Wesson, K., & Levy, J.I. (2011). Maximizing
Health Benefits and Minimizing Inequality: Incorporating Local-Scale Data in the Design and Evaluation of Air Quality
Policies. Risk Analysis, 31(6), 908-922. doi: 10.1111/j.1539-6924.2011.01629.x
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In the years since the first PM2.5 NAAQS was established, scientists have conducted
numerous studies that have identified which chemical species of PM2.5 are most
harmful and have pinpointed their sources.® Health researchers have also documented
the negative cardiovascular and immune system effects of ultrafine particles, or
particles that are 0.1 microns or smaller (PM 0.1), based on these particles’ ability to
penetrate the alveolar region of the lungs and deliver chemicals into the bloodstream.
This smaller-is-more-dangerous phenomenon parallels the previous discovery regarding
the higher toxicity of PM2.5 particles compared to larger and heavier PM10 particles. In
each case, the dose-makes-the-poison assumption governing the NAAQS for carbon
monoxide, lead, ozone, and the other criteria pollutants does not apply to particulates.

Addressing the complexity of health risks posed by particulate pollution has been a
motivating factor in the development and application of the HRRS. Rather than ignore
this growing body of scientific knowledge, the District's HRRS seeks to embrace it to the
extent possible within the current CAA to maximize public health benefits. In practice,
this knowledge provides the District with the necessary scientific foundation for justifying
and prioritizing the pollution control measures that are necessary for demonstrating
attainment of federal standards. The outcome is stronger, more health-protective plans
that reflect the current trajectory of scientific knowledge toward a more complete
understanding of population risk from PM2.5 particles.

The NAAQS-SIP process and the HRRS are complimentary strategies, not an either-or
scenario. The HRRS should not be interpreted as a zero-sum tradeoff that emphasizes
controls on certain forms and sources of high-risk PM2.5 while ignoring others. The
current mass-based indicator (micrograms per cubic meter of air) will continue to serve
as the final yardstick for PM2.5 attainment and as a surrogate for achieving significant
health benefits.

A number of the District programs have been influenced by the underlying principles
and goals of the HRRS and provide a model of the success and added potential
benefits possible under this strategy.

e District Rule 4901 (Wood Burning Fireplaces and Wood Burning Heaters)
and the District’s corresponding Check-Before-You-Burn program have
both been reducing harmful species of PM2.5 where and when those reductions
are most needed—in impacted urbanized areas when the local weather is
forecast to hamper PM dispersion. By decreasing emissions from residential
wood burning, Rule 4901 decreases directly emitted PM2.5, as well as carbon
monoxide, formaldehyde, sulfur dioxide, irritant gases, and known and suspected
carcinogens, such as polycyclic aromatic hydrocarbons (PAH). In 2008, the
Central Valley Health Policy Institute found that District wood burning
curtailments on days with high PM concentrations reduced annual PM exposure

® U.S. Environmental Protection Agency [EPA]. (2009). Integrated Science Assessment for Particulate Matter: Final
Report. Washington, D.C.: EPA/600/R-08/139F. Available at
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by about 13% in Bakersfield and Fresno, resulting in an estimated 59 to 121
avoided cases of annual premature mortality.”

Even though the 2008 PM2.5 Plan was developed per EPA requirements for the
1997 PM2.5 standard (with a 24-hour standard of 65 pg/m?), the 2008 plan
included a commitment to amend Rule 4901 in 2009 (with implementation in
2010) to align the wood-burning curtailment threshold with the newer 2006
PM2.5 standard (with a 24-hour standard of 35 ug/m?). Then, based on research
reiterating the effectiveness of Rule 4901 in protecting public health, as well as
public support for a stronger rule, the District amended and implemented Rule
4901 in 2008—one year ahead of the scheduled rule development and two years
ahead of scheduled implementation. The amended rule also set the curtailment
level lower than initially planned (to 30 pg/m?®) to provide an extra margin of
safety and to address air quality forecast uncertainties.

