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SUMMARY
Introductions

Henry started the meeting at 5:30 p.m. Everyone introduced themselves and what their role was/why
they were on the committee. The group then went on to provide updates on the assigned areas for
further research.
Leaded Fuel Replacement Schedule (Assigned to the Port of Portland)
Sam provided information on what the replacement schedule is for leaded fuel. The program is being
spearheaded by the FAA. The project is broken into two different phases. The first phase involved an
RFP for fuel companies to be selected to look at developing alternative fuels. Those ten companies will
then submit 100 gallons of fuel to be tested at the FAA’s laboratory to determine which best meet the
requirements for the drop-in fuel alternative. The FAA will then select the companies that will go on to
the second phase.

The second phase of the program will select two candidate fuels from the initial pool of ten. These fuels
will be tested in aircraft engines. . Based on the aircraft engine testing, the FAA will certify the
replacement fuel for use by the aviation community at large. The FAA will also determine which aircraft
cannot use the replacement fuel as a drop-in and determine what modifications to engines will need to
be made in order for the fuel to be used in these aircraft. Finally, FAA will develop engine modification
and subsequent engine certification procedures for these engines. During Phase II, FAA will also develop
a fuel deployment plan. The timeline for the replacement fuel is to have a certified product available for
use by 2018. After that 2018 date, FAA then has four years to implement the deployment plan for the
transition of aircraft to the use of nonleaded fuel. How the program will be rolled out is unknown at this
time, as the plan will depend on a variety of factors that have not been identified or vetted yet.
Bob said that there is an alternative form of fuel that is automotive fuel without ethanol in it called
mogas. Some of the smaller aircraft can use this fuel without any modifications. The challenge is the
availability of the fuel. The state of Oregon has a mandate that requires all vehicle fuel to have a certain
percentage of ethanol in it. He said that he knows there are two gas stations off of TV Highway that do
sell it.
Cost Impacts of Leaded Fuel Alternatives (Assigned to Mike Gallagher)
Mike suggested there be an informal meeting with Hillsboro Aviation to ask what their plan is for looking
at replacing their aircraft as they age with aircraft that don’t use leaded fuel. He also is curious to know
if they have looked at converting some of their aircraft to use alternative fuels. There is a company in
Texas that has identified a way to convert training aircraft to use diesel fuel instead of leaded fuel.
Henry said he thinks it would be beneficial to see a matrix that outlines the different types of fuel
available now and what the costs associated with using them are.
Henry asked if the Port has the infrastructure to add additional fueling facilities when the new fuel is
available. Steve stated that the Port is not the fuel distributer at HIO. It is all the responsibility of our
tenants. The FAA says either the airport sells the fuel in a monopoly situation or the tenants/FBOs are
responsible for the fueling. At HIO, there are four fuel retailers. They all have individual tank systems
that they manage that are their own. Mike suggested that possibly there be a discussion with the fueling
suppliers at HIO to see if one of them would be willing to sell mogas as an alternative fuel. Steve
suggested that if the subcommittee is interested in exploring this further, they look at using the
resources on the HARE committee (AOPA, HABA, etc.) to survey pilots to see if they could use mogas
now. Bob offered to go to AOPA to see how many aircraft currently could use mogas. Steve offered to
have the Port explore how Independence Airport (the only airport in Oregon that has mogas available)
gets their fuel and their distribution model. Steve said it is important to show the businesses on the
airfield that sell fuel that there is a market for mogas.

Health Impacts on Individuals (Assigned to Henry Oberhelman)
Henry asked how to determine what blood lead levels would occur in people exposed to particular
blood lead levels. He would like to be able to correlate the two pieces of information together: if the
level of lead in the air is x amount near the airport, what does that translate into for a blood lead level.
David said the EPA is currently updating national ambient air quality standard that looks at maximum
levels for a certain level of acceptable risk. The information looks at a variety of sources including
toxicological data. Bob said that nothing he has read shows where the level of lead is coming from.
Steve suggested that it could be worth following up with the Oregon Health Authority and the
Washington County Health Authority, who were on the CPO 9 discussion panel on lead, to see if they
could assist Henry in accomplishing his goal. Mike said that none of the research that he has seen that
shows there is a direct connection between living next to an airport and elevated blood levels. Brooke
said that she would check to make sure the EPA Federal Register information on the reduced national
ambient air quality standard maximum level from the last revision done by EPA is on the SharePoint site
for the committee to review.
Lead Level Measurements and Modeling at HIO (Assigned to the Port of Portland)
Sam gave an overview of the modeling that has been done on lead emissions for the airport. Sam said
one of the key things to keep in mind is that just because there is the amount of pollutants emitted does
not directly translate to an ambient concentration of that pollutant in a given location. There are a
variety of factors that affect the way that pollutants move around in the atmosphere, including where
the pollutants are emitted, meteorology, and topography. When DEQ first did their Portland Air Toxics
analysis for 2005, they used the emission inventory at the airport and considered all the pollutants to be
emitted on the airport, at ground level, without taking into consideration that aircraft are moving both
vertically and horizontally. In other words, they assumed all the lead emissions would be concentrated
at the airport without being dispersed anywhere else. They then worked with the Port to figure out how
to model emissions more accurately based on a more realistic placement of aircraft in the airshed, but
still using their own dispersion model to predict the resulting ambient concentrations of lead. DEQ used
a conservative approach to determine if there was a potential exceedance of the benchmark, using 2017
operational forecast numbers. The results of DEQ’s refined modeling indicated that the maximum
ambient lead concentrations would be well below the benchmark.
The Port also did an analysis using a consultant, CDM. CDM is an expert on air quality dispersion
modeling to predict ambient pollutant concentrations from airport sources. When CDM did their study,
they found that the maximum predicted lead concentration at the fence line was 37 times below the
EPA standard of .15 micrograms per cubic meter. The modeling used by CDM is the FAA’s required
model for developing emissions inventories and conducting dispersion modeling.
The results of the DEQ refined modeling effort and CDM’s modeling effort were very similar. Based on
this information, DEQ decided not to address lead emissions as part of their action plan, as there were
not any indicators that the emissions would exceed the EPA’s national air ambient quality standard or
DEQ’s health protective benchmark.
Mike asked if you could deduce that because the modeling shows that the airport is within compliance
with the standards for EPA, there is not a human health risk from leaded fuel. David said that while the
airport is significantly lower than the ambient air quality standard, the EPA notes that the standard was
developed with acceptable risk, not no risk. They do include their documentation that there is no
identified safe level of blood lead concentration for humans. Mike asked if the group could take the
modeling information from the airport to one of the health authorities to determine if kids that have

higher exposure levels in Hillsboro can be attributed to the leaded fuel at Hillsboro. Sam said that one
would want to talk to a toxicologist to analyze the data. Mike said that the Port should pay for a study to
analyze the two data sets of the health effects and the ambient air quality information to show whether
or not the issue can be correlated.
Public Comment
Henry asked the audience if they had anything they would like to contribute to the discussion. Vernon
Mock said to get rid of Hillsboro Aviation.
Miki Barnes said that the Oregon Health Authority did a great disservice at the meeting last week. She
and Jim talked with the Oregon Health Authority last year and they said their data is not valid. The
airport does need to do blood level testing of kids around the airport. There are studies that show living
next to the airport does increase lead levels. Dr. Denny’s comment at the forum was dismissive and she
followed up with him afterward. She got an email from him in writing that there is no safe level of lead
and they are committed to removing all lead level sources from the environment.
Jeff Lewis said that the Port needs to take ownership of the airport and pay for the blood level testing.
Jim Lubischer said that the report from the CDC says that there is no safe level of lead. The EPA study of
the 17 airports shows that all the airports do have lead, which is bad. It is a terrible neurotoxin. To rely
on benchmarks of .15, we can do better than that.
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LEADED AVIATION GASOLINE (AvGas) REPLACEMENT
SCHEDULE PHASES I and II and SUPPORTING DOCUMENTS
October 28, 2013
Attachments:
1) Leaded AvGas Replacement Schedule – Phase I and Phase II (Port of Portland)
2) Request for Proposals for AvGas Unleaded Fuel Replacement, June 10, 2013 (FAA)
3) Unleaded AVGAS Transition Aviation Rulemaking Committee FAA UAT ARC Final
Report – Part I – Body: Unleaded AVGAS Findings & Recommendations, February 17,
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Leaded AvGas Replacement Schedule – Phase I and Phase II
(Port of Portland)

Leaded Avgas Replacement Schedule
The Unleaded Avgas Transition (UAT) Plan is FAA’s long term mitigation strategy to find a replacement
for leaded fuels. FAA developed a roadmap for Avgas readiness levels that identifies milestones in the
aviation gasoline development process. FAA established centralized testing of candidate unleaded fuels
which would generate standardized qualification and certification data and a solicitation and selection
process for candidate unleaded aviation gasoline for the centralized testing program. In Phase 1 of the
testing program, up to 10 fuels will be selected for rig and property testing. In Phase 2, two fuels will be
tested in engines and aircraft.

FAA established a collaborative industry-government initiative called the Piston Aviation Fuels Initiative
(PAFI) to implement the UAT PAFI recommendations to facilitate the development and deployment of
an unleaded avgas with the least impact on the existing piston engine aircraft fleet.

Phase I
Laboratory testing of candidate replacement fuels
Components
•
•
•

FAA developed ASTM specifications for replacement fuel
10 suppliers to participate in developing candidate fuels
Each will submit 100 gallons of fuel for Phase I testing at FAA’s William J Hughes Technical
Center laboratory

Dates:
June 10, 2013: FAA issued a request for candidate fuel producers to submit unleaded fuel formulations
to be evaluated as replacements for 100L
July 1, 2014: Prospective fuel suppliers to submit data packages for candidate replacement unleaded
fuel formulations to FAA for evaluation.
September 1, 2014: FAA will select up to 10 suppliers to participate in Phase 1 testing
Mid 2014: FAA will establish testing protocols and methods
2014: Laboratory testing of fuels
Early 2015: FAA will determine which fuels will go on to Phase II
2015: FAA will establish testing vehicles

Phase II
Engine and aircraft testing of candidate replacement fuels
Components
•
•
•
•

Test 2 candidate replacement fuels, selected from initial pool of 10, in aircraft engines
Determine aircraft that cannot use replacement fuel as a drop-in, and conduct engine
modification and testing with new fuel
FAA certification of replacement fuel
Deployment of replacement fuel

Date
Mid 2015 – Late 2016: Conduct aircraft engine testing
2017: Review data and publish reports from Phase II
2018: Conduct engine modification testing
2018 – 2022: Implement deployment plan for replacement fuel
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Executive Summary
Aviation gasoline (AVGAS) is a vital element of the piston engine aircraft safety system.
Approximately 167,000 aircraft in the United States and 230,000 worldwide rely on 100 low
lead (100LL) AVGAS for safe operation. 100LL is also the only remaining transportation fuel in
the United States that contains the additive tetraethyl lead (TEL). The AVGAS used today has its
origins in the development of the high power aircraft engines necessary to enable reliable and
economical military and commercial flight. TEL has been used as an AVGAS additive for
decades to create the very high octane levels required to prevent detonation (engine knock) in
high power aircraft engines. Operation with inadequate fuel octane can result in engine failure
and aircraft accidents.
Petitions and potential litigation from environmental organizations regarding lead-containing
AVGAS have called for the US Environmental Protection Agency (EPA) to consider regulatory
actions to eliminate or reduce lead emissions from aircraft. Similar regulatory actions are under
consideration globally. These activities raise concerns about the continued availability and use
of leaded AVGAS. Worldwide uncertainty and concern exists amongst piston aircraft
equipment manufacturers, AVGAS producers, AVGAS distributors, fixed base operators, aircraft
owners and aircraft operators regarding:
(a) Future utility and value of existing aircraft
(b) Availability and cost of aviation gasoline to maintain viable business operations
(c) Justification of new aviation product development
(d) Justification of new aircraft purchases.
With the current number of piston aircraft in the US alone more than 200 times larger than
annual new aircraft production, the turnover rate of the existing fleet is very low. This low
turnover rate leaves existing piston engine aircraft owners particularly vulnerable to
devaluation of their aircraft should an unleaded replacement AVGAS be incompatible with the
existing fleet. This vulnerability, combined with the stagnation of new aircraft sales and an
overall deteriorating economic condition within the aviation industry, has created a sense of
urgency regarding the development and deployment of an unleaded AVGAS that meets the
performance demands of the current fleet.
In response to the rapidly increasing concerns expressed by the General Aviation community,
the Unleaded AVGAS Transition Aviation Rulemaking Committee (UAT ARC) was chartered on
January 31, 2011, by the Federal Aviation Administration (FAA) Administrator to investigate,
prioritize, and summarize the current issues relating to the transition to an unleaded AVGAS;
and to recommend the tasks necessary to investigate and resolve these issues. The committee
was also tasked to provide recommendations for collaborative industry-government initiatives
to facilitate the development and deployment of an unleaded AVGAS with the least impact on
the existing piston-engine aircraft fleet. The committee was comprised of key stakeholders
from the General Aviation community including aviation trade/membership associations,
aircraft and engine manufacturers, petroleum and other fuel producers, the EPA and the FAA.
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The UAT ARC has identified the following issues that must be considered in any effort to
transition the aviation industry to an unleaded AVGAS:
An unleaded replacement fuel that meets the needs of the entire fleet does not
currently exist.
No program exists that can coordinate and facilitate the fleet-wide evaluation,
certification, deployment, and impact of a fleet-wide replacement AVGAS.
No market driven reason exists to move to a replacement fuel due to the limited size of
the AVGAS market, diminishing demand, specialty nature of AVGAS, safety, liability, and
the investment expense involved in a comprehensive approval and deployment process.
No FAA policy or test procedures exist to enable fleet-wide assessment and certification
of a replacement unleaded fuel.
There is no standardized method for communicating to the industry and end-users the
impacts posed by a newly proposed fuel.
In response to these issues the UAT ARC has developed five Key Recommendations and
fourteen additional recommendations to facilitate the transition to a fleet-wide replacement
AVGAS. The UAT ARC respectfully submits these recommendations accompanied by the
supporting material contained in this report and eagerly awaits FAA feedback and questions.

Key Recommendations:
1) The UAT ARC recommends implementation of the “Fuel Development Roadmap –
AVGAS Readiness Levels (ARL)” developed by the UAT ARC that identifies the key
milestones in the aviation gasoline development process and the information needed to
support assessment of the viability of candidate fuels in terms of impact upon the
existing fleet, production and distribution infrastructure, environment and toxicology,
and economic considerations. (See Section 4.2.1)

2) The UAT ARC recommends centralized testing of candidate unleaded fuels at the FAA
William J. Hughes Technical Center (Tech Center) funded by government and industry
in-kind contributions. Centralized assessment and testing would generate standardized
qualification and certification data that can be used by the fuel developer/sponsor to
support both ASTM specification development and FAA fleet-wide certification
eliminating the need for redundant testing. (See Section 4.3)

3) The UAT ARC recommends the establishment of a solicitation and selection process
for candidate unleaded aviation gasolines for the centralized fuel testing program. This
process should include a FAA review board with the technical expertise necessary to
evaluate the feasibility of candidate fuels. (See Section 4.3.2)

4) The UAT ARC recommends the FAA establish a centralized certification office with
sufficient resources to support unleaded aviation gasoline projects. (See Section 4.4)
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5) The UAT ARC recommends the establishment of a collaborative industry-government
initiative referred to as the Piston Aviation Fuels Initiative (PAFI) to implement the UAT
ARC recommendations in this report to facilitate the development and deployment of
an unleaded AVGAS with the least impact on the existing piston-engine aircraft fleet.
The overall objective of this initiative is to identify candidate unleaded aviation
gasolines, to provide for the generation of qualification and certification data on those
fuels, and to support fleet-wide certification of the most promising fuels. (See Section
4.5)
The 14 additional UAT ARC recommendations are detailed in Section 4 and support various
components of the 5 key recommendations to transition to a fleet wide replacement AVGAS.

Implementation of Recommendations – Piston Aviation Fuels Initiative
The UAT ARC believes that an integrated strategy for implementation of its recommendations
provides for the greatest opportunity for a successful transition. This implementation will
require an estimated $57.5M of public funds and $13.5M of industry in-kind support over 11
years. PAFI is the vehicle for implementation of this strategy. The components of PAFI will
include an FAA Fuel Testing Program, FAA Centralized Certification Office and a PAFI Steering
Group (PSG). The PSG will be composed of industry stakeholders and serves to marshal industry
expertise and to facilitate FAA’s testing and certification processes. It is important to note that
the costs associated with the PAFI initiative do not include aircraft and engine recertification
and incorporation of potential aircraft modifications to the existing fleet that might be
necessary to accommodate any new fuel (see Section 5.5.2). It is impossible to quantify these
costs without a clearer picture of the properties of the fuels that emerge from the PAFI
program, but it is clear that it will represent a significant investment by industry.
The overall objective of PAFI is to utilize industry experts to support an FAA process that
identifies candidate unleaded aviation gasolines, provides for the generation of qualification
and certification data on those fuels, supports fleet-wide certification of the most promising
fuels and facilitates deployment of those fuels throughout the industry. The UAT ARC has
provided significant details on the creation, operation, costs and tasks to be performed under
PAFI in section 5.0.
The projected activities, milestones, estimated resources, and estimated funding required for
PAFI and the FAA to accomplish the above activities are presented in this report. The UAT ARC
considers the adoption of these recommendations to be critically important to the health and
welfare of the national economy due to the significant role that General Aviation and piston
engine-powered aircraft play in our aviation transportation system and this nation’s production
of goods and services.
In the construction of these recommendations, alternate scenarios were examined that did not
address the key issues identified in this executive summary and hence reduced the direct
expense of the effort. These scenarios, however, carried significant risk of fleet impact, the risk
of environmental regulatory action, prolonged economic uncertainty and substantive
devaluation of consumer property.
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1. Background
1.1. Value of General Aviation
Over the past century, General Aviation, which includes all flying except for military and
scheduled airline operations, has become a significant and integral part of the U.S. economy
creating millions of jobs and making a positive impact on the U.S. balance of trade. The United
States continues to be one of the world leaders in the design, manufacture, and use of General
Aviation airframes, engines, avionics, and supporting technologies.
General Aviation is a key catalyst for economic growth and has a profound influence on the
quality of life in the United States. General Aviation today touches nearly every aspect of our
daily lives, and its continued success will shape American society and the American economy
over the next century.
The Societal and Economic Impacts of General Aviation and piston-engine aircraft are a key
component of our nation’s transportation infrastructure and economy. There are 5,261 publicuse airports that can be directly accessed by General Aviation aircraft—more than ten times the
number of airports served by scheduled airlines. These public use airports are the only available
option for fast, reliable, flexible air transportation to small and rural communities in every
corner of the country. General Aviation directly supports jobs in these communities, provides a
lifeline for small to mid-sized businesses, and provides critical services to remote cities and
towns, particularly in time of natural disaster or crisis. In addition, there are an estimated
11,500 additional private landing facilities in the nation giving additional rural access when
necessary. As a result, General Aviation is uniquely situated to serve some of the public’s most
crucial transportation needs.
The economic impact of General Aviation is also significant representing more than one percent
of the U.S. GDP. General Aviation contributes to the U.S. economy by creating manufacturing
output, employment, and earnings that would not otherwise occur. Direct impacts, such as the
purchase of a new aircraft, multiply as they trigger transactions and create jobs elsewhere in
the economy (e.g., sales of materials, electronics, and a wide range of other components
required to make and operate an airplane). Indirect effects accrue as General Aviation supports
other facets of the economy, such as small business, rural economies, and tourism. Directly or
indirectly, General Aviation accounted for over 1.25 million high-skill, high-wage jobs in
professional services and manufacturing in 2005 (with collective earnings exceeding $53 billion)
and contributed over $150 billion to the U.S. economy. General Aviation is one of the few
remaining manufacturing industries that still provide a significant trade surplus for the United
States generating nearly $5 billion in exports of domestically manufactured airplanes.
Often, General Aviation is thought of as recreational aviation, but there are many commercial
and governmental operations that fall within this category of flying.
General Aviation is a particularly critical resource in rural and remote parts of the nation where
surface transportation is limited or non-existent. In the State of Alaska for example, General
Aviation is often the only means of transporting food, clothing, fuel, and all other forms of life
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sustaining supplies throughout the state. The Alaska Department of Transportation Aviation
Division estimated that in 2007 aviation contributed $3.5 billion directly and indirectly to the
state economy and supported 47,000 jobs. This accounts for 8 percent of state GDP and 10
percent of average employment, making aviation the 5th largest employer in the state. General
Aviation makes up by far the vast majority of aviation activity in the State of Alaska. While
Alaska is the most extreme example of dependence on General Aviation, other rural and
remote areas of the country in the other 49 states also depend heavily on General Aviation for
their transportation and supply needs.
General Aviation also plays an important role in supporting air carrier and military flying.
General Aviation piston powered aircraft are utilized in most, if not all training programs for
commercial pilot training. Both single and multiengine piston aircraft serve as the primary and
advanced training aircraft at the flight schools and University aviation programs that train
today’s and tomorrow’s airline pilots. The military uses piston engine General Aviation aircraft
in training programs such as the United States Air Force’s Initial Flight Screening Program (IFS).