Similarly, the District’'s 2012 PM2.5 Plan committed to amend the District Rule
4901 in 2016 with compliance beginning the winter season of 2016-2017 with an
estimated 1.5 tons per day (tpd) of PM2.5 emission reductions. When the District
Governing Board adopted the 2012 PM2.5 Plan, guided by the HRRS, they
directed the District to amend Rule 4901 in 2014. As a result, the District’s
residential wood burning program was amended in September 2014 with
implementation in the winter season of 2014-2015, two years ahead of the SIP
commitment. The rule was further strengthened and the curtailment threshold
lowered to 20 pg/m®. The combination of the lowered curtailment threshold,
tiered curtailments, increased public outreach and education, and increased
incentive amounts and allocations result in a much greater estimated reduction of
directly emitted PM2.5 emissions during the winter season than the previously
estimated amount of 1.5 tpd.

The significant increase in the number of curtailment days resulting from the
lower threshold has resulted in a parallel reduction in nighttime neighborhood
exposure to PM 0.1, including exposure that has been shown to occur as a result
of indoor infiltration. This aspect of Rule 4901, i.e. reducing the frequency of
elevated exposure to PMO0.1 that induces immune system sensitization and
cardiovascular inflammation, has been carried forward into the HRRS. The
District’s prioritization of Rule 4901 is one of the best examples of a District policy
aimed at maximizing public health benefits based on a rigorous assessment of
population exposure and risk.

! Lighthall, D., Nunes, D., & Tyner, T.R. (2009). Environmental Health Evaluation of Rule 4901: Domestic Wood
Burning. Fresno, CA: Central Valley Health Policy Institute for the San Joaquin Valley Air Pollution Control District.
Retrieved from
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e District grant programs reach beyond the current CAA NAAQS-SIP process to
reduce emissions in advance of or beyond regulations. For example, through the
District’s popular Clean-Green-Yard-Machine grant program, the District has
replaced close to 4,000 high-polluting gas-powered lawn mowers with clean
electric mowers, and through the Burn Cleaner Incentive Program, the District
has replaced over 6,000 high-polluting wood burning devices with cleaner
alternatives. These grant programs result in a decrease in urban, localized
health risks associated with the use of gas-powered equipment and wood
burning devices.

e The District’s information and educational programs, such as the Real-
Time Air Quality Advisory Network (RAAN), also contribute to the HRRS.
RAAN uses real-time data from air monitoring stations throughout the Valley to
provide hour-by-hour air quality updates to schools and other subscribers.
Subscribers can use this information to make informed decisions and plan
outdoor activities for times with the best air quality, reducing potential air quality
health risks. Reflecting the latest science on PM2.5 exposure risk for sensitive
individuals, ambient concentrations of PM2.5 that are used to trigger RAAN
health risk warnings are more health protective than those used in the EPA’s Air
Quality Index.

e The District tracks and sponsors health research. As part of the District’s
HRRS, the District is playing an active role in funding leading edge health
research focusing on the Valley population. In 2010-2011, the District
sponsored the first major epidemiological investigation of health effects of air
pollution in the Valley, focusing on the populations of Modesto, Fresno, and
Bakersfield.® The study found that daily exposure to high PM2.5 concentrations
was significantly correlated with increased daily hospital and emergency room
admission rates for asthma and other respiratory and cardiovascular diseases.
In 2012, the District sponsored a follow-up epidemiological study to examine
which of the chemical species found in Valley PM2.5 are most highly correlated
with elevated ER and hospital admission rates. Results are expected to be
published in the near future. In 2010, the District sponsored a pilot study of PM
0.1 aka ultrafine particles in Fresno. UCSF-Fresno investigated the quantity and
spatial distribution of PM 0.1 plumes from motor vehicles, lawn care equipment,
wood burning, and restaurants. Currently the District is funding a UC Davis
research project to develop a model of PM0.1 population exposure in the Valley
based on previous Valley observational research. PMO0.1 exposure will be
correlated with short- and long-term health effects by making use of the large
body of Valley epidemiological data that has been generated by the previous
studies described above. The District will continue to seek out and fund research
opportunities that further the understanding of PM-related impacts on public
health.