General Aviation Facts
 Piston engine aircraft, those aircraft that use AVGAS and are directly
impacted by this issue, account for 73% (167,000 aircraft) of the U.S.
General Aviation fleet.

 Over two-thirds of all the hours flown by General Aviation aircraft are
for business purposes.

 General Aviation is the primary training ground for most commercial
airline pilots.

 In the U.S., General Aviation aircraft fly almost 24 million hours and
carry 166 million passengers annually.

 225 million gallons of aviation gasoline were produced within the U.S.
in 2010 reflecting $1.3 billion in revenue.

 Production of aviation gasoline has declined on average approximately
6.5 million gallons per year since 1981.
Figure 1.0 – General Aviation Facts
Refer to the following link at the General Aviation Manufacturers Association for statistics on
the general aviation fleet and operation.
http://www.gama.aero/files/GAMA_DATABOOK_2011_web.pdf
Refer to the following link to the U.S. Energy Information Administration for historical data on
domestic production of aviation gasoline.
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MGAUPUS1&f=A
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1.2. History of Leaded Aviation Gasoline
Aviation Gasoline evolved to its present state out of the need for maximized engine
performance by producing the greatest possible power output per unit weight under all
environmental conditions. The development of piston engine technology in the first decades of
human powered flight was directly responsible for the evolution of ever larger, faster and more
capable aircraft. This advance in engine power to weight ratio was directly attributable to
advances in fuel technology.
After years of laboratory and practical testing of some 30,000 chemicals and compounds, in
1921 General Motors Corporation discovered that a lead compound called TEL could
significantly improve the anti-detonation characteristics of gasoline. The anti-knock qualities of
TEL was many orders of magnitude greater than any other chemical or metal researched and
adding only small amounts of the lead compound to gasoline could have dramatic results. It
was quickly learned that by increasing the anti-knock characteristics of the fuel or what became
known as the octane rating, engines could be developed to produce significantly greater power
output. By 1944 the war effort dramatically accelerated the advancement of piston powered
aircraft technology to its zenith that coincided with the development of the highest octane,
widely available fuel ever produced with a lean motor octane rating of 115. The fuel was
referred to as 115/145 and contained a maximum of 4.6 grams per gallon of TEL.
In the 1950’s, commercial aviation reached its pinnacle of aviation gasoline use and General
Aviation was rapidly growing in the United States. During this decade there were six grades of
aviation gasoline commonly produced ranging from a low of 73 octane up to the 115 octane
fuel required for many military and commercial piston powered aircraft. However, the change
in propulsion technology from piston to turbine engines was well underway in the military and
finding its way into the commercial fleet. This marked the beginning of the long-standing
decline in aviation gasoline production to this day.
In 1970, the original Clean Air Act was passed by Congress and this legislation targeted lead as
one of the primary emissions to be controlled. Accordingly, regulations were introduced by the
newly formed Environmental Protection Agency to reduce and eventually eliminate lead from
motor vehicle fuels. However, while lead emissions from aviation were to be studied no
specific action to remove lead from aviation gasoline was undertaken.
The public awareness and legislative/regulatory pressure to remove lead from fuels and the
rapid decline in aviation gasoline consumption brought about by the transition of the
commercial and military aircraft fleet to turbine engines made it economically infeasible to
continue to produce multiple grades of aviation gasoline. A period of consolidation occurred in
the 1970’s and 1980’s leading to the one grade of aviation gasoline available today; 100 octane
low lead (100LL) which contains a maximum of 2.0 grams per gallon of TEL. This represented a
roughly 50% reduction in lead emissions per gallon from the time when 115/145 fuel was
commonly used by the airlines and the military. Lead emissions were further reduced as
consumption of high octane aviation gasoline was replaced by jet fuel.
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Like any good compromise, 100LL was not the best fuel for all aircraft. Those aircraft requiring
the highest possible octane characteristics designed for 115/145 AVGAS were required to
operate at lower power settings causing adverse impacts in payload capacity, takeoff distances,
altitude and other performance characteristics. Conversely, low compression engines found in
the light end of the General Aviation fleet found 100LL to contain too much lead for their best
operation resulting in lead fouling of spark plugs and sticking valves among other difficulties.
For the bulk of the General Aviation fleet though, 100LL proved to be an acceptable fuel and
most of the aircraft and engines produced since the 1970’s were designed around the octane
characteristics of 100LL.

Figure 2.0 - Historical AVGAS TEL Content, Ref ASTM D910

1.3. Drivers for Development of Unleaded Aviation Gasoline
With passage of the Clean Air Act Amendments in 1990 new regulations were promulgated by
the EPA to eliminate lead from the gasoline powering non-road engines and vehicles. It was
feared at that time that aviation gasoline might be considered a non-road fuel and thus be
subject to the lead elimination deadline in 1995. This sparked the beginning of serious
exploration to remove lead from AVGAS while attempting to preserve the performance
characteristics of the fuel and thus aviation safety. Over the ensuing 15 years, considerable
research was undertaken by the aviation and petroleum industries to develop a direct
replacement for 100LL without the use of lead. The FAA’s William J. Hughes Technical Center
played a key role in this effort. Test procedures were developed and numerous compounds
and additives were tested including a matrix of 245 fuels examined in a blind round robin test
overseen by the Coordinating Research Council. Forty-five of the most promising blends were
examined more closely in full-scale engine testing. However, none of the fuels could satisfy all
the performance requirements of 100LL.
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With the threat of law suits by environmental groups, a potential EPA endangerment finding for
lead emissions from aircraft, and mounting concern for the long-term availability of TEL, a
group of organizations representing aviation consumers, manufacturers, and petroleum
producers and distributors gathered together under the banner of the Aviation Gasoline
Coalition to examine the state of the fuel marketplace. They examined research into unleaded
fuels, the legal and regulatory landscape and fuel producibility and availability. The conclusion
was that there were no technically feasible and safe options for high octane unleaded gasoline
that would satisfy the existing fleet, though several research efforts were underway. Further,
there was considerable uncertainty about the cost and availability of candidate fuels that came
closest to approximating the performance of 100LL and recognition that these candidate fuels
could not safely meet the high horsepower needs of the fleet.
It was also recognized that
while the high performance portion of the fleet represented a minority of aircraft
(approximately 30 percent), these aircraft used a majority of the AVGAS (estimated to be 70 to
80 percent) by virtue of their higher fuel consumption per hour and concentration of these
aircraft in commercial/business operations that fly far more hours relative to the broader
General Aviation community. This meant that any unleaded fuel solution needed to be of the
highest practicable octane level to satisfy that portion of the fleet that consumes the majority
of the fuel
Economic considerations play a role including the ability to produce any new fuel in large
quantities and in a cost-effective manner. Dual fuel solutions such as a high octane unleaded or
partially leaded fuel for the high performance aircraft and a low octane unleaded fuel for the
remainder of the fleet were considered. Upon careful examination, it was concluded that the
volumes of consumption and cost for dual infrastructure would prohibit any widespread
availability of two grades of aviation gasoline. In other industries where leaded fuel has been
phased out, attrition of the fleet has been the primary means of implementing the change.
However, the General Aviation fleet has an average age of 39 years, and growing, indicating
that conversion to unleaded fuel by attrition is not viable in the near term and that
recertification of the existing fleet to any new fuel would be required.
The formidable combination of technical and economic barriers to developing a satisfactory
and safe replacement unleaded fuel, combined with the never before attempted challenge of
recertifying the entire General Aviation piston fleet, will require the expertise and support of
entities involved in aviation aircraft, engine and gasoline production, testing, distribution, sale,
and use along with regulatory bodies such as the Environmental Protection Agency and the
Federal Aviation Administration. Accordingly, the General Aviation AVGAS Coalition made a
formal request to the FAA for the creation of a Federal/Private partnership to examine the full
range of issues associated with replacing leaded aviation gasoline with an unleaded alternative
that would satisfy the needs of the existing fleet. In January of 2011, the FAA responded by
chartering the UAT ARC whose membership includes representatives of aviation gasoline
producers and distributors, aircraft and engine manufacturers, aircraft owners and pilots, fixed
base operators and environmental and aviation regulatory agencies. Friends of the Earth, an
environmental organization pursuing legal action regarding lead emissions from aviation
gasoline, was invited to participate but declined.

2. UAT ARC Committee
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2.1. FAA Charter
The UAT ARC was established in response to a July 2010 petition from the General Aviation
Coalition with the official Charter signed by the FAA Administrator on January 31, 2011. The
period of performance was initially designated as being six months. The term of the Charter
was subsequently extended in June 2011 by an additional six months to January 31, 2012. A
copy of the Charter is included in Appendix A. The UAT ARC functioned under the provisions of
FAA ARM Committee Manual ARM-001-015 latest Rev 38 which may be accessed at the
following link.
http://www.faa.gov/regulations_policies/rulemaking/committees/arac
The FAA establishes an ARC to solicit the public’s input on issues with potential regulatory
implications and to exchange ideas with representatives of industry. The ARC serves in an
advisory capacity with the work product being a final report presenting findings and
recommendations. The UAT ARC goals and tasks as specified by the Charter are summarized as
follows.

Goals
Recommend a framework and implementation plan to guide the General
Aviation community towards the deployment of an unleaded AVGAS as an
alternative to 100LL
The committee is NOT tasked with identifying a specific fuel

Tasks
Investigate, prioritize, and summarize issues relating to the transition to an
unleaded AVGAS
Identify key issues
Recommend tasks necessary to investigate and resolve key issues
Provide recommendations for a joint industry-government framework to
facilitate the development and deployment of an unleaded AVGAS
Provide a report with recommendations by January 31, 2012
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2.2. Membership
The UAT ARC membership represented many of the key constituencies of the General Aviation
community. The FAA charter invited General Aviation stakeholders representing user groups,
engine and aircraft manufacturers, industry associations, fuel producers, distributors, FBOs,
environmental groups, FAA, and EPA (see Figure 3.0).

Discipline/Specialty

Member Organization

Leadership

FAA Certification, Industry Consultant

Certification

FAA Certification

Manufacturing

GAMA, Cessna, Cirrus, Continental, Lycoming

Environment

EPA, FAA Office Environment & Energy

Distribution

NATA

Research & Development

FAA Tech Center

Petroleum Industry

API

Owners/Operators

AOPA, EAA, Clean 100

Fuels

ExxonMobil, Shell Aviation, Swift, GAMI
Figure 3.0 – UAT ARC Membership

2.3. Meetings, Telecons, & Deliberations
The UAT ARC performed most of its work from March 2011 to January 2012. During this time
there were 7 full committee meetings of 3 days duration each held in Washington DC. This
represented in excess of 3300 hours of commitment on the part of the combined membership.
These meetings were complemented by 11 full committee telecons with an additional 35 focus
area telecons which encompassed an estimated additional 800 man hours of participation. All
meetings and deliberations were conducted in accordance with FAA ARM Committee Manual
ARM-001-015 antitrust guidelines, which are included in Appendix B.
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3. UAT ARC Assessment of Key Issues
3.1. Summary of Key Issues Affecting Development and Transition to an
Unleaded AVGAS
The following is a list of key issues identified by the UAT ARC as affecting the development and
transition to an unleaded AVGAS. Further discussion follows in Section 3 providing additional
insight into the group’s discussion of the issues.

3.1.1. General Issues
Replacement fuel will not be a drop-in or transparent fuel for the entire fleet.
The existing fleet of approximately 167,000 aircraft and engines were designed and
certified to operate on a known leaded AVGAS fuel meeting the ASTM D910
Specification. This fleet will require re-certification to operate with a different fuel.
No program exists that can coordinate and facilitate the fleet-wide evaluation,
certification and deployment of a non-drop in replacement AVGAS.

3.1.2. Market & Economic Issues
With neither a drop-in replacement fuel nor a regulatory mandate to use an unleaded
fuel, no market driven reason exists to move to a replacement fuel.
Market forces have not supported the development and transition to a replacement
unleaded AVGAS. The size of the AVGAS market, diminishing demand, specialty nature
of AVGAS, safety ramifications and liability concerns limit the business case for the
development of replacement fuels and aircraft modifications.
Aircraft owners, present and prospective, are uncertain about the future of AVGAS, the
cost of transition to an unleaded AVGAS, and the potential impact on the utility and
value of their aircraft. They have no horizon or understanding of information needed to
make decisions, stifling the purchase of new aircraft and modification/sale of existing
aircraft.
It will be very challenging to provide an unleaded replacement fuel that meets the
demands of the two major sub-groups of the piston powered aircraft fleet; the lowutilization recreational aircraft, and the high-utilization business aircraft.
The participation of aircraft and engine Design Approval Holders (DAHs) in the effort to
develop and deploy a replacement unleaded aviation gasoline may be constrained by
liability concerns.

3.1.3. Certification & Qualification Issues
FAA regulations and policy are structured to approve specific engine and aircraft type
designs for operation on a known AVGAS fuel specification. There are no FAA policy or
test procedures for fleet-wide assessment and certification of a non-drop-in
replacement fuel.
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Fuel testing and data requirements necessary to develop an ASTM specification and to
obtain FAA certification for engine and aircraft are redundant, extremely costly, and
time consuming.
Applicants seeking both a design and fuel approval must deal with multiple FAA offices,
such as ACOs and Directorates that may have limited experience with AVGAS related
certification projects. This may lead to standardization issues and make efficient and
timely certification difficult.
Diversity of the fleet provides for daunting certification programs.
Small numbers and uniqueness of some models provides technical and
economic challenges.
It is expected that engineering and recertification efforts for approval of a new
unleaded AVGAS for many aircraft will not be supported by type certificate
holders.
The existing fleet is comprised of different classes of aircraft, such as type
certificated, light sport aircraft, and experimental, that will require different
approval procedures.

3.1.4. Aircraft & Engine Technical Issues
Research and testing to date has not identified an AVGAS formulation that meets all of
the performance requirements of the current AVGAS specification on which the general
aviation fleet was certified.
The anti-knock capability or octane number of unleaded aviation gasolines is difficult to
correlate to full-scale engine performance.
Achieving the necessary octane number with unleaded AVGAS formulations results in
undesirable trade-offs with other important fuel properties.

3.1.5. Production & Distribution Issues
There is no existing method of determining the production and distribution impact
posed by a new fuel.
There is no standardized method for communicating to the industry the impacts posed
by a newly proposed fuel.
There are multiple third party regulations, standards and codes that may impact the
deployment of any newly proposed fuel.

3.1.6. Environmental & Toxicology Issues
There is no process to assess potential environmental and toxicology issues related to a
candidate unleaded AVGAS formulations.

Page 19 of 99

UAT ARC Final Report – Part I Body

February 17, 2012

3.2. General Issues – Will not be a drop-in
After 20 years of research, no unleaded formulation has been found that can meet the octane
needs of the existing fleet while also maintaining the other necessary safety qualities of an
aviation gasoline such as vapor pressure, hot and cold starting capabilities, material
compatibility, water separation, corrosiveness, storage stability, freeze point, toxicity and a
host of other necessary traits necessary to be a true drop-in.
Consumers consistently demanded that a replacement fuel be drop-in and envision a seamless
transition with little or no negative impacts. Because of this demand from the consumer,
research into fuels that were near or only partially drop-in and did not meet all of the safety
and performance parameters of the existing fuel were quickly discarded. Fuels that were
advanced (i.e. UL82) and that fell short in some areas were not manufactured and distributed
due to lack of consumer demand. It is now apparent that a replacement unleaded AVGAS will
not be a drop-in fuel.

3.2.1. Drop-In vs. Transparent
The terms “drop-in” and “transparent” are often used in the discussions surrounding AVGAS. It
is apparent that these terms have different meanings to many in the aviation world and have
still different meanings when considering the broader scope of the production, distribution and
consumption of AVGAS. For the purposes of the UAT ARC discussion and to have all players
working from common understanding, it was discussed and ultimately agreed that it is unlikely
that any replacement fuel will be completely drop-in for the entire fleet. Depending on the fuel
composition, it is possible however that a new fuel could be transparent to large portions of the
fleet thus reducing the challenges of transitioning to an unleaded fuel. To avoid any possible
ambiguity or confusion over the use of these terms in this report, definitions and examples are
provided in the following three paragraphs.