8 Capitman, J.A., & Tyner, T.R. (2011). The Impacts of Short-Term Changes in Air Quality on Emergency Room and
Hospital Use in California's San Joaquin Valley. Fresno, CA: Central Valley Health Policy Institute for the San Joaquin
Valley Air Pollution Control District. Retrieved from
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34 FIVE-FACTOR EXPOSURE ASSESSMENT METHODOLOGY

To qualitatively evaluate the potential risk reduction benefits from various sources, the
HRRS is implemented in air quality attainment plans employing a scientifically based
exposure characterization methodology that draws on the latest scientific understanding
about health risk from PM2.5 exposure.

The District uses a five-factor exposure assessment methodology under the HRRS:

Relevance to attainment
Toxicity of chemical species
Particle size and deposition
Proximity to PM 0.1
Population intake fraction

ahoON=

The qualitative exposure assessment employed is different than a formal risk
assessment. Risk assessment requires the quantification of key elements relating to
emission levels, particle or chemical toxicity, dose-response relationships, and total
population exposure. The primary drawback for formal risk assessment models in a SIP
context is pervasive empirical uncertainty regarding the values of the different elements
listed above. Even if the chemical composition, geographic pattern and volume, and
spatial distribution of emissions from a given source are known, it is very difficult to
isolate and quantify the regional health impacts of emissions from that source because
many other sources are also contributing to PM2.5 exposure. In addition, PM2.5
aerosols undergo photochemical aging over time and space, often resulting in new
secondary organic and inorganic species generated by variable regional source loads
and meteorological conditions. Despite these limitations, it is possible to use a simple
but robust exposure characterization tool for making important qualitative and
categorical distinctions regarding the relative contribution and associated of a given
source to population exposure.

3.4.1 Relevance to Attainment

An important element of the HRRS is the relevance of the emissions reductions to the
Valley’s attainment of EPA’s health-based standards. This portion of the analysis
considers emissions type (such as PM2.5, NOx, or SOx), seasonality of the emissions,
and the percent contribution of that source’s emissions relative to the Valley’s total
emissions inventory. For example, NOx is the limiting factor for ammonium nitrate and
therefore reductions of NOx emissions in the Valley will provide a greater impact to
achieving attainment than reductions of ammonia emissions.

3.4.2 Toxicity of Chemical Species

PM2.5 particles vary in their toxicity depending on their chemical composition. PM2.5
particles are characterized by a widely diverse combination of chemicals depending on
unique regional combinations of meteorology, topography, and pollution sources. In
addition to experimental and clinical research that has identified these toxicity
differences, epidemiological studies have found regional differences in health impacts
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despite comparable regional PM2.5 mass exposure.? Beyond the intrinsic toxicity of
individual chemicals, the unique combinations of chemicals generated by some sources
can actually magnify health risk above and beyond what their mass concentrations
would suggest.”

Many emissions sources evaluated in this plan are sources of direct (primary) PM2.5
emissions characterized by a unique combination of chemical species. Other sources
emit chemical species such as ammonia and nitrogen oxides (NOXx), precursors that
contribute to the formation of secondary PM2.5 species. The PM2.5 chemical species
categories adopted in the exposure characterization model include elemental carbon
(carbon black), organic carbon compounds (OC), metals (elements), ammonium nitrate,
ammonium sulfate, and geological. PM2.5 is regularly speciated at several Valley
monitoring sites. The following discussion provides an overview of PM2.5 species and
their associated health impacts.

Organic carbon (OC): OC species found in PM2.5 aerosol are generated as primary
organic aerosol (POA), predominantly through the combustion of hydrocarbons. Key
POA sources include cooking, industrial processes, mobile source exhaust, prescribed
burning, tire wear, and wood burning." Secondary organic aerosols (SOA) are formed
from the oxidation of motor vehicle hydrocarbons, prescribed burning, wood burning,
solvent use, and industrial processes.