Drop-In Fuel: A “Drop-In” fuel does not affect the airworthiness and performance of the
existing fleet of aircraft and engines and typically does not require new aviation fuel operating
limitations. An extensive qualification test program that encompasses both fuel property
evaluation and engine and aircraft testing would be required to determine if a new fuel is a
drop-in. However, FAA certification approval is typically not required for existing aircraft and
engines to operate with the new fuel. An example of a lead-containing Drop-In fuel is the 100
Very Low Lead (100VLL) fuel, which has been added to the current AVGAS fuel specification,
ASTM D910. This fuel was introduced to the existing fleet without the need for FAA approval
because it met all the compositional and performance criteria of existing 100LL AVGAS. If a
fuel is not a drop-in fuel for the entire fleet, then the following definitions apply:

Transparent Fleet: The segment of the existing fleet of engines and aircraft for which a new
fuel is a drop-in is called the “transparent fleet”. Changes such as new or modified hardware,
adjustments, or new operating procedures/limitations are not required for the aircraft and
engines in the “transparent fleet”, but FAA approval may be required to enable operation
under the existing operating limitations.
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Non-Transparent Fleet: The segment of the existing fleet of engines and aircraft for which a
new fuel is not a drop-in is called the “non-transparent fleet”. FAA approval of new operating
limitations and changes such as new or modified hardware, adjustments, or new operating
procedures/limitations will be required for aircraft and engines in the non-transparent fleet.
It is likely that replacement fuels will not match or mirror all of the performance characteristics
of current AVGAS, thus the transition will have some impact on segments of the fleet.
Assuming the new fuel meets many, but not all of the characteristics of current AVGAS, its
impact would be felt differently by various segments of the industry. For the transparent
segment of the fleet, the only likely impact would from FAA approval requirements, but this
could be mitigated through FAA fleet-wide actions that address a large number of
aircraft/engines. For the non-transparent segment of the fleet, new materials, operating
procedures/limitations or hardware will be required in addition to FAA approval. These costs
could be mitigated by FAA support of testing and approval of the required modifications.

3.2.2. Historic Efforts Focused on Drop-In
There has been extensive testing to find a fuel that meets all of the current ASTM D910 leaded
aviation gasoline specification properties for 100LL, satisfies the safety and performance
requirements of engines and aircraft, is compatible with the existing infrastructure, and poses
no additional compositional issues. Thus, the fuel would have been considered a drop-in fuel,
and if such a fuel had been available, it is likely the industry would have transitioned to this fuel
once it became available to the General Aviation market.
Unleaded fuels typically require the addition of significant amounts of specialty chemicals to
meet the same anti-knock performance that can be attained from the addition of a relatively
small amount of TEL. These proposed high octane chemical additions often include heavier
molecules with higher boiling points that when added in the quantity necessary to meet the
same anti-knock performance of leaded fuels, often produces fuel blends that exceed many
other current aviation gasoline specification limits. The legacy fleet was designed to operate
safely on fuels that met the ASTM D910 specification property limits, with each fuel property
addressing a different safety, performance or operability characteristic. The impact changes to
these specification properties will have on the safety, operability and performance of engines
and aircraft is understood in general terms but has never been studied or quantified.
In addition to the properties listed above, there are additional critical fuel properties that
determine whether the fuel is fit for the purpose it was intended, such as the need for fuel to
be compatible with the fleet infrastructure and co-mingle with the existing fuel to ease the
transition.

3.2.3. No Program to Support Development of AVGAS
With a drop-in replacement for leaded aviation gasoline unavailable, it is clear that a
replacement fuel will need to be developed. As detailed in Section 1.2, the development of the
current leaded aviation gasoline was an evolutionary process that occurred over decades in
response to the performance needs of piston aircraft engines and aircraft safety. Each
successive evolution of AVGAS further improved the performance, capability and safety of the
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aircraft engines in which it was used. This effort intended to transition the General Aviation
industry to a fleet wide replacement AVGAS proposes, for the first time, to develop an entirely
new fuel and apply it to a large existing fleet while attempting to minimize the impacts or
possible changes to the existing fleet. Such a new fuel would need to be developed in a manner
that ensured that the existing performance and safety characteristics of AVGAS were replicated
or differences clearly identified and understood in areas where they could not be matched.
While some have already begun independent processes of developing replacement fuels, there
currently exists no widely accepted development process. Without such a process, the industry
and regulators have no standard or criteria by which to review the sufficiency of the varied
development processes undertaken by prospective fuel developers.
In addition, there exists no organizational entity around which the aviation gasoline
stakeholders can organize and work the development process for candidate fuels. Such a
process is necessary to coordinate the many faceted dimensions of this type of program.

3.3. Market & Economic Issues
3.3.1. Market Forces
Market forces have not supported the development of and transition to a replacement
unleaded AVGAS. The size of the AVGAS market, diminishing demand, specialty nature of
AVGAS, safety considerations and liability concerns limit the business case for the development
of replacement fuels and aircraft modifications. Since the 1970’s, 100LL has been the primary
fuel used in General Aviation piston aircraft. The industry and market have developed in a way
that not only relies on this fuel, but has evolved in a way that has maximized the value and
efficiencies of the production, distribution, and performance of aviation fuel and engines that
operate on this fuel. This is because market forces strongly support 100LL as the best aviation
gasoline in terms of performance and cost. This is not surprising since the industry has relied
on and maximized aircraft engines based on the capabilities of the fuel.
It is also important to understand that the pressures to replace 100LL are not market driven but
are extraneous to the markets. Current pressures include the threats of legal action at the
state level, and EPA consideration of potential regulatory actions at the federal level driven by
the Clean Air Act. Prior to these actions, the market continued to maximize itself to the existing
fuel.
Market forces alone to date have not and are not likely to support, by themselves, the
development and deployment of an unleaded AVGAS in the future. This is not unexpected
considering that no unleaded fuel to date has been able to match the characteristics of 100LL in
and thus compete naturally in the market. Couple this with the many challenges and business
risks, including the relatively small size of the market, diminishing demand, certification
challenges, specialized nature of AVGAS and liability issues and it becomes apparent that the
market alone cannot drive this change. There is also concern about the return on investment
and potential demand for an unleaded AVGAS once it is developed and certified. Recognizing
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that an unleaded AVGAS will not be a drop-in replacement for 100LL, there is going to be some
adverse impact upon the existing fleet.
Within the constraints of any regulatory drivers, the market must decide which of the fuels will
emerge and be manufactured, supplied, distributed and sold at airports. The market consists of
those companies that will use private funding to manufacture and deploy the new product in
response to consumer demand. It is the candidate fuel developers’ responsibility to solicit and
acquire business agreements from these different companies that shows the government
review panel that their product is viable in the open market and is capable of replacing 100LL.

3.3.2. Aircraft Owner Market Perspective
The current situation surrounding AVGAS has generated uncertainty and concern among piston
aircraft owners and operators regarding (a) the future utility and value of their current assets,
(b) the availability and price of aviation gasoline to maintain viable operations and (c) the
uncertainty of justifying new aircraft purchases. Worldwide shipments of General Aviation
airplanes fell for the third year in row. In 2010, 2,015 units were delivered around the globe, as
compared to 2,274 units in 2009, an 11.4 percent decline. The piston airplane segment shipped
a total of 889 units in 2010, compared to 963 units in 2009, a 7.7 percent decline. With the
current fleet more than 200 times larger than annual new production, sales of new aircraft
stagnating and the resulting overall economic condition of the industry deteriorating, a sense of
urgency has evolved regarding the development and deployment of an unleaded AVGAS.
Consumers have multiple concerns ranging from the grounding of their aircraft due to lack of a
suitable fuel if action to ban the sale of the current fuel is taken too quickly to the premature
devaluation of their existing aircraft if a process is not established to qualify and implement a
suitable alternative. The concerns and the impact on consumers include but are not limited to
the fuel price and availability, cost and impacts of modifications, lifespan and cycle of aircraft
including typical overhaul cycles and the various uses of aircraft and how users would be
impacted differently. These and other consumer concerns will need to be considered in the
ongoing effort to establish an implementation plan, milestones and timeline after an alternative
to existing fuel has been established. Each of these concerns and issues varies greatly
depending on the attributes, performance characteristics and composition of actual fuel
alternatives and any associated modifications to the fleet. Of paramount consideration in the
UAT ARC discussions was the need to develop mitigation strategies for these issues prior to and
during the implementation process.
An additional significant point of discussion during the UAT ARC deliberations was the need to
consider the value of the existing fleet and the affects transitioning to a new fuel could have on
the current and future value of aircraft. PAFI and fuel developers will need to be cognizant of
the impact of potential alternatives on the market value of aircraft. If, for instance, a solution
comes to market that has an adverse impact on aircraft capabilities because they are either
grounded (zero value) or have a reduction in their operating envelopes, there will be
substantive impact on their value. The number of aircraft impacted by this devaluation is
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largely dependent on the proposed fuel so it is nearly impossible to define in detail at this
stage, but it remains a key consideration when evaluating each potential alternative fuel.
Another important consideration is the timeline by which alternatives are implemented and
ultimately brought to market. An alternative that has a substantial impact, including the
devaluation of a portion of the fleet, would require a significantly longer implementation
timeline, perhaps decades, to allow for the use of the remaining life of the airframes and
engines and allow natural retirement and attrition of the this portion of the fleet. The
challenge with this approach is that the industry keeps heavy utilization aircraft active for
decades. These aircraft are flying critical missions and are difficult, expensive, or in many cases,
impossible to replace due to a lack of new aircraft produced that can fit the mission profile.
The average age of the General Aviation piston fleet is 39 plus years highlighting the need for
an extended transition for any alternative fuel that could significantly devalue the existing fleet.

3.3.3. Fleet Utilization
The current fleet of aircraft ranges from low octane light utilization with small volumes of fuel
consumption to high octane high utilization with large volumes of fuel consumption and
combinations in between. Each type of General Aviation aircraft owner/operator is important
to the future health of General Aviation for a host of varying reasons. The impact of
alternatives on each segment must be considered and mitigated in the evaluation and
implementation phases.
The light utilization group of owners and operators represents one extreme in the composition
of the fleet. These aircraft likely fly less than 100 hours per year, do not require high octane
fuel, and purchase a relatively small volume of the total fuel consumed. However, they
represent the largest number of actual aircraft in the fleet. The typical profile of this group
would be an aircraft in private ownership utilized for primarily recreational flying. Because of
their recreational/personal use and private ownership, these aircraft represent the group most
sensitive to price fluctuations. Their reaction to a significant increase in the price of fuel would
be to reduce their amount of flying or to stop flying altogether. The negative effect of either of
these outcomes would be felt throughout the industry in the form of reduced operations at
airports, fewer aircraft transactions, and a general degradation of the General Aviation industry
through reduced participation.
The other extreme in fleet composition is represented by owners and operators of heavy
utilization aircraft. These aircraft likely fly more than 300 hours per year in commercial service
or in support of business activities and typically demands the highest performing fuel. This
group represents perhaps the smallest number of aircraft, but because it has such a high
utilization rate and includes large and multiengine aircraft it represents the majority of actual
fuel consumed by the industry. A primary consideration for this group is that of aircraft
performance and utility. Two examples are aircraft payload and takeoff performance. A
reduction in either of these imposed by a limitation of the fuel significantly reduces the viability
of these aircraft. In many cases, the reduction would exceed the point at which the aircraft is
no longer viable for this type of operation. This is compounded by the fact that suitable
replacements for these aircraft are not available in a commercially and economically viable
manner. The inability of these aircraft to continue to perform their missions would have a
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significant impact on the industry through not only the loss of utility and size of the General
Aviation fleet but also a major reduction in the amount of fuel burned. This loss of fuel
consumption could reach the point at which fuel volume is reduced sufficiently to no longer
warrant production at an economically suitable price to sustain the industry. The loss would
also have an extreme effect on other industries and the communities supported by these
aircraft.
While these two scenarios attempt to represent the extremes of the current market, they are
not provided to attempt to illustrate a greater importance or significance of one over the other.
The purpose of these discussions by the UAT ARC was to understand how alternatives and their
impacts could impact various segments of the industry.

3.3.4. Design Approval Holder (DAH) Perspective
The current state of the General aviation industry has DAHs bearing disproportionately large
costs for products liability insurance and litigation. As a result, the DAHs will likely not want to
increase their liability by participating directly in the determination of an unleaded fuel,
unleaded fuel approval and distribution process.
The passage of the General Aviation Revitalization Act (GARA) in 1997 established an 18-year
time limitation (statute of repose) on civil actions that could be brought against aircraft
manufacturers, with certain exceptions. If the transition to a non-drop-in unleaded aviation
gasoline opens the door to additional OEM liability a "chilling effect" on DAH participation in
recertification activities would result. Also considering the large number of aircraft in the
General Aviation fleet no longer in production, it is highly unlikely that DAHs will be willing to
recertify equipment, develop new performance data, and re-issue manuals to accommodate
the anticipated fuel because of the expense and lack of accessibility to assets for confirming
flight tests.
Of further concern is the potential for class action suits based on a potential devaluation of
consumer asset value. In the event that the unleaded AVGAS solution results in performance
degradation or aircraft grounding, the parties involved in the determination process would
likely be targeted for litigation.
Based on the aforementioned considerations, it is anticipated that DAHs will not actively
participate in the determination and recertification process without mechanisms for liability
protection. Without such protections, DAHs would support the overall PAFI effort, however,
determination, approval and transition will require the FAA to lead and mandate the action.
While this would not redress the situation for DAH products and aircraft no longer in new unit
production, it would likely provide an acceptable basis for support of active production. The
alternative to DAH participation on either inactive or active production would be for third
parties to create, test, and approve data to support the issuance of a Supplemental Type
Certificate (STC) or STCs to certify the new fuel. Examples are the STCs currently in place for
automotive gasoline. This scenario also presents challenges in that third parties typically do not
have access to the entire scope of data in the same manner as a DAH, thus the expense of a
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comprehensive validation program via STC or other means may be larger than that which could
be conducted with DAH participation.

3.4. Certification & Qualification Issues
3.4.1. FAA Regulatory Structure
Historically, the commercial Aviation industry has relied on a very limited number of well
proven, conventional fuels for certification and operation of aircraft and engines. The vast
majority of today’s engines and aircraft were designed and certified to operate on one of two
basic fuels; kerosene-based fuel for turbine powered aircraft and leaded AVGAS for spark
ignition reciprocating engine powered aircraft. These fuels are produced and handled as bulk
commodities with multiple producers sending fuel through the distribution system to airports
and aircraft. These fuels are defined and controlled by industry consensus-based fuel
specifications; ASTM International D1655 for jet fuel and ASTM D910 for aviation gasoline.
These specifications, along with the oversight of the ASTM International aviation fuel industry
committee, accommodate the need to move the fuel as a commodity.
The ASTM consensus standard process is well suited to support the development of a new fuel
specification for use in future aviation products designed to operate on an unleaded fuel.
However, the evaluation and qualification process is far more complex if the new fuel
specification is intended for existing aircraft and engines that are designed to operate on 100LL.
The procedure to evaluate new aviation gasoline is progressive and iterative in nature, with the
extent of continued testing determined by the fuel properties, characteristics and test results
revealed at each successive stage. The extent of testing that may be necessary grows with
increasing degree of divergence from the composition, properties, performance, and
experience with existing 100LL. ASTM committee members evaluate this degree of divergence
and its consequences during the analysis of research report data provided by the fuel developer
during the creation and maturation of new specifications.
The FAA regulations pertaining to aircraft, engines, and aviation fuel were structured to
compliment this industry development and oversight concept. They require that type
certificate applicants identify the fuel specifications that are used in their products during
certification. Once compliance with the airworthiness certification regulations has been
demonstrated, the grade designation or specification becomes part of the airplane, rotorcraft,
and engine operating limitations. These operating limitations are specified in the type
certificate data sheet (TCDS) and in the airplane flight manual (AFM) or rotorcraft flight manual
(RFM). Aircraft operators are required by 14 CFR § 91.9 to only use fuels and oils listed in the
AFM or RFM (see Figure 4.0). These fuels must, therefore, be identified with sufficient
specificity to ensure that the engine and aircraft continue to meet their airworthiness
certification basis during service.
The fuel must be shown to have no adverse effects on durability or safety and must perform
satisfactorily on the products for which it is specified. This is demonstrated during the type
certification program, amended type certification program, or supplemental type certification
program. Specifically, applicants must demonstrate that the type-certificated product meets
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certification standards when operated with the new fuel over the complete range of operating
conditions that the product originally satisfied. FAA Advisory Circular (AC) 20-24C describes the
applicable regulations for fuel related certification projects.
FAA regulations are structured to approve specific engine and aircraft type designs for
operation with a fuel specified by the type design holder. Therefore, it is difficult to “certify” a
fuel for the entire fleet of certificated aircraft, or for a large portion of that fleet. The FAA
needs to develop policy to accommodate this.

Figure 4.0 - FAA Regulatory Structure for Aviation Fuels

3.4.2. ASTM and FAA Data Requirements
As described above, the current ASTM and FAA processes are based on the historical practice
and experience of being conducted in series and completely independent of each other. This is
because engine/aircraft are designed and certified to an existing fuel specification and
certification is conducted completely independently from the development of new fuels. ASTM
report data on fuel specification and fit-for-purpose properties are recognized and accepted by
FAA in certification programs as acceptable definition of the fuel, but are not acceptable as
certification data to support the issuance of design approvals for engine or aircraft Type
Certificates (TC)/STC.
Certification data must be developed in accordance with 14 CFR Part 21 certification
procedures that require FAA approval of applicable requirements and test plans, as well as
conformity inspection of test materials and equipment. This traditional process of defining an
aviation fuel through the development of an ASTM specification independently and prior to the
certification of engines/aircraft specifying that fuel as an operating limitation is not conducive
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to developing a non-drop-in unleaded AVGAS. Since fuel development and qualification is an
iterative process, a prospective new fuel proponent must determine during the specification
development that the new fuel also meets FAA safety requirements for operational approval.
This is because the overall potential market for the new fuel depends on the ability to certify
engines and airplanes to operate on that fuel. It is extremely redundant, costly and time
consuming for ASTM and FAA fuel qualification processes and test data to be conducted
independently resulting in significant uncertainty and risk. Background information on ASTM is
included in Appendix K.

3.4.3. FAA Certification Offices
Applicants typically interface with multiple FAA offices, such as ACOs and Directorates based on
the nature of the project and the geographic location of the applicant. This situation poses
significant risk to the success of the unleaded fuel initiative due to varying degrees of
experience and knowledge of fuel related certification policy from office to office and the need
for national coordination for what has to be a national solution. Other risks include the
potential for non-standardized application of FAA regulations and policy, difficulty in sharing
and comparing data between fuel programs and certification programs, prioritization of
aviation fuel related certification projects, and FAA management support of these projects.

3.4.4. Existing Fleet
Of paramount importance and complexity is the impact of transitioning to a new fuel including
upfront costs to develop and qualify an unleaded fuel as well as the long-term cost impact of
deploying a new fuel. Converting in-use aircraft/engines to operate on a non-drop-in unleaded
aviation gasoline is a significant logistical challenge, and in some cases, a technical challenge as
well. A change of approved fuels with different performance characteristics and modifications
to engines and aircraft require FAA certification to ensure compliance with applicable
airworthiness standards necessary for safety. The FAA certification process is comprehensive
and requires significant investment of resources, expertise and time to complete. The cost and
resource impact upon both industry and government could be extremely significant depending
upon the level of effort and number of modifications that may be necessary to support a
transition of the in-use fleet to an unleaded AVGAS. However, the closer the physical and
performance properties of an unleaded AVGAS to 100LL, the less upfront economic impact
there would be to the existing fleet, not including the cost of the new fuel. In particular, octane
rating is a critical fuel property for aircraft engines to maintain rated horsepower which in turn
is necessary for aircraft to continue to meet performance limitations.

Fleet Makeup & Typical Mission Scenarios
As the future Unleaded AVGAS is not expected to be 100% drop-in with full comparability to the
current 100LL fuel, some percentage of the certificated piston powered fleet may not be able to
operate safely (properly) without procedural and/or hardware modifications. In all cases, some
form of approval process will be necessary for every aircraft in the existing fleet to be able to
legally use the future unleaded AVGAS. In addition, there are other portions of the diverse
piston powered fleet that are non-FAA certified aircraft. The following describes the piston
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powered General Aviation fleet with an emphasis on impact and special considerations for
implementation of approval of use for a new unleaded fuel. Figure 5.0 indicates the piston fleet
basic categories of certificated and non-certificated aircraft.

Figure 5.0 –Piston Powered General Aviation Fleet Categories

Type Certificated Fleet
Certification issues relative to the type-certificated fleet are described above in the certification
discussion (Section 3.4). Approval mechanisms for use of a new unleaded AVGAS may involve
one or more of the following.
Change to type certificate for in-production aircraft/engines
Manufacturer approval via Information Service Bulletins for legacy fleet
Other FAA approval method providing blanket approval of engines and airframes
FAA STC approval by industry sponsors if equivalency to 100LL cannot be
demonstrated or manufacturer approval via TC change is not available

Orphaned Type-Certificated Fleet
The General Aviation piston fleet includes a significant group of FAA certified engine and
aircraft where, although the TC holder may remain active, the product is no longer supported
by the TC holder. The orphaned category may also include engine and aircraft products where
the TC has been abandoned or the DAH TC/Production Certificate (PC) holder is no longer
active. Orphaned type-certificated aircraft are limited to using the fuel specified on their type
certificate or a fuel deemed by the FAA to be acceptable. A broad based FAA approval process,
individual STCs, or some combination of the two would likely be required to transition these
legacy orphaned type-certificated aircraft to a new unleaded fuel.
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Type-Certificated Fleet Modified by Supplemental Type Certificate
Many aircraft in the General Aviation piston fleet have been modified by STC over the years. Of
particular concern relating to the transition to an unleaded AVGAS are aircraft that have
received STC modifications to the engine installation. These modifications can range from
“bolt-on” changes to the induction, ignition, or exhaust systems, to complete firewall forward
replacements of the original engine installation. Cessna estimates that in the past 20 years, as
many as 3,000 to 4,000 Cessna piston engine aircraft in the U.S. registered fleet (approximately
5% of the U.S Cessna fleet) have received STCs that have either completely replaced the
originally certified engine installation, or modified the original engine to a significantly different
build standard. It is unknown how many additional Cessna piston engine aircraft have received
STCs that modify the factory engine installation without changing the build standard of the
factory-installed engine. A similar situation is present across the entire General Aviation fleet
from the major manufactures past and present.
This creates the following challenges for an unleaded AVGAS transition:
The variety of aircraft and engine combinations is much greater than an examination of
the FAA registration and type certificate databases would indicate.
Many engine STCs are done to increase performance of the aircraft, and in many cases
replace engines that are more tolerant of a variety of fuels, including lower octane
fuels, with engines that are more dependent on high octane fuels.
The technical data to support a transition of aircraft equipped with engine STCs resides
with a diverse base of General Aviation aftermarket modification companies with
varying levels of technical expertise and financial resources to support their STCs
through a transition. Many STC holders are no longer in existence.
Owners who install engine STCs generally use their aircraft more and invest in them at a
higher level than owners of unmodified aircraft. A transition to a non-drop-in unleaded
fuel could potentially have a higher economic impact on this group of owners.

Special Light Sport Aircraft (S-LSA)
In recent years a new category of manufactured recreational aircraft, Special Light Sport
Aircraft (S-LSA), have evolved that do not hold type certificates in the traditional sense but
rather are shown by the manufacturer to conform to industry consensus standards. These
aircraft are unique in the sense that they cannot be legally modified without the express
approval of the manufacturer and therefore it falls solely on the manufacturer to approve the
use of a new fuel in their aircraft. Changes cannot be legally accommodated by STC or other
means. In instances where there is no longer a manufacturer supporting in-service S-LSA
aircraft, the aircraft loses its S-LSA airworthiness certification status and is issued an
experimental airworthiness certificate in the E-LSA category with all of the attendant
operational limitations that accompany E-LSA experimental certification. At this point the
aircraft is treated like any other aircraft certificated in the experimental category (such as
amateur-built) and modifications including fuel use is at the discretion of the owner/operator.
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Most S-LSA aircraft are certificated to operate on low octane unleaded fuels as well as 100LL so
are not critical applications for a high octane future fuel. The primary considerations for this
fleet will likely not be performance but rather materials compatibility assurance and actual final
approval for use.

Non-Type-Certificated Experimental Fleet
There are a large number of non-type certificated aircraft in the fleet that are not supported by
a DAH manufacturer. These aircraft are certificated in the Experimental category. This fleet is
wide ranging in terms of performance, octane requirement, size, age and materials. This fleet
includes amateur built aircraft, former military aircraft that were not certificated under civilian
standards, imported aircraft, and aircraft used for other experimental purposes. Amateur built
aircraft alone comprise more than 33,000 registered aircraft making them a significant portion
of the General Aviation fleet. Experimental aircraft have no regulatory requirement to operate
on a particular fuel provided the owner determines the fuel to be suitable.
The following are principle assessments that should be performed relative to evaluation of use
of a new fuel in the Experimental fleet.
1) Composition and size of the fleet
2) Technical challenges in operating these airplanes using a new unleaded fuel
3) FAA fleet data (group of engines) should be made available to the end consumer
(experimental category) and type clubs to enable the owner/operator to determine the
impact of any new fuel
4) Economic impact of any new fuel on the Experimental fleet should be included in any
total aviation industry economic impact assessment

3.5. Aircraft & Engine Technical Issues
3.5.1. Aviation Gasoline Performance Requirements
There has been extensive testing to find a fuel that meets all of the current ASTM D910 leaded
aviation gasoline specification properties for 100LL, satisfies the safety and performance
requirements of engines and aircraft, is compatible with the existing infrastructure, and poses
no additional compositional issues. The fuel specification, which is listed in the Type Certificate
Operating Limitations, is a key component of engine and aircraft certification.
Typically, aviation fuel specifications set forth performance criteria in the following seven
categories.
1.
2.
3.
4.

Combustion
Fluidity
Volatility
Corrosion

5. Contaminants
6. Additives
7. Stability
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For example, anti-knock performance is a combustion category performance requirement.
Unleaded fuels typically require the addition of significant amounts of specialty chemicals to
meet the same anti-knock performance that can be attained from addition of a relatively small
amount of TEL. These proposed high octane chemical additions often include heavier molecules
with higher boiling points. They often produce fuel blends that exceed many other current
aviation gasoline specification limits when they are added in the quantity necessary to meet the
same anti-knock performance of leaded fuels. The legacy fleet was designed to operate safely
on fuels that met these specification property limits, with each fuel property addressing a
different safety, performance or operability characteristic. It is unknown what impact changes
to these specification properties will have on the safety, operability and performance of
engines and aircraft.
In addition to the properties listed above, there are additional critical fuel properties that
determine whether the fuel is fit for the purpose it was intended, such as:
Co-mingling/compatibility of the fuel with the fleet infrastructure and existing fuel
Other combustion issues, such as flame speed
Other fluidity issues, such as latent heat of vaporization
The safety, performance, and operability impacts of the above discussed specification and fit
for purpose properties on engine and aircraft performance are shown with more detail in
Appendix H.
The areas of greater concern for any new proposed unleaded fuel requiring additional extensive
testing are directly related to the composition of the proposed new fuel. Complex or novel
fuels may produce additional areas of concern due simply to their significantly different nature.

3.5.2. Unleaded Aviation Gasoline Anti-Knock Performance
Octane is one of the most important parameters for a replacement unleaded aviation fuel.
Extensive historical testing has indicated a difference in full-scale engine detonation
performance between unleaded and leaded aviation fuel of equivalent motor octane number.
Fuel motor octane number is determined from an ASTM single cylinder test that was originally
designed for leaded fuels and it provided a high degree of predictability of fuel anti-knock
performance in a full-scale engine. Further, the addition of a relatively small amount of the
lead additive TEL to aviation alkylate provides significant octane increase to the base fuel, which
can only be equaled in the absence of TEL by the addition of significant amounts of specialty
unleaded chemicals to the base fuel.
Appendix H contains a presentation that illustrates these complex detonation chemical
reactions. The presentation provides detailed explanation of why the TEL based additive
provides superior anti-knock effectiveness.
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3.5.3. Aviation Gasoline Property Trade-offs with Octane Number
Some of the aircraft safety, performance, and operability issues that may be impacted by
replacing the current 100LL with an unleaded fuel are as follows.
Detonation

Min Climb Gradient

Cooling Airflow

Engine Out Performance (Twins)

Fuel Consumption

Ceiling

Performance

Go Around

Restarts

Payload

Cold/Hot Fuel

Noise

Icing

Takeoff

Removal or reduction of the TEL additive in current aviation gasoline results in significant
reduction in fuel octane values. Attempts to increase the unleaded fuel octane or pursue novel
unleaded fuel compositions have typically included the use of significant amounts of novelty or
specialty chemicals. The higher the unleaded fuel octane requirement for any future fuel, the
greater the complexity of the unleaded fuel blend. A trade-off ensues between engine and
aircraft performance and the compatibility of the fuel with the current distribution
infrastructure, existing fuel, and current fleet infrastructure. Attempts to reduce the fuel
octane and move the fuel closer to the octane of the existing base alkylate increases the issues
related to the engine and aircraft safety and performance.
In short, the greater the
compositional deviation of the proposed unleaded fuel from the current aviation gasoline
composition, in attempting to meet the performance, operability and safety of the existing
engines and airframes, the greater the impact on distribution infrastructure, comingling with
the existing fuel, and current fleet infrastructure compatibility issues. The closer the unleaded
fuel composition is to the existing aviation gasoline composition, in attempting to meet the
distribution infrastructure, existing fuel, and current fleet infrastructure compatibility
requirements of a new unleaded fuel, the lower the motor octane number of the fuel and the
greater the impact on engine and aircraft safety and performance issues.
Appendix H contains a presentation that illustrates the trade-off of fuel complexity with fuel
octane requirement.

3.5.4. Aviation Gasoline Conclusions
As previously stated, the motor octane of a fuel is significantly impacted by removal of the TEL
additive. Fuel motor octane is determined by a single cylinder ASTM standard test and for
leaded fuels the value obtained provides a high degree of correlation with the full-scale engine
anti-knock performance. However, for unleaded fuels using chemical components such as
aromatics or aromatic amines to boost anti-knock capability, the motor octane number (MON)
of the fuel may not translate to a predictable engine anti-knock performance. There are a
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number of detonation issues that will need testing and evaluation to address. These issues are
listed below. A more detailed breakdown of the following issues can be found in Appendix H.
Unleaded fuels possessing the same MON as leaded fuels (that defines a given engine
minimum octane requirement) may not provide a full-scale engine the octane
performance it requires.
Use of mixtures of high octane chemical components may result in significant
antagonistic and synergistic effects of octane response.
An unleaded fuel possessing a supercharged rich (SR) octane value that is equivalent to
or greater than a leaded fuel that is known to satisfy a given full-scale engine, may not
provide the same engine the octane performance that the engine requires.
FAA AC 33.47-1, providing guidance for detonation testing, includes outdated test
equipment and analyses methods.
Detonation instrumentation and combustion instability measurement methods have
not been standardized or correlated among the FAA Tech Center, engine DAHs, and
others.
There is no agreement on what constitutes limiting detonation among FAA Tech Center
researchers, engine DAHs, and others.
Detonation onset response for unleaded fuels is different from leaded fuels and can
affect detonation margin.
A significant percentage of engines and airframes may require modifications to
compensate for the reduced octane performance of unleaded fuels.

3.6. Production & Distribution Issues
Any effort to transition the aviation industry toward an unleaded fuel raises concerns relating
to the production and distribution of a new fuel. In recognition of this fact, the charter
establishing the UAT ARC specifically required the committee to address factors relating to
production and distribution infrastructure when performing its analysis of issues involved in
transitioning to an unleaded AVGAS.
AVGAS is a blended petroleum product that is produced using typical and traditional refining
processes. Currently, nine refiners across the U.S. produce AVGAS, although often only in
limited runs at specific times of the year. As an aviation fuel, AVGAS is subject to certain quality
control procedures, such as dedicated tankage and piping, which require refineries to ensure
that aviation fuels are completely segregated from other products.
After production, AVGAS enters the distribution system, which, as opposed to being a fixed
system that moves a product to market by well-defined routes and transportation systems, is a
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flexible system utilizing barges, rail cars, and over the road transport trucks. Typically, AVGAS
will leave the refinery via rail car for eventual delivery to a terminal. At the terminal, the AVGAS
is stored until loaded onto an over-the-road truck for final delivery. However, the AVGAS may
be transported from the refinery via barge to a terminal or to railcars. Also, the terminal
storage and delivery may be completely skipped and over-the-road trucks loaded directly from
railcars by a process known as trans-loading. The final step in the distribution chain is on-airport
storage from which the fuel is either directly delivered to aircraft or loaded into mobile
refuelers that then refuel aircraft. In Alaska and other remote regions, AVGAS may be flown in
barrels to outlying airports and landing facilities.
The signature quality of the AVGAS distribution system is its flexibility, allowing AVGAS to be
transported from the limited number of production facilities to the over 5000 airports across
the country that sell aviation gasoline.
Early discussions focused on identifying any systematic obstacles inherent in the existing
production and distribution system that would prevent the adoption of a lead free AVGAS. The
UAT ARC found that there were not any generalized systematic issues that prevent the
production and distribution of a lead free AVGAS. Existing refinery technology and
infrastructure combined with the existing distribution system is currently capable of providing a
lead-free AVGAS; however, that fuel would only satisfy a limited percentage of the fleet. The
UAT ARC recognized that production and distribution issues would occur as fuel developers
attempted to craft a new fuel that would address a greater percentage of the existing fleet.
These impacts would be specific to any newly proposed fuel and have the potential to be highly
variable between fuels. New fuels that closely followed existing production methods and
composition of AVGAS would pose little to no production and distribution impact while novel
fuels that utilized new production methods and a significantly different composition could pose
a very large impact. Since the impacts would be based on the specifics of any newly proposed
fuel, the UAT ARC steered away from attempting to develop mitigation strategies for
hypothetical impacts and focused on developing a structure for ensuring that the impact arising
from newly proposed fuels could be identified in a manner that allowed the industry to assess
adequately the impact arising from changes to the existing production and distribution systems
required to utilize those fuels.
Three basic issues related to production and distribution impact were defined as follows.
1. There is no existing method of determining the production and distribution impact
posed by a new fuel.
2. There is no standardized method for communicating to the industry the impacts posed
by a newly proposed fuel.
3. There are multiple third party regulations, standards and codes that may impact the
deployment of any newly proposed fuel.
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3.6.1. Impact Assessment
Since production and distribution issues are not tied to the existing system but rather to the
particularities of any new proposed fuel, the UAT ARC did not attempt to quantify any impact
but rather develop a system that would ensure that those impacts were properly identified.
From a production standpoint, four areas were identified that should be addressed to ensure
the impact is accurately addressed.
1. Feedstock Issues
2. Production Pathway Issues
3. Production Facility Issues
4. Quality control during production scale-up
Impacts that need to be determined from a distribution standpoint include the following.
1. Materials compatibility - If an unleaded replacement fuel to be found incompatible
with some portion of the existing distribution system, including base metals, seals or
transfer components, alternative components would need to be developed and
installed prior to distribution of the new fuel.
2. Geographic Impact - If a new fuel could only be produced in one geographic location,
there would be an impact upon the distribution system that would need to be
determined.
3. Fuel Compatibility - If a new fuel is not compatible with existing AVGAS, individual
aircraft, tanks, and distribution systems would need to be segregated to ensure the two
fuels did not come into contact, this would create an impact that would need to be
addressed.
4. Storage Stability – Due to the low volume of AVGAS consumption relative to other
petroleum products, AVGAS is produced in short runs and stored for long periods. AVAS
is a very stable product. The ability of an unleaded replacement fuel to be stored for
prolonged periods while retaining all of its specification requirements will need to be
assessed.

3.6.2. Communication of Distribution System Changes
Currently, no standardized method to communicate potential impacts of a new fuel(s) on the
distribution network to the industry exists. The UAT ARC believes that it will be necessary to
develop standardized methods for communicating any change to the industry. This would
facilitate decision making by industry stakeholders on methods to eliminate miscommunication
and potential adverse flight safety conditions related to miss-fueling, improper handling and
storage or materials compatibility.

3.6.3. Third-Party Regulations, Standards and Codes
The distribution, sale and use of aviation gasoline are currently controlled by a number of thirdparty regulations, standards and codes. These standards are created and maintained by
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organizations and local, state and federal agencies covering everything from fire safety,
occupational health, and the markings that are applied to storage tanks and piping. Any new
fuel will present the possibility that these regulations, standards or codes will need to be
modified or adapted based upon the specific properties and composition of the proposed fuel.