OC is recognized as one of the most biologically reactive of PM2.5 chemical species
categories, with ample evidence of high toxicity found in experimental, clinical, and
epidemiological studies. OC, often in combination with metals such as iron, has been
shown to generate reactive oxygen species (ROS) that drive several different
mechanisms of pulmonary inflammation, including disruption of normal immune system
functioning.’® In addition, OC and metals have been shown to indirectly stimulate ROS
production by macrophages, which are cells responsible for defending the lungs from
pathogens and aerosols.

One of the primary OC species categories is polycyclic aromatic hydrocarbons (PAH).
PAH species fall into two categories: a high molecular weight fraction and a low
molecular weight fraction. The former is found in diesel exhaust and engine oil and is a
significant risk factor for lung cancer.” Low molecular weight PAH is found in other

° Bell, M.L. (2012). Assessment of the Health Impacts of Particulate Matter Characteristics. Research Report 161.
Boston: MA. Health Effects Institute. Retrieved from

"% Kelly, F.J. (2006). Oxidative Stress: Its Role in Air Pollution and Adverse Health Effects. Occupational
Environmental Medicine, 60, 612—616. Retrieved from doi:
doi:10.1136/0em.60.8.612

" U.S. Environmental Protection Agency [EPA]. (2004, October). Air Quality Criteria for Particulate Matter: Final
Report. Washington, D.C.: EPA 600/P-99/002aF-bF. Available at

12 Ayres, J.G., Borm, P., Cassee, F.R., Castranova, V., Donaldson, K., Ghio, A. ... Froines, J. (2008) Evaluating the
Toxicity of Airborne Particulate Matter and Nanoparticles by Measuring Oxidative Stress Potential—A Workshop
Report and Consensus Statement. Inhalation Toxicology 20, 75-99. Retrieved from

13 Landvik, N.E., Gorria, M., Arlt, V.M., Asare, N., Solhaug, A., Lagadic-Gossmann, D., & Holme, J.A. (2007). Effects
of Nitrated-Polycyclic Aromatic Hydrocarbons and Diesel Exhaust Particle Extracts on Cell Signalling Related to
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hydrocarbon combustion particles and serves as a precursor to the formation of an
important OC species category known as quinones. Formed from atmospheric
processing of PAH or within the body (in vivo), quinones have been shown to be one of
the most important drivers of pulmonary oxidative stress, resulting in a host of negative
spillover effects on immune system functioning.’* Quinone formation via chemical aging
of PAH occurs during multi-day winter stagnation events in the Valley. A District-funded
clinical study of asthmatic patients in Fresno found that quinone levels in urine
correlated with sustained (multi-day) high ambient concentrations of PM2.5 and was
accompanied by decreased lung function.'

Elemental carbon (EC): Elemental carbon is found in combustion-based aerosols
produced by mobile exhaust (mainly diesel), wood burning, and cooking (especially
charbroiling). Compared to OC species, there is limited evidence of comparable
impacts on ROS production, pulmonary inflammation, and immune system disruption.
For example, EC appears not to be a significant agent for the induction of inflammation
in macrophage cells, indicating a significantly lower toxicity level relative to OC
species.’® A recent study of PM 0.1-based exposure of EC in mice found modest
cardiovascular effects. Pulmonary inflammation was noted but only at high doses
beyond normal ambient concentrations.”” A recent study in Mexico City found an
association between exposure levels of EC and lung function decrements among
asthmatic and non-asthmatic children.

Characterization of health effects of elemental carbon from human exposure studies is
complicated by the high correlation between EC, OC, and metals emitted by diesel
exhaust. Exposure to EC is a PM2.5 risk factor, although there is more evidence to
date that other chemical species, e.g. metals and OC, found in these particles are the
primary drivers of negative health effects.