3.7 Environment & Toxicology Issues
General Aviation has come under scrutiny due to the use of the TEL additive in the current
100LL aviation gasoline. New fuels should be assessed for their environmental, toxicological
and emissions properties relative to current fuels. Testing will need to address additional areas
of concern, that are not covered by the current specification, important to ensuring that any
new proposed fuel does not worsen environmental impact. For this reason bulk gas, air toxic
gas engine emissions testing, and fuel toxicity testing may be needed. The extent of the testing
is directly related to the complexity of the proposed unleaded fuel.
For instance, fuel developers and the General Aviation community should be made fully aware
early in the process if a new fuel is proposed that may contain metallic additives to boost
octane or substances like methyl-tertiary butyl ether (MTBE) which has been banned as an
automotive fuel additive in numerous states. This ensures a more informed decision regarding
possible adoption, handling and use, and consideration of approaches to mitigate the potential
impact upon environment and/or health. Likewise, if a new fuel is proposed that is very similar
to current, petroleum based fuels, it may be considered to present less risk in terms of its longterm future availability with respect to environmental and handling considerations. Preference
might also be considered for renewable and sustainable alternative fuels that do not come from
traditional fossil sources, in order that they may help meet national goals for the purposes of
energy security, price stability, and environmental benefit.
Several environmental actions have recently led to increased pressure to remove lead from
AVGAS. In 2006, Friends of the Earth (FOE) petitioned the EPA to: 1) make a finding under the
Clean Air Act (CAA) that lead emissions from General Aviation aircraft engines cause or
contribute to air pollution which may reasonably be anticipated to endanger public health or
welfare and issue proposed emission standards for such lead emissions or, alternatively, 2) if
the Administrator of EPA believes that insufficient information exists to make such a finding,
commence a study and investigation under the CAA of the health and environmental impacts of
lead emissions from General Aviation aircraft engines, including impacts to humans, animals
and ecosystems, and issue a public report on the findings of the study and investigation. In
response to the FOE petition, the EPA has undertaken studies to inform issues of lead emissions
and exposure resulting from the use of leaded AVGAS in General Aviation, and has published
two notices in the Federal Register describing the agency’s progress to date. The EPA continues
to evaluate the data and issues, and has not yet issued a final response to FOE’s petition.
In a separate action, in 2008, the EPA revised its National Ambient Air Quality Standards
(NAAQS) for lead, tightening the NAAQS by a factor of ten. Related to the NAAQS revision, the
EPA also promulgated regulations that require lead monitoring by local air monitoring agencies
at airports with lead emissions greater than one ton and at 15 additional airports where there is
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a high volume of piston engine aircraft operations and annual lead emissions of 0.5 to 1.0 tons
per year. The data from these monitors will be used to evaluate compliance with the NAAQS
for lead and will also be used by EPA to assess the need for additional lead monitoring at
airports. If ambient air near an airport was found to be exceeding the NAAQS, there would be
limits under federal law as to the measures a state could propose to adopt to limit lead
emissions from General Aviation aircraft operations. See Appendix I for additional background
information on the CAA, the NAAQS, and EPA and FAA authorities related to the regulation of
aircraft fuel and emissions standards. Appendix J contains the General Aviation Coalition’s
response to the EPA Advance Notice of Proposed Rulemaking (ANPR).
Separate from activities focused on the possible public health and environmental effects of lead
emissions from General Aviation aircraft engines, it is also noted that General Aviation is the
only remaining user of lead additives in the U.S. transportation sector.
Although lead emissions from piston engine aircraft are not currently subject to CAA standards,
a description of the statutory responsibilities between the EPA and FAA that are pertinent to
AVGAS and lead emissions under the CAA and U.S. Code has been provided in Appendix I. In
summary, the EPA is authorized under section 231(a)(2)(A) of the CAA (42 U.S.C. §
7571(a)(2)(A)) to determine if aircraft engine lead emissions cause or contribute to air pollution
which may reasonably be anticipated to endanger public health or welfare (referred to here as
the “endangerment finding”). If EPA makes a positive endangerment finding, then EPA would
be required under CAA section 231(a)(2)-(3) to prescribe standards applicable to the emissions
of lead from General Aviation engines, and the Secretary of Transportation would be required
under CAA section 232 to prescribe regulations to ensure compliance with such standards (42
U.S.C. § 7572). In addition, the FAA would be required under section 44714 of the U.S.
Transportation Code to prescribe standards for the composition or chemical or physical
properties of AVGAS to control or eliminate aircraft lead emissions (49 U.S.C. § 44714). In the
evaluation and setting of any new standards, the EPA and FAA must work in consultation so
that necessary and appropriate considerations are given to safety, noise, and the ability and
time needed to implement new technology.
The level and types of screening or testing required for candidate fuels will depend upon the
exact nature of the fuel being proposed. Fuels that have novel additives or components and
that are less like current, petroleum-based fuels should be given close attention. Compositional
data and Material Safety Data Sheets about the candidate fuels should be made available early
in the fuel development and approval process so that they may be assessed from an
environmental and toxicological perspective with respect to current fuels. In addition, changes
in emissions should be assessed and characterized through engine testing as early as possible in
the research and development phase. Fundamental emissions test data can be obtained
through the FAA Tech Center in conjunction with other engine testing during the research and
development phases. If the capability for more advanced testing is needed, this may be
performed through coordination with the EPA or a contractor.
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4. UAT ARC Recommendations
4.1. Summary of UAT ARC Recommendations
The following is a summary of the recommendations made by the UAT ARC to support the
development and transition to an unleaded aviation gasoline. The recommendations were
developed with the strategic recognition that the fuels industry, engine/aircraft DAHs,
regulatory authorities, and owner/operators must work together in a coordinated way if we are
to develop a new unleaded aviation gasoline that will have the least impact to the existing fleet
and the production and distribution infrastructure. The broad-based approval of a novel
composition fuel is unprecedented in the fleet; this led the UAT ARC to develop an integrated
and structured process for bringing a fuel from concept to full transition. As outlined in Section
3, there are many barriers to market entry for a new fuel. This structured process is designed
to lower the barriers to the fuel entering the marketplace. Further discussion follows in Section
4 providing additional insight into the structured process and the recommendations.

4.1.1. Key UAT ARC Recommendations
1) The UAT ARC recommends implementation of the “Fuel Development Roadmap –
AVGAS Readiness Levels (ARL)” developed by the UAT ARC that identifies the key
milestones in the aviation gasoline development process and the information needed to
support assessment of the viability of candidate fuels in terms of impact upon the
existing fleet, production and distribution infrastructure, environment and toxicology,
and economic considerations. (See Section 4.2.1)

2) The UAT ARC recommends centralized testing of candidate unleaded fuels at the FAA
William J. Hughes Technical Center (Tech Center) funded by government and industry
in-kind contributions. Centralized assessment and testing would generate standardized
qualification and certification data that can be used by the fuel developer/sponsor to
support both ASTM specification development and FAA fleet-wide certification
eliminating the need for redundant testing. (See Section 4.3)

3) The UAT ARC recommends the establishment of a solicitation and selection process
for candidate unleaded aviation gasolines for the centralized fuel testing program. This
process should include a FAA review board with the technical expertise necessary to
evaluate the feasibility of the candidate fuel. (See Section 4.3.2)

4) The UAT ARC recommends the FAA establish a centralized certification office with
sufficient resources to support unleaded aviation gasoline projects. (See Section 4.4)

5) The UAT ARC recommends the establishment of a collaborative industry-government
initiative referred to as the Piston Aviation Fuels Initiative (PAFI) to implement the UAT
ARC recommendations in this report designed to facilitate the development and
deployment of an unleaded AVGAS with the least impact on the existing piston-engine
aircraft fleet. The overall objective of this initiative is to identify candidate unleaded
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aviation gasolines, to provide for the generation of qualification and certification data
on those fuels, and to support fleet-wide certification of the most promising fuels. (See
Section 4.5)

4.1.2. Additional UAT ARC Recommendations
6) The UAT ARC recommends the use of a consensus standard peer review process as an
integral and required element of the UAT ARC’s recommendations. ASTM is the
historically accepted consensus body for aviation fuels and is the practicable and
accepted means to universally produce and distribute aviation gasoline as a commodity.
(See Section 4.6.1)
NOTE: Appendix L, “UAT ARC Member Dissenting Opinion & ARC Response”, includes a
dissenting opinion submitted by a UAT ARC member that is directed at the above
recommendation. A response to that submittal prepared by the UAT ARC is also
provided in this appendix.

7) The UAT ARC recommends the completion of the new ASTM “Standard Practice for
the Evaluation of New Aviation Gasolines and New Aviation Gasoline Additives”. This
standard will significantly reduce the uncertainty, risk, timeline and cost to developers
or sponsors of new unleaded aviation gasolines by describing the test and analysis
requirements necessary to generate data to support the development of a new ASTM
specification. (See Section 4.6.1.1)
NOTE: Appendix L, “UAT ARC Member Dissenting Opinion & ARC Response”, includes a
dissenting opinion submitted by a UAT ARC member that is directed at the above
recommendation. A response to that submittal prepared by the UAT ARC is also
provided in this appendix.

8) The UAT ARC recommends development of specialized test procedures to support
centralized testing of candidate unleaded aviation gasolines. The specialized test
procedures will be used by the FAA Tech Center to generate fuel property data and
engine/aircraft performance data necessary to support ASTM specification development
and certification approval of existing engines and aircraft that can operate transparently
using a new unleaded aviation gasoline. (See Section 4.6.2)

9) The UAT ARC recommends the development of specialized certification guidance to
support the centralized certification of unleaded aviation gasoline. The certification
guidance should define the applicable certification basis and compliance requirements
for Part 33 reciprocating aircraft engines, Part 23 airplanes, and Part 27/29 rotorcraft
and should provide acceptable methods of compliance to assess and qualify expected
differences in fuel properties, performance and composition from 100LL. (See Section
4.6.2)
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10) The UAT ARC recommends that the FAA Centralized Certification Office coordinate
with the FAA Tech Center to develop certification test plans, conformity requirements,
and test witnessing protocols that are acceptable for certification of unleaded aviation
gasoline/s participating in the centralized testing. (See Section 4.6.2)

11) The UAT ARC recommends that methods and/or guidelines be developed to assess
the impact of a candidate unleaded aviation gasoline on the existing fleet, including the
need for proposed aircraft/engine modifications that could mitigate those impacts.
(See Section 4.7.1)

12) The UAT ARC recommends that methods and/or guidelines be developed to assess
the impact of a candidate unleaded aviation gasoline on the existing production and
distribution infrastructure. (See Section 4.7.2)

13) The UAT ARC recommends the identification of appropriate environment and
toxicological issues that a candidate unleaded aviation gasoline should be assessed
against. (See Section 4.7.3)

14) The UAT ARC recommends the FAA develop specialized policy and procedures to
facilitate the most efficient approach possible for fleet-wide approval of aircraft and
engines to use a new aviation gasoline. Fuel qualification and certification data from
the centralized FAA fuel test program would support fleet-wide approval of the “inscope” fleet of aircraft that can operate transparently on an unleaded aviation gasoline.
(See Section 4.8)

15) The UAT ARC recommends that a mechanism be developed to mitigate the liability
exposure of design approval holders (DAH) due to modification of the type design of
their products in approving a new aviation gasoline. (See Section 4.8.1)

16) The UAT ARC recommends that the centralized FAA test program and the centralized
FAA Certification Office support the approval of key aircraft and/or engine
modifications that will allow the largest portions of “out-of-scope” aircraft and engines
to operate with a new unleaded aviation gasoline. The FAA would have to develop
procedures/guidance to facilitate certification of the out-of-scope aircraft/engines
requiring modifications. (See Section 4.8.4)

17) The UAT ARC recommends that the FAA, working with industry, develop a
deployment and transition plan and timeline only after unleaded aviation gasoline(s)
with least impact upon the piston-engine aircraft fleet has been identified and a
process for fleet-wide approval to use the new fuel in aircraft has been clearly
established. Any FAA action should support the efforts of the industry to transition to
unleaded aviation gasoline(s) in a safe and orderly manner. (See Section 4.9.1)
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18) The UAT ARC recommends that the FAA and EPA continue to coordinate closely with
stakeholders and take into consideration implementation of the UAT ARC’s
recommendations in any potential rulemaking efforts. Consideration must be given to
safety, costs, and the ability and time needed to implement new technology. (See
Section 4.9.2)

19) The UAT ARC recommends the FAA establish a line item in its annual 2013-2020
budget requests to fully support the UAT ARC recommendations for PAFI which
includes centralized FAA fuel testing to support the development of an ASTM unleaded
aviation gasoline specification and fleet-wide certification approval. (See Section 4.9.3)

4.2. Fuel Development Roadmap
The UAT ARC was tasked with identifying the key issues and obstacles to the development,
certification and deployment of an unleaded aviation gasoline with the least impact upon the
existing piston engine fleet of aircraft, and to develop recommendations to overcome those
obstacles. Several recommendations discussed in this report address some of the technical and
process issues designed to reduce the overall uncertainty, risk and cost of developing an
unleaded AVGAS.
But, in order to facilitate a successful initiative, the UAT ARC
recommendations must also address the overarching economic and market issues affecting the
business case for fuel producers and aviation equipment manufacturers to invest in the
development and deployment of an unleaded replacement for high octane aviation gasoline.
The UAT ARC believes it is essential to establish a “Fuel Development Roadmap” which
identifies the key milestones in the aviation fuel development process and information
necessary to address the technical issues related to ensuring aviation safety as well as market
and economic issues related to deployment. Development of this “roadmap” serves several
roles, all with the fundamental purpose of ensuring that a new unleaded fuel is developed in a
manner that replicates the existing performance and safety characteristics of leaded AVGAS or
clearly identifies the areas where those characteristics are not matched and how they are to be
addressed.
1. Facilitation of Development – The recommended roadmap will serve to inform
prospective replacement fuel producers of the numerous factors that need to be
considered and accounted for in an aviation fuel development endeavor.
2. Communication Standard – By creating a standardized process for development of a
fleet-wide replacement AVGAS, a “roadmap” would allow for standardized
communication about development progress within the industry and General Aviation
community. Specifically such a roadmap would provide guidance to fuel developers on
the criteria that would need to be evaluated in order to perform various assessments on
the impact to the industry of the new fuel. This data could then be utilized by others to
determine the “viability” of the fuel under development.
3. Process Standard – A “roadmap” would also serve as a standard by which parties could
evaluate multiple unleaded aviation gasolines on a level playing field. The nature of the
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“roadmap” would work to standardize data and information presentation so that fair
and accurate comparisons could occur.

4.2.1. AVGAS Readiness Levels (ARL)
The UAT ARC has begun the process of defining a framework for a fuel development roadmap.
The Commercial Aviation Alternative Fuels Initiative (CAAFI) concept of jet “fuel readiness levels
(FRLs)” has been evaluated and applied by the UAT ARC to the unique needs of aviation
gasoline development and definitive AVGAS Readiness Levels (ARLs). The resulting AVGAS ARLs
are specifically designed to facilitate the development of a non-drop-in fleet-wide replacement
unleaded aviation gasoline, and as such do not represent every possible approach for
developing and bringing to market an aviation gasoline. All of the recommendations in this
report to facilitate the development and deployment of unleaded AVGAS support the following
roadmap ARLs.

Unleaded AVGAS Transition Fuel Development Roadmap
AVGAS Readiness Levels (ARL)
ARL

Title

1

Fuel Definition

2

Material Safety
Review

3

Basic Fuel
Properties and
Composition

Description
Utilize data developed during experimentation phase
to establish process elements and parameters (such as
reactor hardware and catalyst materials) and fuel
compositional definition by GC analysis.
Initial review of candidate fuel composition relative to
published guidance on material safety with respect to
environmental and safe handling considerations.
Develop Material Safety Data Sheet (MSDS).
Intended to support initial engagement with ASTM to
form Task Force. Lab analysis of fuel sample to
identify composition and measure key Fit-For-Purpose
properties per test methods defined in ASTM
International Standard Practice, “Standard Practice for
the Evaluation of New Aviation Gasolines and New
Aviation Gasoline Additives” :
 Motor Octane Number (detonation)
 Vapor Pressure (starting, vapor lock)
 Freezing Point (high-altitude operation)
 Corrosion, copper strip (metal fuel system
components)
 Oxidation stability (gumming)
 Water reaction (hygroscopic effect)
 Electrical conductivity (fuel handling)
 Distillation curve
 Initial material compatibility testing

Page 43 of 99

Deliverable
Fuel sample and report
including process flow
diagram and fuel
compositional analysis
MSDS and other data as
needed

Independent lab analysis
report(s), report how the
fuel was produced
(blending purchased
components, lab scale
production, etc.)
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Unleaded AVGAS Transition Fuel Development Roadmap
AVGAS Readiness Levels (ARL)
ARL

Title

Description

Deliverable

4

Preliminary ASTM
Research Report

Preliminary ASTM Research
Report

5

ASTM Test
Specification

Compile data derived from laboratory analysis of
candidate fuel in accordance with Section 6.2 of ASTM
International Standard Practice, “Standard Practice for
the Evaluation of New Aviation Gasolines and New
Aviation Gasoline Additives”. This data will include:
 Basic Specification properties
 Compositional analysis
 Preliminary Fit-For-Purpose (FFP) Properties
 Preliminary Materials Compatibility Assessment
 Information from preceding ARLs
ASTM Test Specification defines the properties of the
fuel for subsequent testing and analysis.

6

Preliminary
Feasibility
Assessment
Preliminary
Production and
Distribution
Assessment

Analyze current AVGAS production and distribution
infrastructure to identify gaps in current system and
develop preliminary plan to address gaps and to scaleup production and distribution to commercially viable
volumes.
Review candidate fuel composition with consideration
to use and handling from an environmental
perspective, including OSHA, EPA and other regulatory
entities.

Report

6.1

6.2

Environmental &
Toxicology
Assessment

Page 44 of 99

Issued ASTM Test
Specification

Report with compositional
data, MSDS, environment
and toxicology assessment,
and other relevant
environmental data.

UAT ARC Final Report – Part I Body

February 17, 2012

Unleaded AVGAS Transition Fuel Development Roadmap
AVGAS Readiness Levels (ARL)
ARL
6.3

Title
Preliminary
Business Plan

7

Initial Pilot
Production
Capability

8

Final ASTM
Research Report
Final ASTM
Research Report –
Part 1

8.1

Description

Deliverable

Provide a business plan that addresses the following:
a) Scope of Solution: Describe the fuel,
engine/aircraft hardware and operational concept
proposed. If hardware or operational changes are
proposed summarize and characterize in
accordance to CFRs as minor, major or model
changes.
b) Production Concept: Describe how the candidate
fuel composition can be scaled up and
commercialized. Include summary of fuel
production process flow and related hardware
c) Applicability: Define fleet satisfaction concept
relative to either actual aircraft cross section as
defined in the FAA Aviation Fuels Reciprocating
Engine Aircraft Fleet Fuel Distribution Report or
BMEP/detonation propensity as defined by TBD
document.
d) Cost: Describe market cost of proposed solution
inclusive of recurring cost/volume and nonrecurring associated with hardware or operational
limitation changes.
e) Implementation: Describe defined or to-bedefined strategic partnerships, financing
strategies, infrastructure leveraging opportunities,
distribution strategies and other relevant details
facilitating path to market.
f) Deployment Concept: Describe whether the
proposed fuel is miscible and fungible with 100LL.
Does the solution require a separate distribution
and control system?
g) Intellectual Property: Declare IP associated with
the Scope of Solution and how stated IP is
protected or public domain considerations.
Scale-up lab production capability, and define
production process flow and hardware for novel
production capability requirements.

Report

Compile data derived from laboratory analysis and of
candidate fuel in accordance with Section 6.3 of ASTM
International Standard Practice, “Standard Practice for
the Evaluation of New Aviation Gasolines and New
Aviation Gasoline Additives”. This data will include:
 Final Fit-For-Purpose (FFP) Properties
 Final Materials Compatibility Assessment

Report
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Unleaded AVGAS Transition Fuel Development Roadmap
AVGAS Readiness Levels (ARL)
ARL

Title

Description

Deliverable

8.2

Final ASTM
Research Report –
Part 2

Final ASTM Research Report

9

ASTM Production
Specification

10

Pilot Production
Capability

Compile data derived from equipment testing of
candidate fuel in accordance with Section 6.3 of ASTM
International Standard Practice, “Standard Practice for
the Evaluation of New Aviation Gasolines and New
Aviation Gasoline Additives”. This data will include:
 Engine Testing
 Aircraft Testing
ASTM Production Specification defines the properties
of the fuel and other criteria necessary for highvolume production and distribution.
Scale-up initial pilot production capability, using the
production process flow from the initial pilot
production capability requirements (ref: ARL 7).
Demonstrate the ability to produce at least 10,000
gals/yr (40,000 liters/yr).

11

Airworthiness
Certification
Engine
Certification
Testing

Certification Test Reports

11.1

11.2

Engine
Certification

Completion of all rig, component and engine
certification tests in accordance with compliance
program established by the cognizant airworthiness
regulatory authority.
Obtain certification approval from cognizant
airworthiness regulatory authority.

11.3

Aircraft
Certification
Testing
Aircraft
Certification

Completion of all ground and flight testing in
accordance with compliance program established by
the cognizant airworthiness regulatory authority.
Obtain certification approval from cognizant
airworthiness regulatory authority.

11.4

12
12.1

12.2

12.3
13

Final Feasibility
Assessment
Final Production
and Distribution
Assessment
Final
Environmental &
Toxicology
Assessment
Final Business Plan
Initial Production
Capability

Issued ASTM Production
Specification
Production Process
Demonstration

Issued Amended or
Supplemental Type
Certificate(s)
Certification Test Reports

Issued Amended or
Supplemental Type
Certificate(s)

Update preliminary report based on data and
information developed during the fuel development.

Report

Update preliminary report based on data and
information developed during the fuel development.
This may include testing for baseline emission data.

Report and MSDS

Update preliminary report based on data and
information developed during the fuel development.
Scale-up pilot production capability, using the
production process flow from the pilot production
capability requirements for the large-scale (ref: ARL
10). . Establish production capability to produce at
least 100,000 gals/yr (400,000 liters/yr).

Report
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Unleaded AVGAS Transition Fuel Development Roadmap
AVGAS Readiness Levels (ARL)
ARL

Title

Description

14

Initial LimitedScale Fleet
Operations

Introduce fuel on a regional basis to gain experience
with commercial operations.

15

Production Scaleup
Wide-Scale Fleet
Operations

Construct facilities to produce at least 10,000,000
gals/yr (40,000,000 liters/yr).
Fuel availability and usage over several geographic
regions.

16

Deliverable
Coordinated plan with fuel
distributors and fleet
operators to demonstrate
operational use of fuel
Fuel inventory
Coordinated plan to
transition production,
distribution, and use on a
regional basis

These ARLs are specifically designed to identify the steps and information necessary to address
all of the issues and challenges discussed in Section 3 of this report including market and
economic issues as well as the assessment of the viability of candidate fuels in terms of impact
upon the existing fleet, production and distribution infrastructure, and environment and
toxicology. The ARL’s are laid out in chronological order for a typical development project,
however, it is in envisioned that fuel developers may approach various elements in a slightly
different order to align with their own business needs.

1) The UAT ARC recommends implementation of the “Fuel Development
Roadmap – AVGAS Readiness Levels (ARL)” developed by the UAT ARC that
identifies the key milestones in the aviation gasoline development process and
the information needed to support assessment of the viability of candidate fuels
in terms of impact upon the existing fleet, production and distribution
infrastructure, environment and toxicology, and economic considerations.

4.3. Centralized Testing at FAA William J. Hughes Technical Center
Aviation fuels are defined and controlled by industry consensus-based ASTM fuel specifications
that specify the properties, performance, and composition necessary to provide a level of
control to support large-scale production, distribution, and the conduct of commerce for use in
aircraft. In addition, FAA regulations pertaining to aircraft, engines, and fuel recognizes and
accepts the well-proven ASTM specifications to define and control the properties, performance
and composition of aviation fuels. The FAA has not established specific airworthiness
requirements for fuel or required design or production approval for fuel due to the
dependability of ASTM specifications. FAA regulations require that a fuel grade or specification
be identified as an operating limitation for each make/model type certificated aircraft and
engine in order for them to be able to operate using the fuel.
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The UAT ARC recommendations to facilitate the development and deployment of an unleaded
AVGAS address both the development of a new ASTM specification and the use of that
specification to accomplish FAA fleet-wide certification approval of the fuel. As discussed in
Section 3 of this report, both the ASTM specification development and FAA certification
processes are progressive and iterative in nature. The scope of applicable data requirements for
these processes and extent of testing that may be necessary grows with increasing degree of
divergence from the properties, performance, and experience with existing 100LL. However,
there are a significant number of identical or similar requirements and data needed to support
the evaluation and qualification of candidate unleaded fuels through both the ASTM and FAA
processes.
Ideally, fuel tests and generation of assessment data would be performed in such a way that it
would be acceptable to support both ASTM specification development and FAA certification
approval processes to the greatest extent possible. However, the UAT ARC recognizes that this
poses significant challenges as the two processes and associated requirements are completely
independent from one another. The FAA presently is not directly involved with fuel
development programs and the data to support development of a fuel specification is not
generated in accordance with 14 CFR Part 21 requirements for certification.
In addition, the UAT ARC discussed various concepts that would not only reduce the uncertainty
and cost of fuel qualification and approval through the ASTM and FAA processes, but also
address economic and market issues in order to incentivize businesses to pursue the
development of an unleaded AVGAS. Considering the small size of the AVGAS market,
significant diversity in the types of aviation products and operations, and importance of
ensuring safety is not compromised; the UAT ARC concluded that centralized fuel testing
through a collaborative industry-government process is the best approach to address the
overarching issues.

2) The UAT ARC recommends centralized testing of candidate unleaded fuels at
the FAA William J. Hughes Tech Center funded by government and industry inkind contributions. Centralized assessment and testing would generate
standardized qualification and certification data that can be used by the fuel
developer/sponsor to support both ASTM specification development and FAA
fleet-wide certification eliminating the need for redundant testing.

4.3.1. Benefits of Centralized AVGAS Test Program
The FAA Tech Center has established itself as the leading expert resource and world class
capability for testing of aviation gasolines. A centralized FAA fuel testing program would utilize
the FAA Tech Center to perform fuel property testing during fuel development stages and
engine and aircraft equipment testing during fit-for-purpose fuel assessment and certification
stages. A centralized AVGAS test program managed by the FAA would be able to generate
standardized data in such a way that it can be used to support both the ASTM specification
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development process and FAA certification approval process. This will provide for a more
efficient and expeditious approach to the overall process for fuel development and support the
qualification and certification of the most promising fuels.
In addition, a centralized AVGAS test program will offer the significant incentive to fuel
developers/sponsors of government funded and industry in-kind contribution to test candidate
unleaded AVGAS fuels. This approach also offers a significant benefit of testing candidate fuels
in the same manner using the same equipment, instrumentation and test facilities. This will
allow for more accurate comparisons of the results and fleet impact assessment.

4.3.2. FAA Solicitation & Selection Process
A centralized fuel testing program will require the establishment of an FAA solicitation process
for prospective unleaded AVGAS producers to submit candidate fuels for testing. In the event
that there are more candidates than program funding can accommodate, a selection process
will need to be established in order for FAA to select a limited number of the most promising
fuels for testing.

3) The UAT ARC recommends the establishment of a solicitation and selection
process for candidate unleaded aviation gasolines for the centralized fuel testing
program. This process should include a FAA review board with the technical
expertise necessary to evaluate the feasibility of the candidate fuel.

4.4. FAA Centralized Certification Office for AVGAS Approvals
Applicants for a design and fuel approval have historically dealt with multiple FAA offices, such
as ACOs and Directorates that may have had limited experience with AVGAS related
certification projects. Continuing this pattern may lead to standardization issues affecting
efficient and timely certification. In addition, the qualification and certification data generated
during the FAA fuel testing program by the FAA Tech Center is intended to support certification
approval for engines/aircraft to operate on the new fuel. This data will be generated using
specialized test procedures and processes and the applicability or scope of certification for
unleaded AVGAS approvals will be based on the resulting test data. Local geographic FAA
offices will not be familiar with the specialized procedures used to generate data in the FAA test
program and fleet-wide approaches to issuing approvals which may also lead to standardization
issues affecting efficient and timely certification related to unleaded AVGAS projects.

4) The UAT ARC recommends the FAA establish a centralized certification office
with sufficient resources to support unleaded aviation gasoline projects.
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4.5. Establish Piston Aviation Fuels Initiative (PAFI) to Implement UAT ARC
Recommendations
The UAT ARC has strived to identify the key issues and obstacles to the development,
certification and deployment of an unleaded AVGAS with least impact upon the existing pistonengine aircraft fleet and develop recommendations to overcome those obstacles. While each
of these recommendations has independent value in addressing the barriers to transitioning
the industry to an unleaded-aviation gasoline, the UAT ARC recognizes that the best chance for
success lies in a coordinated approach to implementation.

5) The UAT ARC recommends the establishment of a collaborative industrygovernment initiative referred to as the Piston Aviation Fuels Initiative (PAFI) to
implement the UAT ARC recommendations in this report designed to facilitate
the development and deployment of an unleaded AVGAS with the least impact
on the existing piston-engine aircraft fleet. The overall objective of this initiative
is to identify candidate unleaded aviation gasolines, to provide for the
generation of qualification and certification data on those fuels, and to support
fleet-wide certification of the most promising fuels.

4.6. Develop AVGAS Assessment & Qualification Guidance and Procedures
As discussed previously, the civil aviation industry has evolved to rely on a very limited number
of well-proven, conventional fuels for the design, operation and certification of aircraft and
engines. The AVGAS production and distribution system, controlled by industry consensusbased ASTM standards, and FAA safety regulations also evolved to rely on these available
aviation fuels. All existing standards and corresponding assessment and qualification
methodologies and guidance are structured to ensure that new aviation products can be safely
operated using an existing aviation fuel. However, additional procedures and guidance for the
assessment and qualification of the existing fleet of aircraft/engines to operate on a non-dropin alternative to 100LL is needed to facilitate the development and deployment of an unleaded
AVGAS. In addition, guidelines are needed to assess the viability of a candidate unleaded
AVGAS from both a fleet impact perspective and fuel production and distribution perspective.

4.6.1. ASTM Fuel Properties and Performance
Aviation fuels are produced and handled as bulk commodities with multiple producers sending
fuel through the distribution system to airports and aircraft. These fuels are defined and
controlled by industry consensus-based fuel specifications; ASTM International D1655 for jet
fuel and ASTM D910 for leaded aviation gasoline. These ASTM aviation fuel production
specifications define the properties, performance, and composition necessary to provide a level
of control to support large-scale production, distribution, and the conduct of commerce for use
in aircraft.
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6) The UAT ARC recommends the use of a consensus standard peer review
process as an integral and required element of the UAT ARC’s recommendations.
ASTM is the historically accepted consensus body for aviation fuels and is the
practicable and accepted means to universally produce and distribute aviation
gasoline as a commodity.

4.6.1.1. ASTM Standard Practice for the Evaluation of New Aviation
Gasolines
At present there are no ASTM guidelines or procedures for the development and qualification
of a new aviation gasoline intended to be used by the existing fleet of aircraft as an alternative
to ASTM D910 and/or 100LL. This situation results in significant uncertainty, business risk, and
cost impact for potential unleaded AVGAS fuel developers.
In response to recommendations by industry, ASTM is currently developing a “Standard
Practice for the Evaluation of New Aviation Gasolines and New Aviation Gasoline Additives”
which provides procedures to develop data for use in research reports to support the
development and issuance of new or revised AVGAS specifications. The procedures, tests,
selection of materials, engines and aircraft detailed in the standard practice document have
been collaboratively developed by industry and the FAA reflecting their respective expertise in
these specialized areas. This standard is intended to be used by developers or sponsors of new
aviation gasolines or additives as an aid to determining and standardizing the data
requirements necessary to support the review and qualification of these new products by ASTM
members.
The draft standard describes laboratory and aircraft equipment test requirements to evaluate a
new aviation gasoline intended to be used by an existing fleet of aircraft that was designed and
certified to operate using another aviation gasoline (i.e. 100LL). It includes requirements that
address the following subjects:
Basic specification properties
Fit-for-purpose properties (see below)
Materials Compatibility
Compatibility with other aviation gasolines and aviation piston-engine lubricants
Aircraft component bench or rig testing
Engine test cell evaluation
Aircraft flight test evaluation
Of particular importance for the evaluation of a non-drop-in alternative to 100LL are the
requirements for fit-for-purpose properties relating to engine and aircraft operability and
performance as well as properties relating to fuel handling and distribution. These properties
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are characteristics of an aviation fuel that are not controlled by the fuel specification or
specification properties, but that are necessary for evaluation in addition to the specification
properties to provide a comprehensive assessment of the suitability of an aviation fuel for use
on aircraft and aircraft engines. The data generated during this testing should be compared to
corresponding data for ASTM D910 100LL fuel properties and differences reconciled in the
Research Report. See Appendix K for background on ASTM.

7) The UAT ARC recommends the completion of the new ASTM “Standard Practice
for the Evaluation of New Aviation Gasolines and New Aviation Gasoline
Additives”. This standard will significantly reduce the uncertainty, risk, timeline
and cost to developers or sponsors of new unleaded aviation gasolines by
describing the test and analysis requirements necessary to generate data to
support the development of a new ASTM specification.

4.6.2. FAA Specialized Test Procedures & Certification Guidance
FAA certification relative to aviation fuels is designed to evaluate the airworthiness of specific
engine and aircraft models when operating on the candidate fuel, whereas the ASTM process
described above is designed to evaluate the properties of the candidate fuel under prescribed
conditions. The UAT ARC recognized the synergy between the two processes when a common
set of technical data is generated to support both evaluations.
For example, the airworthiness standards for aircraft engines in 14 CFR Part 33 require that
performance, operability, durability, and safety be evaluated throughout the full envelope of
extreme conditions the engine is expected to encounter in service, including extreme cold/hot
temperatures and altitudes. Fuel properties such as vapor pressure, freeze point and distillation
curve directly affect these engine performance envelopes. The most important performance
indicator for an engine is horsepower and the safety critical limiting factor is detonation. The
octane level of AVGAS is a measure of protection against the onset of detonation so the higher
the octane the higher the horsepower that is possible from a particular engine and vice-versa.
While octane is evaluated during the ASTM qualification process, a specific regulation (14 CFR
33.47) requires a test program to ensure that an aircraft engine can operate without
destructive detonation throughout its full range of operation.
Similar to engines, the airworthiness standards for aircraft in 14 CFR Part 23 and rotorcraft in 14
CFR Part 27/29 require demonstration of minimum aircraft performance requirements such as
takeoff runway length, climb, speeds and distance over a range of conditions such as maximum
weight/payload, maximum outdoor temperatures and airport altitudes up to 10,000 feet. The
critical performance envelopes and operational safety limitations for an aircraft established by
these tests are directly dependent upon the engine and its associated performance, which in
turn is dependent upon the fuel properties.
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In addition, 14 CFR parts 33, 23 and 27/29 require materials compatibility testing to
substantiate that the fuel is compatible with all engine and aircraft materials to ensure that
there are no safety and airworthiness impacts upon components and parts such as pistons,
valves, turbochargers, carburetors, pumps, hoses, gaskets, seals, fuel tanks, structure, sealants
etc. Materials compatibility will be dependent upon the fuel composition, which is evaluated
by ASTM.
Just like the ASTM evaluation process, the certification procedure and testing requirements to
approve an engine/aircraft to operate on a new fuel is progressive and iterative in nature,
determined by the fuel properties, characteristics and test results revealed at each successive
stage. The scope of applicable certification basis requirements and extent of testing that may
be necessary grows with increasing degree of divergence from the properties, performance,
and experience with existing 100LL. As discussed previously, a high octane unleaded AVGAS
that is intended to meet the needs of the existing fleet is not expected to be a drop-in and,
therefore, will likely have some differences in properties, performance and/or composition
from 100LL. Aviation fuel has a direct and significant impact upon both the engine and aircraft
performance and, therefore, compliance with the applicable FAA safety standards.
Consequently, great efficiencies could be realized by developing one portfolio of tests that
could provide data to support both the ASTM process and FAA certification process. This
requires that the new ASTM Standard Practice and the FAA regulations and guidance be
reviewed to identify where common tests and/or analyses can satisfy both sets of
requirements. Test procedures will then be developed for both the common tests and unique
tests for use by the FAA Tech Center under the centralized testing concept.
Of particular importance are detonation issues related to octane and the differences in
behavior of anti-knock performance between leaded and unleaded fuels. The existing guidance
in AC 33.47-1 for detonation testing is based on outdated test equipment and analyses
methods.
The FAA Tech Center detonation measurement methods and associated
instrumentation should be correlated with industry test facilities, and there is industry interest
in further investigation of the thresholds used to define limiting detonation levels (i.e.
acceptable versus unacceptable).

8) The UAT ARC recommends development of specialized test procedures to
support centralized testing of candidate unleaded aviation gasolines. The
specialized test procedures will be used by the FAA Technical Center to generate
fuel property data and engine/aircraft performance data necessary to support
ASTM specification development and certification approval of existing engines
and aircraft that can operate transparently using a new unleaded aviation
gasoline.
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In addition, template versions of FAA certification compliance plans will need to be developed
that reflect the new test procedures and analyses. These template compliance plans can then
be used for all candidate fuel projects.

9) The UAT ARC recommends the development of specialized certification
guidance to support the centralized certification of unleaded aviation gasoline.
The certification guidance should define the applicable certification basis and
compliance requirements for Part 33 reciprocating aircraft engines, Part 23
airplanes, and Part 27/29 rotorcraft and should provide acceptable methods of
compliance to assess and qualify expected differences in fuel properties,
performance and composition from 100LL.

10) The UAT ARC recommends that the FAA Centralized Certification Office
coordinate with the FAA Technical Center to develop certification test plans,
conformity requirements, and test witnessing protocols that are acceptable for
certification of unleaded aviation gasoline/s participating in the centralized
testing.

4.7. Impact Assessment of Candidate Unleaded Aviation Gasoline
The viability of a candidate unleaded AVGAS to be deployed as an alternative to 100LL depends
upon the total impact upon the existing fleet of aircraft, fuel production and distribution
infrastructure, and environment.

4.7.1. Aircraft Fleet
An unleaded AVGAS is expected to be transparent for large portions of the current aircraft
fleet. It should have no physical impact or change in the design, operation or performance of
engines and aircraft other than to list the new fuel specification in the operating limitations.
These engines and aircraft are referred to as the transparent fleet. However, it is not expected
to be a drop-in which means there will be some differences in certain fuel properties,
performance or composition compared with 100LL that will impact certain portions of the fleet
and require modification in order to operate safely using the new fuel. These engines and
aircraft are referred to as the non-transparent fleet. However, there is no defined methodology
to assess the impact of a candidate unleaded AVGAS upon the existing fleet of aircraft.

11) The UAT ARC recommends that methods and/or guidelines be developed to
assess the impact of a candidate unleaded aviation gasoline on the existing fleet,
including the need for proposed aircraft/engine modifications that could mitigate
those impacts.
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4.7.2. AVGAS Production & Distribution Infrastructure
As discussed previously, an unleaded AVGAS is expected to have a different composition than
100LL due to the need for specialty chemicals to compensate for the absence of lead. This
raises potential materials compatibility issues and possible impact upon the production and
distribution infrastructure. However, there is no defined methodology to assess the impact of a
candidate unleaded AVGAS upon the existing AVGAS production and distribution infrastructure.

12) The UAT ARC recommends that methods and/or guidelines be developed to
assess the impact of a candidate unleaded aviation gasoline on the existing
production and distribution infrastructure.

4.7.3. Environment & Toxicology
The potential use of specialty chemicals raises potential environmental and toxicological issues.
There are no existing FAA or EPA regulatory requirements for piston aircraft emissions. It is
important that a candidate unleaded fuel does not introduce any new or more harmful
emissions or environmental impact than the current leaded 100LL.

13) The UAT ARC recommends the identification of appropriate environment and
toxicological issues that a candidate unleaded aviation gasoline should be
assessed against.