Metals: A combination of clinical, experimental, and epidemiological studies have
implicated several of the metals found in PM2.5 with negative respiratory or
cardiovascular outcomes, sometimes in conjunction with the action of OC species. One
of the most important is iron because of its ability to catalyze the production of hydrogen
peroxide, leading to highly reactive hydroxyl radicals (OH). In turn, these highly reactive
chemicals stimulate the production and action of cytokines by macrophages. Cytokines

Apoptosis:Possible Implications for their mutagenic and Carcinogenic Effects. Toxicology, 231, 159—-174.
doi:10.1016/J.tox.2006.12.009

14 Bolton, J., Trush, M.A., Penning, T.M., Dryhurst, G., & Monks, T.J. (2000). Role of Quinones in Toxicology.
Chemical Research in Toxicology, 13(3), 135—-160. doi: 10.1021/tx99

15 Ikeda, A., Vu, KK.-T., Lim, D., Tyner, T.R., Krishnan, V.V., & Hasson, A.L. (2012). An Investigation of the Use of
Urinary Quinones as Environmental Biomarkers for Exposure to Ambient Particle-Borne Pollutants. Science of the
Total Environment (submitted).

16 Vogel, C.F., Sciullo, E., Wong, P., Kuzmicky, P., Kado, N. & Matsumura, F. (2005). Induction of Proinflammatory
Cytokines and C-Reactive Protein in Human Macrophage Cell Line U937 Exposed to Air Pollution Particulates.
Environmental Health Perspectives 113(11), 1536-1541.

7 Vesterdal, L.K., Folkmann, J.K., Jacobsen, N.R., Sheykhzade, M., Wallin, H., Loft, S., & Mgller, P. (2010).
Pulmonary Exposure to Carbon Black Nanoparticles and Vascular Effects. Particle and Fibre Toxicology 7:33.
Retrieved from doi: 10.1186/1743-8977-7-33

18 Barraza-Villarreal, A., Escamilla-Nufiez M.C., Hernandez-Cadena L., Texcalac-Sangrador. J.L., Sienra-Monge,
J.J., Del Rio-Navarro, B., Cortez-Lugo, M., Sly, P.D., & Romieu, I. (2011). Elemental Carbon Exposure and Lung
Function in Schoolchildren from Mexico City. European Respiratory Journal, 38, 548-552.
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are cell-signaling molecules that are critical to normal functioning of the immune system.
A recent experimental study examined the impact of iron in silica particles in triggering
respiratory toxicity.19 Compared to silica particles with no iron, silica particles with iron
were found to have a significantly greater effect on oxidative stress via hydrogen
peroxide production with subsequent stimulus of cytokines by macrophages.

Extensive research relates exposure in metals (particularly nickel and vanadium) in
PM2.5 to cardiovascular effects. A national epidemiological study recently found that
communities with higher fractions of nickel, vanadium, and EC in their PM2.5 also had
higher risk of cardiovascular and respiratory hospitalization.?’ Specifically,
cardiovascular hospitalizations were 26% higher in counties with a nickel fraction in the
75™ percentile versus counties with nickel in the 25% percentile. In an investigation of
the relatively higher association between PM2.5 daily concentrations and daily rates of
cardiovascular mortality in New York City, the exceptionally high level of nickel and
vanadium resulting from residual oil fly ash used for heating and as fuel for ships were
identified as a principle cardiovascular risk factor.?’ In a related study, rats exposed to
PM2.5 with high fractions of chromium, iron, and nickel fractions responded with
significantly reduced heart rate variability and increased heart rates, each being an
indicator of cardiovascular disruption and risk.??

In conclusion, metals found in PM2.5 produced from combustion of coal, residual oil,
diesel fuel, and motor oil are recognized as chemical drivers of cardiovascular and
respiratory morbidity and mortality. This has led some researchers to conclude that
regional differences in U.S. cardiovascular mortality that cannot be explained by
differences in average daily PM2.5 concentrations are likely to be caused by regional
differences in coal combustion and resultant exposure to metals and OC.%

Ammonium nitrate: Ammonium nitrate (nitrate) is classified as a secondary inorganic
species (not directly emitted) primary source of PM2.5, and it does not contain carbon.
Nitrate is formed by atmospheric reactions between two precursors: ammonia and nitric
acid. Prior to this reaction, nitric acid generally originates from the chemical processing
of nitrogen oxides (NOx), largely from fuel combustion during multiday stagnation
events. As seen in the following figure, nitrate is significant because it can contribute up
to almost 40% of PM2.5 mass on an annual average day basis.
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