4.8. FAA Support for Fleet-Wide Certification Approval
Each new make and model of engine and aircraft introduced into the fleet was specifically
designed, tested and FAA certificated using 100LL (or equivalent ASTM D910 leaded AVGAS). It
is not practical or even possible to re-certify each and every individual make and model engine
and aircraft in the entire fleet to operate on a new unleaded fuel. Although there are a large
number of different engine and aircraft make/models with broad ranges of configurations and
performance, there are many key characteristics from a design and safety perspective that
would allow for large groups of “like” engines and aircraft to be assessed, qualified and
approved for operation on an unleaded fuel.

14) The UAT ARC recommends the FAA develop specialized policy and procedures
to facilitate the most efficient approach possible for fleet-wide approval of
aircraft and engines to use a new aviation gasoline. Fuel qualification and
certification data from the centralized FAA fuel test program would support
fleet-wide approval of the “in-scope” fleet of aircraft that can operate
transparently on an unleaded aviation gasoline.
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The following summarizes UAT ARC discussion on some of the fleet impact considerations and
provisions necessary to address both the certificated and non-certificated aircraft categories. It
also includes possible approval mechanisms and actions that could be considered.

4.8.1. Type-Certificated Aircraft
An unleaded AVGAS that is not drop-in will require some form of FAA approval to operate in
each airplane and engine. These approvals could range from some type of FAA issued fleetwide approval for the transparent portion of the fleet, to a change in type design for entire
make/model series by a TC or STC DAH, to aircraft specific design changes or alterations. The
most effective and efficient approaches would include support from the original equipment
manufacturer of the aircraft and engine that hold certification and test data across the broadest
range of make/models. However, as discussed previously, there are significant business risk
factors that affect the potential level of DAH involvement in making application for and/or
directly supporting approvals or design changes. Beyond economic interests and whether there
is a potential return on investment, there is an ongoing regulatory responsibility for the
continued airworthiness of any design approval along with product liability for 18 years. Since
fuel is such an integral component to engine and aircraft performance and operation, the
product liability risk exposure and associated insurance and litigation costs would likely be
significant.
Therefore, it is anticipated that original equipment manufacturer DAHs will not likely be able to
make application for and/or directly participate in unleaded AVGAS determination and
recertification without some mechanism for liability protection. This could include approaches
whereby the DAH can fully support FAA issuance of fleet-wide approvals, third-party STCs, field
approvals, etc.

15) The UAT ARC recommends that a mechanism be developed to mitigate the
liability exposure of design approval holders (DAH) due to modification of the
type design of their products in approving a new aviation gasoline.

In addition, there are many make/model engines and aircraft that are not supported by an
original equipment manufacturer DAH because the type certificates and supplemental type
certificates are orphaned, abandoned or otherwise unsupported.
Various approval
mechanisms as well as industry and FAA support activities will need to be considered in order
to support the broadest possible range of type-certificated products.
Approval Mechanisms - Type-certificated fleet transition approval mechanisms for use of a
new unleaded AVGAS may involve one or more of the following.
Manufacturer DAH change to type certificate for in-production aircraft/engines
Manufacturer DAH approval via Service Bulletins for legacy fleet
FAA methods to provide some form of fleet-wide/blanket approval of engines and
airplanes
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FAA Supplemental Type Certificate approval by industry sponsors
FAA field approval of an aircraft/engine alteration
Industry Support - may include but is not limited to the following.
Lobbying by industry members at Federal and state government levels for tax incentives
and financial support to aid in technical and legal transition
Providing available technical data to potential third-party solution providers (STC/field
approval) to reduce work required and accelerate time to market
FAA Support - may include but is not limited to the following.
Provide information and assist in fleet certification and approvals
Make FAA Tech Center available to help conduct standardized tests needed to derive
solutions and obtain group STC approval.
Fuel Developer Support - may include but is not limited to the following.
Provide test fuel for development and testing
Provide baseline fuel test and certification data to potential solution provider

4.8.2. Special Light Sport Aircraft (S-LSA)
In recent years a new category of manufactured recreational aircraft, Special Light Sport
Aircraft (S-LSA), have evolved that do not hold type certificates in the traditional sense but
rather are shown by the manufacturer to conform to industry consensus standards. The FAA
uses manufacturer’s certification as the basis for FAA issuance of an airworthiness certificate.
These aircraft are unique in the sense that they cannot be legally modified by the
owner/operator or third parties and therefore it falls solely on the manufacturer to approve the
use of a new fuel in these aircraft. Changes cannot be legally accommodated by STC or other
means of FAA approval. In instances where there is no longer a manufacturer supporting inservice S-LSA aircraft, the aircraft lose their S-LSA airworthiness certification status and are
placed in the experimental category (E-LSA) with all of the attendant operational limitations
that accompany experimental certification. At this point the aircraft is treated like any other
aircraft certificated in the experimental category (such as amateur-built) and modifications,
including fuel use, are at the discretion of the owner/operator.
Most S-LSA aircraft are certificated to operate on low octane unleaded fuels as well as 100LL so
these aircraft are not expected to be significantly impacted by a transition to a future unleaded
fuel. The primary considerations for this fleet will likely not be performance but rather
materials compatibility assurance and an appropriate method for final approval for use.
Approval Mechanisms - S-LSA fleet transition approval mechanisms for use of a new unleaded
AVGAS may involve one or more of the following.
Engine manufacturers provide approval for use of the new unleaded fuel for their
respective engine models
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Aircraft manufacturers address specific aircraft design and field aircraft solutions and
approvals leveraging available test data derived for the type certificated fleet
S-LSA Industry Support - may include but are not limited to the following
Coordinate fleet transition effort on Light Sport Aircraft and similar models certificated
in other categories with support from stakeholder groups
Coordinate with user groups and type clubs to provide info and better develop group
solutions for similar types of aircraft
Coordinate fleet transition with ASTM Committee F37
FAA Fuel Developer Support - may include but are not limited to the following.
Provide information and test results generated to support approval of the TC products
that can be communicated by the FAA to the S-LSA fleet.

4.8.3. Non-Certificated Fleet
There are a large number of non-type certificated aircraft in the fleet that are not supported by
an original equipment manufacturer (OEM). These aircraft are certificated in the Experimental
category and can include former military aircraft that were not designed and type certificated
under civilian standards as well as amateur-built aircraft, some foreign aircraft, and those
placed within this category for research, testing, and other purposes. This fleet is wide ranging
in terms of performance, octane requirement, size, age and materials. Experimental aircraft
have no regulatory requirement to operate on a particular fuel provided the owner determines
the fuel to be suitable.
Experimental Fleet Assessment - the following are principle assessments that should be
performed relative to evaluation of use of a new fuel in the experimental fleet.
Composition and size of the experimental fleet
Technical challenges in operating these airplanes with a new unleaded fuel
FAA fleet data (group of engines) should be made available to the end user (amateurbuilt category) and type clubs to enable determination of impact by the user
Economic impact on the experimental fleet should be included in the total aviation
industry economic impact assessment
Experimental Fleet Approval Mechanisms - Experimental fleet approval mechanisms for use of a
new unleaded AVGAS may involve one or more of the following.
FAA provides specific guidance in the form of an AC or SAIB based upon type certificated
products for owners of experimental aircraft to evaluate the impact (performance,
materials compatibility, etc.) of the unleaded fuel on their individual aircraft and make
informed decisions about its use
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SAIBs issued by FAA in support of the type-certificated fleet may be supportive of the
amateur-built and other experimental aircraft impact determinations
Industry Support – may include but are not limited to the following.
Engine manufacturers provide approval for use of the new unleaded fuel for their
respective engine models (TC and non-TC)
Provide applicable technical data to enable assessment of impact by users and type
clubs
Type Club coordination with FAA, manufacturers and fuel developer to provide data and
information to the experimental community enabling assessment of any new fuel and
approval means for the experimental fleet
FAA Fuel Developer Support - Provide information and test results generated to support
approval of the TC products that can be communicated by the FAA to the experimental fleet.

4.8.4. Aircraft/Engine Modification Testing Approval
The UAT ARC recognizes that an unleaded AVGAS that completes the qualification and
certification process will most likely not meet the full range of performance demands or be fully
compatible with the entire fleet of existing piston-powered aircraft. Therefore, some portion of
the fleet will not be able to operate safely using a new unleaded AVGAS without some form of
aircraft and/or engine modifications. These are referred to as “out-of-scope” aircraft and
engines.

16) The UAT ARC recommends that the centralized FAA test program and the
centralized FAA Certification Office support the approval of key aircraft and/or
engine modifications that will allow the largest portions of “out-of-scope”
aircraft and engines to operate with a new unleaded aviation gasoline. The FAA
would have to develop procedures/guidance to facilitate certification of the outof-scope aircraft/engines requiring modifications.

4.9. Development of Unleaded AVGAS Deployment Strategy
A clearly defined transition plan from 100LL to a replacement unleaded AVGAS is necessary to
provide a common timeline to all stakeholders including manufacturers, operators, FAA, EPA,
industry associations, etc. The UAT ARC Recommendations are designed to facilitate the
development and deployment of an unleaded AVGAS and provide this transition plan.
Implementation of the UAT ARC recommendations and the associated transition plan will
ensure the continued safety and viability of general aviation. The Recommendations lay out
three stages of the transition; Preparatory, Project and Deployment with significant detail
provided for the first two stages. The Preparatory and Project stages address the development
of an ASTM fuel specification, FAA approval and certification policy as well as the economic
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viability of a candidate unleaded AVGAS. These stages represent a significant portion of the
UAT ARC Recommendations.
The Deployment stage is, however, as critical as the first two Stages in managing the impact of a
transition to an unleaded AVGAS. The Deployment Stage addresses the introduction of the
unleaded AVGAS into the field and the eventual phase out of 100LL. The UAT ARC understands
the need to provide the FAA with a recommendation for the framework and milestones to
address the transition of the fleet to an unleaded fuel. At this time, the UAT ARC cannot
recommend a specific timeline beyond the Preparatory and Project Stages of the
recommendations due to the unknown impact of an unleaded fuel on the existing fleet.
Another important consideration in this discussion is the timeline by which alternatives are
implemented and ultimately brought to market. An alternative that has a substantial impact,
including the devaluation of a portion of the fleet, would require a significantly longer
implementation timeline, perhaps decades, to allow for the consumption of the remaining life
of the airframes and engines. This will enable the natural retirement and attrition of this
portion of the fleet. The challenge with this approach is that the industry presently keeps
heavy utilization aircraft active for decades. These aircraft are flying missions in support of
critical roles and are difficult, expensive or in many cases, impossible to replace due to a lack of
new aircraft produced that can fit the mission profile. The average age of the General Aviation
piston fleet exceeds 39 years. This highlights the need for an extended transition for any
alternative fuel that would otherwise significantly devalue or limit the capability of the existing
fleet.
Another key consideration for a viable unleaded AVGAS replacement for 100LL is the economic
impact. This includes both the upfront costs to transition to an unleaded AVGAS as well as the
long term cost impact of operating on a new fuel. The EPA’s Advance Notice of Proposed
Rulemaking on Lead Emissions from Piston-Engine Aircraft recognized that converting in-use
aircraft/engines to operate on unleaded aviation gasoline would be a significant logistical
challenge, and in some cases, a technical challenge as well. As discussed previously, a change to
the approved AVGAS or modifications to engines and aircraft require FAA certification to ensure
compliance with applicable airworthiness standards necessary for safety. The FAA certification
process is comprehensive and requires significant investment of resources, expertise and time
to complete. The cost and resource impact upon both industry and government can be
significant depending upon the level of effort and number of modifications that may be
necessary to support a transition of the in-use fleet to an unleaded AVGAS. However, the closer
the physical and performance properties of an unleaded AVGAS to 100LL, the less upfront
economic impact there would be, particularly with respect to octane rating. This is a critical
fuel property for aircraft engines to maintain rated horsepower that in turn is crucial for high
performance aircraft to meet their performance limitations. Another potentially significant
upfront cost for an unleaded AVGAS is the impact upon the fuel production and distribution
infrastructure and level of modifications/investment that may be necessary. Long-term
economic impacts that should be considered are the cost of unleaded AVGAS per gallon and
any potential impact on aircraft/engine operating and maintenance costs. These are ongoing
costs incurred by entire in-use fleet for the foreseeable future.
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4.9.1. Milestones and Timeline
It is imperative to understand that at this time the UAT ARC is only able to discuss major
milestones that are expected to be necessary for the Deployment Stage. Timelines for these
milestones can only be established once a potentially viable unleaded AVGAS has been
identified and the industry has an understanding of the impact upon the existing fleet and
production and distribution infrastructure. The UAT ARC also highlights the importance of
understanding that the milestones may also represent decision points. Once a milestone is
reached, all information available to that point must be evaluated. Future milestones may need
to be altered, adjusted or completely reevaluated as information about new fuels becomes
known.
The following summarizes some of the key milestones necessary for deployment of an
unleaded AVGAS once a potentially viable unleaded AVGAS with least impact upon the pistonengine aircraft fleet has been identified:
Identification of an Unleaded AVGAS with Least Impact Upon Existing Fleet
ASTM production specification to support commercial acceptance
FAA qualification and certification test data to support maximum fleet approval
Aircraft fleet impact assessment and potential modification data
New Aircraft Certified for Unleaded AVGAS Capability
New production engines/aircraft certified to operate on unleaded AVGAS

-

Only affects engine/airplane certification and not current operations

-

Would require dual certification for unleaded AVGAS and 100LL

Consideration of some type of regulatory mandate may be necessary
Transition to Unleaded AVGAS
Applies to fuel availability and operations of all General Aviation aircraft
Transition timeline dependent upon impact of unleaded AVGAS

-

Level of FAA certification required for fleet-wide approvals

-

Development and implementation of modifications (i.e. overhaul cycle)

-

Level of change to AVGAS production and distribution infrastructure

Consideration of special case

-

Portions of fleet that cannot transition (i.e., cargo operations in remote
areas, public safety operations, historic aircraft, etc.)

Consideration of some type of regulatory mandate may be necessary
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17) The UAT ARC recommends that the FAA, working with industry, develop a
deployment and transition plan and timeline only after unleaded aviation
gasoline(s) with least impact upon the piston-engine aircraft fleet has been
identified and a process for fleet-wide approval to use the new fuel in aircraft has
been clearly established. Any FAA action should support the efforts of the
industry to transition to unleaded aviation gasoline(s) in a safe and orderly
manner.

4.9.2. Consideration of Regulatory Action
The UAT ARC recognizes that an ultimate transition to unleaded aviation gasoline for general
aviation is not likely to occur due to market forces alone and accordingly some form of
regulatory action may be required to effect a permanent and complete change from leaded to
unleaded AVGAS. However, given the uncertainties surrounding what a future fuel might look
like relative to its performance, safety and economic impact it is premature for the UAT ARC to
recommend any form or regulation or timeline. We only acknowledge that such an action may
need to occur once a satisfactory replacement has been identified and approved

18) The UAT ARC recommends that the FAA and EPA continue to coordinate
closely with stakeholders and take into consideration implementation of the UAT
ARC’s recommendations in any potential rulemaking efforts. Consideration must
be given to safety, costs, and the ability and time needed to implement new
technology.

4.9.3. Funding for Piston Aviation Fuels Initiative (PAFI)
This implementation of the proposed PAFI will require an estimated $57.5M of public funds and
$13.5M of industry in-kind support over 11 years. Specifics for the estimated funding are
addressed in Section 5.5.

19) The UAT ARC recommends the FAA establish a line item in its annual 20132020 budget requests to fully support the UAT ARC recommendations for a
Piston Aviation Fuels Initiative (PAFI) which includes centralized FAA fuel testing
to support the development of an ASTM unleaded aviation gasoline specification
and fleet-wide certification approval.
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5. Implementation of UAT ARC Recommendations
The implementation concept recommended by the UAT ARC relies upon both a process and an
organization called the Piston Aviation Fuel Initiative (PAFI) formed by the FAA and an industrygovernment coalition. The overall objectives of this initiative are to identify candidate
unleaded aviation gasolines, to provide for the generation of qualification and certification data
for those fuels, and to support the qualification and certification of the most promising fuels.
The elements of PAFI will be an FAA Test Program, centralized certification office, a FAA review
board, and a PAFI Steering Group (PSG) (refer to Figure 6.0). The FAA test program will test
candidate fuels at the FAA William J. Hughes Technical Center (FAA Tech Center) to generate
data that can then be used by the fuel developer to support ASTM specification development
and FAA certification. The PSG will facilitate, coordinate, expedite, promote, and oversee the
PAFI process that is identified throughout this report. The PSG will consist of an Executive
Director and a coalition of industry associations and government representatives who will
engage subject matter experts (SMEs) as necessary (refer to Figure 7.0). The PSG will provide
input to candidate fuel developers to facilitate the process to result in an unleaded fuel that
would have the least impact to the existing fleet and distribution system.
A secondary objective of PAFI will be to support the testing and approval of key aircraft/engine
modifications that would have a significant impact on compatibility of the existing fleet with
new unleaded AVGAS.
The following roles, responsibilities, resources, funding, and scheduling requirements are
designed to support these objectives. In addition, a description of the integration of PAFI with
the FAA fuel testing program and with the prospective AVGAS developers who participate in
that program is also provided.

Figure 6.0 – UAT ARC Key Concepts
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5.1. PAFI Organization
It is recommended that PAFI be organized as an industry-FAA coalition; similar to the structure
of the existing FAA sponsored Commercial Aviation Alternative Fuels Initiative (CAAFI); see
Appendix D for a description of CAAFI. It is also recommended that the FAA fund and provide
administrative support for a PAFI Director, and fund other consultants as required. This
administrative support would include the establishment and maintenance of a web site for the
PAFI organization. The membership of PAFI would be comprised of stakeholders from the
General Aviation community including aviation trade and other directly involved industry trade
and membership associations, and the FAA as illustrated in the following Figure 7.0. The
members would be expected to provide in-kind support to perform the tasks necessary for PAFI
to perform its role as described in this report. Members would allocate resources to support
unique PAFI tasks, such as the generation of job aids and to support industry tasks related to
development and approval of unleaded AVGAS, such as ASTM Task Forces.

Figure 7.0 – PAFI Organization

5.2. The PAFI Process
5.2.1. PAFI Fuel Development Stages
The PAFI roles, responsibilities, resources, funding and schedule requirements are presented
for three distinct stages which are structured to facilitate the integration with FAA fuel testing
program and the AVGAS development process (see Figure 8.0).
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Preparatory Stage
This stage precedes the start of the FAA fuel testing program and associated testing of
candidate fuels. Job Aids will be developed during this stage by PAFI to support the
subsequent stages. These job aids will include technical, logistical, economic and other
AVGAS-related industry information that are necessary for the FAA Tech Center to conduct
testing in support of the FAA fuel testing program. These job aids will also provide
reference information for prospective fuel producers, potential investors, and government
agencies that may play a future role in the commercialization of unleaded AVGAS. It is
recommended that the FAA establish an aviation fuel centralized certification office during
this stage.

Project Stage
The FAA will issue a solicitation for prospective unleaded AVGAS producers to submit fuel
for testing for the FAA fuel testing program during this stage. The FAA will select a limited
number of the most promising fuels for testing at the FAA Technical Center. The data
generated from this testing will support the concurrent ASTM specification development
and FAA certification activity during this stage. As appropriate, PAFI members may also
advocate for and promote both private and government financing opportunities to support
this initiative.

Deployment Stage
This stage commences upon the completion of fuel testing, specification development, and
FAA certification activities. PAFI provides expert support to facilitate the production,
distribution, and initiation of fleet-wide operations of the new unleaded aviation gasolines.
A more detailed overview of the PAFI activities in each of these stages is provided in Section 5.7
PAFI & FAA Work Scope.

Figure 8.0 - PAFI Fuel Development & Deployment Stages
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5.2.2. FAA Integration
During the Preparatory Stage, the PSG will facilitate the development of job aids that the FAA
will use to support screening and testing of candidate fuels. The FAA will use the job aids to
develop “Request for Proposals” (RFPs) to solicit new fuels to undergo testing at the FAA Tech
Center. This FAA Test Program will generate data that can be used by the applicant to support
fuel approval. The FAA will establish an FAA Review Board that will use the job aids to screen
candidate fuels for admittance to the FAA Test Program (see Section 5.2.5). The FAA Review
Board will require the technical expertise necessary to evaluate fuel property and composition
data to determine the feasibility of the candidate fuel. In addition, the FAA will establish a
centralized certification office (see Section 5.2.4). During the Project Stage, the fuel testing
program will be conducted at the FAA Tech Center. See Figure 9.0.

Figure 9.0 - FAA Integration

5.2.3. Fuel Developer Integration
Both the PSG and the FAA will be working closely with the prospective fuel developers during
the Project and Deployment Stages. The fuel developers will need to provide test fuel to the
FAA Test Center for conduct of the testing. The data generated during the testing at the FAA
Tech Center will be used by the fuel developer to support specification development and FAA
certification. The fuel developer will progress through the AVGAS Readiness Levels (ARLs)
during the development and deployment of the fuel. The PSG will support the fuel developer
during the project and deployment stages to facilitate the specification issuance, certification
approvals, and distribution and deployment of the approved fuel. See Figure 10.0.
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Figure 10.0 - PAFI & FAA fuel testing program Integration with Fuel Developer

5.2.4. FAA Centralized Certification
In accordance with the UAT ARC recommendations, the FAA will establish a centralized
certification office for aviation fuel projects. The PSG will coordinate with the centralized
certification office and with the FAA Tech Center to develop test procedures and conformity
and test witnessing protocols that are acceptable for certification. The data generated during
the FAA fuel testing program by the FAA Tech Center is provided to the candidate fuel
developer. The fuel developer can then submit this data to the FAA Centralized Certification
office as certification data. The applicability or scope of certification will be based on the test
results and will be reflected in the application to the centralized FAA certification office. See
Figure 10.0.

5.2.5. FAA Testing Program Overview
The FAA fuel testing program will occur during the Project Stage of the PAFI fuel development
process (see Figure 10.0). The program will be managed by the FAA and will offer the incentive
of government funding and industry in-kind contribution to test the fuel at the FAA Tech
Center. The program consists of a screening phase that the fuel candidate conducts to measure
key fuel properties. The fuel developer will then provide the fuel property data when
responding to the FAA RFP. If selected by the FAA Review Board, the fuel developer will then
be required to provide specified quantities of fuel that will be subjected to Phase 1 testing
under the FAA test program. The FAA Review Board will then select a limited number of
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candidate fuels to continue on to Phase 2 testing upon receipt of an additional specified
quantity of fuel from the fuel developer (see Figure 11.0).

Figure 11.0 - FAA Fuel Testing Program

The FAA Testing Program is described separately; the following is a short overview of the
anticipated structure of the program.

Entry Phase
The fuel developer will send on the order of 10 gallons (final quantity TBD) of the
candidate fuel to a laboratory designated by the FAA during the evaluation period
defined in the RFP. The lab will perform initial testing to measure fuel properties. The
fuel developer will submit the data to the FAA Review Board for review. The best
performing fuels will be admitted to Phase 1 of the program.

Phase 1
If the fuel passes the screening phase, the fuel developer will send on the order of 100
gallons (final quantity TBD) of the candidate fuel to the FAA Tech Center for expanded
fuel properties testing. The test data will be submitted to the FAA Review Board for
review. The best performing fuels will be admitted to Phase 2 of the program.
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Phase 2
The fuel developers of the candidate fuels selected after Phase 1 testing will send on
the order of 10,000 gallons of the candidate fuel (final quantity TBD) to the FAA Tech
Center for engine and aircraft testing. The final test data will be provided to the fuel
producer to support ASTM specification development and FAA certification. A final
report or appropriate information will be provided to the PSG with an assessment of
the scope of the transparent fleet to aid the fuel developer and FAA centralized
certification office to facilitate subsequent ASTM and certification approval.
This recommended program includes both the conduct of testing and the provision of data that
can be used to support development of ASTM International fuel specifications and for FAA
certification (see Figure 12.0). Availability of test data to persons other than the fuel developer
when using public funds needs to be further evaluated and addressed by the PSG. The PSG will
coordinate with the FAA Fuel Testing Program, the FAA Tech Center, and PSG member
companies to facilitate the ASTM specification development process. PSG will also coordinate
with the FAA Tech Center and the FAA centralized certification office to facilitate the FAA
certification process.

Figure 12.0 - Integration of FAA Fuel Testing Program with ASTM and FAA
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5.2.6. FAA Technical Center Support
The FAA Tech Center has established itself as the leading expert for testing of candidate
aviation gasolines. The FAA fuel testing program will utilize the FAA Tech Center to perform
fuel property testing in Phase 1 and equipment (engine and aircraft) testing in Phase 2 of the
program. All the candidate fuels will be tested in the same manner using the same equipment,
instrumentation and test facilities. This will allow for accurate comparisons of the results, and
also for standardized data to be used in the ASTM specification development process and in the
FAA certification process. This will provide for a more efficient and expeditious overall approval
process.

5.2.7. AVGAS Readiness Levels (ARLs)
The UAT ARC applied the CAAFI concept of jet “FRLs” to the unique needs of AVGAS
development. The ARLs are designed to reflect the fuel developer’s progression through the
FAA fuel testing program, ASTM specification development, FAA certification, and deployment
as shown in Figure 10.0. The ARLs will be used to develop the screening criteria to be used by
the FAA Review Board to select fuels for each of the respective phases of the FAA Test Program.
The ARLs are color coded in Figure 13.0 to identify where they apply during the project stage
and deployment stage (ARLs are not applicable to the preparatory stage). Within the project
section, they are further divided into screening phase, Phase 1 and Phase 2, to correlate with
the FAA fuel testing program concept shown in Figure 11.0. Figure 14.0 provides a detailed
description of the ARLs developed by the UAT ARC.
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ARL Color Legend :
Project Stage: Screening Phase

Project Stage: Phase 2 Equipment Testing

Project Stage: Phase 1 Fuel Property Testing

Deployment Stage

Figure 13.0 – ARL Color Coding
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Figure 14.0
AVGAS Readiness Levels
ARL

Title
Fuel Definition

2

Material Safety Review

3

Basic Fuel Properties
and Composition

4

Preliminary ASTM
Research Report

Iterative process

1

Description
Utilize data developed during
experimentation phase to
establish process elements and
parameters (such as reactor
hardware and catalyst materials)
and fuel compositional definition
by GC analysis.
Initial review of candidate fuel
composition relative to published
guidance on material safety with
respect to environmental and safe
handling considerations. Develop
material safety data sheet
(MSDS).
Intended to support initial
engagement with ASTM to form
Task Force. Lab analysis of fuel
sample to identify composition
and measure key Fit-For-Purpose
properties per test methods
defined in ASTM International
Standard Practice , “Standard
Practice for the Evaluation of New
Aviation Gasolines and New
Aviation Gasoline Additives”:
 Motor Octane Number
(detonation)
 Vapor Pressure (starting,
vapor lock)
 Freezing Point (high-altitude
operation)
 Corrosion, copper strip (metal
fuel system components)
 Oxidation stability (gumming)
 Water reaction (hygroscopic
effect)
 Electrical conductivity (fuel
handling)
 Distillation curve
 Initial material compatibility
testing
Compile data derived from
laboratory analysis of candidate
fuel in accordance with Section
6.2 of ASTM International
Standard Practice, “Standard
Practice for the Evaluation of New
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Deliverable
(Informational /
Data / Regulatory)
Fuel sample and
report including
process flow
diagram and fuel
compositional
analysis

Fuel Qty
Guidance
4 Liters

MSDS and other
data as needed

Independent lab
analysis report(s),
report how the fuel
was produced
(blending purchased
components, lab
scale production,
etc.)

20 to 50
Liters
Minimum

Preliminary ASTM
Research Report

200 – 400
liters
minimum
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5

ASTM Test
Specification

6

Preliminary Feasibility
Assessment

6.1

Preliminary Production
and Distribution
Assessment

6.2

Environmental &
Toxicology Assessment

6.3

Preliminary Business
Plan
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Aviation Gasolines and New
Aviation Gasoline Additives”. This
data will include:
 Basic Specification properties
 Compositional analysis
 Preliminary Fit-For-Purpose
(FFP) Properties
 Preliminary Materials
Compatibility Assessment
 Information from preceding
ARLs
ASTM Test Specification defines
the properties of the fuel for
subsequent testing and analysis.
Prepare the following reports to
assess the potential viability of
the candidate fuel concurrent
with the previous ARLs 1-5.
Analyze current AVGAS
production and distribution
infrastructure to identify gaps in
current system and develop
preliminary plan to address gaps
and to scale-up production and
distribution to commercially
viable volumes.
Review candidate fuel
composition with consideration
to use and handling from an
environmental perspective,
including OSHA, EPA and other
regulatory entities.
Provide a business plan that
addresses the following:
a) Scope of Solution: Describe
the fuel, engine/aircraft
hardware and operational
concept proposed. If
hardware or operational
changes are proposed
summarize and characterize
in accordance to CFRs as
minor, major or model
changes.
b) Production Concept: Describe
how the candidate fuel
composition can be scaled up
and commercialized. Include
summary of fuel production
process flow and related
hardware
c) Applicability: Define fleet
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Issued ASTM Test
Specification

Report

Report with
compositional data,
MSDS, environment
and toxicology
assessment, and
other relevant
environmental data.
Report
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7

Initial Pilot Production
Capability

8

Final ASTM Research
Report
Final ASTM Research
Report – Part 1

8.1
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satisfaction concept relative
to either actual aircraft cross
section as defined in the FAA
Aviation Fuels Reciprocating
Engine Aircraft Fleet Fuel
Distribution Report or
BMEP/detonation propensity
as defined by TBD document.
d) Cost: Describe market cost of
proposed solution inclusive of
recurring cost/volume and
non-recurring associated with
hardware or operational
limitation changes.
e) Implementation: Describe
defined or to-be-defined
strategic partnerships,
financing strategies,
infrastructure leveraging
opportunities, distribution
strategies and other relevant
details facilitating path to
market.
f) Deployment Concept: Describe
whether the proposed fuel is
miscible and fungible with
100LL. Does the solution
require a separate
distribution and control
system?
g) Intellectual Property: Declare
IP associated with the Scope
of Solution and how stated IP
is protected or public domain
considerations.
Scale-up lab production capability,
and define production process
flow and hardware for novel
production capability
requirements.

Compile data derived from
laboratory analysis and of
candidate fuel in accordance with
Section 6.3 of ASTM International
Standard Practice, “Standard
Practice for the Evaluation of New
Aviation Gasolines and New
Aviation Gasoline Additives”. This
data will include:
 Final Fit-For-Purpose (FFP)
Properties
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Fuel sample
produced by the
defined process

Report

400 liters
minimum, or
as needed to
support ARL 8
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8.2

Final ASTM Research
Report – Part 2

9

ASTM Production
Specification

10

Pilot Production
Capability

11

Airworthiness
Certification
Engine Certification
Testing

11.1

11.2

Engine Certification

11.3

Aircraft Certification
Testing

11.4

Aircraft Certification

12

12.1

Final Feasibility
Assessment

Final Production and
Distribution
Assessment

Final Materials Compatibility
Assessment
Compile data derived from
equipment testing of candidate
fuel in accordance with Section
6.3 of ASTM International
Standard Practice, “Standard
Practice for the Evaluation of New
Aviation Gasolines and New
Aviation Gasoline Additives”. This
data will include:
 Engine Testing
 Aircraft Testing
ASTM Production Specification
defines the properties of the fuel
and other criteria necessary for
high-volume production and
distribution.
Scale-up initial pilot production
capability, using the production
process flow from the initial pilot
production capability
requirements (ref: ARL 7).
Demonstrate the ability to
produce at least 10,000 gals/yr
(40,000 liters/yr).

Completion of all rig, component
and engine certification tests in
accordance with compliance
program established by the
cognizant airworthiness
regulatory authority.
Obtain certification approval from
cognizant airworthiness
regulatory authority.
Completion of all ground and
flight testing in accordance with
compliance program established
by the cognizant airworthiness
regulatory authority.
Obtain certification approval from
cognizant airworthiness
regulatory authority.
Prepare the following reports to
assess the potential viability of
the candidate fuel concurrent
with the previous ARLs 7-11.
Update preliminary report based
on data and information
developed during the fuel
development.
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Final ASTM Research
Report

Issued ASTM
Production
Specification

Production Process
Demonstration

Certification Test
Reports

Issued Amended or
Supplemental Type
Certificate(s)
Certification Test
Reports

Issued Amended or
Supplemental Type
Certificate(s)

Report

10,000 gals
(40,000 liters)
minimum,
or as needed
to support
ARL 11
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Final Environmental &
Toxicology Assessment

12.3

Final Business Plan

13

Initial Production
Capability

14

Initial Limited-Scale
Fleet Operations

15

Production Scale-up

16

Wide-Scale Fleet
Operations
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Update preliminary report based
on data and information
developed during the fuel
development. This may include
testing for baseline emission data.
Update preliminary report based
on data and information
developed during the fuel
development.
Scale-up pilot production
capability, using the production
process flow from the pilot
production capability
requirements for the large-scale
(ref: ARL 10). . Establish
production capability to produce
at least 100,000 gals/yr (400,000
liters/yr).
Introduce fuel on a regional basis
to gain experience with
commercial operations.

Construct facilities to produce at
least 10,000,000 gals/yr
(40,000,000 liters/yr).
Fuel availability and usage over
several geographic regions.

Report and MSDS

Report

Fuel inventory

Coordinated plan
with fuel distributors
and fleet operators
to demonstrate
operational use of
fuel
Fuel inventory

Coordinated plan to
transition
production,
distribution, and use
on a regional basis

5.3. Aircraft/Engine Modification Testing and Approval
The UAT ARC recognizes that unleaded aviation gasolines that complete the above described
PAFI process will most likely not meet the performance demands of, or not be compatible with
the entire fleet of existing piston-powered aircraft. Therefore, this implementation plan
includes tasks to support the testing at the FAA Tech Center and approval of aircraft and/or
engine modifications that will allow a portion of the non-transparent fleet to operate with a
new unleaded AVGAS. This recommendation will include the following key elements (see
Figure 15.0).
The FAA will maintain the FAA Review Board to review proposed aircraft/engine
modifications.
Prospective aircraft/engine modifiers will submit proposed modifications to the FAA
Review Board.
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The FAA Review Board will select those modifications that will enable the greatest
number of aircraft in the non-transparent fleet to operate safely with a new unleaded
AVGAS.
Once selected, the modifier will provide the modification hardware to the FAA Tech
Center.
The FAA Tech Center will test the hardware to test plans developed with the FAA
Centralized Certification Office
The test data will be provided to the modifier who will then work with the FAA
Centralized Certification Office to approve the modification.
A final report or appropriate information will be provided to PSG with an assessment of
the applicability of the proposed modification to aid the fuel developer and FAA
centralized certification office to facilitate subsequent certification approval.

Figure 15.0 - PAFI Aircraft/Engine Modification Concept
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5.4. PAFI Management
The PSG is envisioned to be a coalition, rather than a formalized legal entity. The FAA fuel
testing program will perform the selection and testing of the candidate fuels separately from
the PSG. The role of the PSG will be limited to providing supporting data, and coordinating the
activities of member organizations to provide the necessary project and deployment support.
The recommended organization for PAFI is modeled after CAAFI. Like CAAFI, it is proposed that
the FAA fund a full-time consultant to act as the PAFI Director, other consultants as required,
and that the FAA provide administrative support for the Director. In addition, like CAAFI, it is
recommended that the FAA fund the construction, maintenance, and updating of a web site for
the PAFI organization. It is expected that both the PAFI Director and PAFI members will need to
participate in dedicated PAFI meetings and perform other tasks unique to the PAFI
organization.
PAFI management is projected as being an on-going program management function throughout
the Preparatory, Project, and Deployment stages. The PAFI Executive Director, reporting to the
FAA and the PSG, will act as the program manager monitoring, directing, and coordinating
overall PAFI activities and interfaces with industry, government, and candidate fuel developers.
The PAFI Executive Director will represent PAFI at industry meetings and will interface with
government agencies, PAFI members, and other external organizations as directed by the PSG.
The PAFI Executive Director will act as a champion and advocate for the PAFI program. PAFI
management tasks and associated work scope are illustrated in Figure 16.0.
A cost estimate for the PAFI management-function and associated overhead is provided in
Figure 17.0. Included in the cost estimate are subcontract costs for the director, administrative
support, travel, PAFI website maintenance, and other direct costs (ODC). Other direct costs
provides for miscellaneous costs such as expenses and small service subcontracts. This cost
estimate is presented as an annual cost that covers PAFI management and overhead tasks such
as Program Management, Advocacy, PAFI Meetings, and Communications. It is envisioned that
the PAFI Executive Director will report to the FAA and the PSG of which the FAA is a member.
Note that Figure 17.0 does not included cost of specific subcontracts to SME and other
specialists as required to support the specific FAA-PAFI tasking and work scope of Section 5.7;
these subcontract costs are included in the total program cost estimates of Figure 18.0. It is
anticipated that Industry will provide SME as in-kind-resources similar to commitments
currently made to ASTM, Coordinating Research Council (CRC) and other standardization
bodies.
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Figure 16.0
PAFI Leadership & Management
Tasks & Work Scope
Task
No.

O&C-1

O&C-2

O&C-3
O&C-4

Task

Work Scope

Cost Estimate

PREPARATORY, PROJECT, & DEPLOYMENT STAGES
Active on-going program management:
See Figure 17.0
Monitoring, directing, and coordination
of PAFI activities and interfaces
with industry, government, and fuel
developers. Reports directly to the PSG.
Advocacy
Represent PAFI at industry meetings,
See Figure 17.0
interface with government agencies and
offices.
PAFI Meetings
Plan, organize, coordinate, and convene
See Figure 17.0
PAFI meetings. Issue meeting reports.
Communications Provide communications regarding
See Figure 17.0
status and progress to users and General
Aviation industry. Provide reports at
industry meetings. Provide and
coordinate input to PAFI website.
Program
Management

Schedule

On-going

On-going

On-going
On-going

Figure 17.0
PAFI Management & Overhead
Estimated Cost
Year

Director
Labor

Admin
Support

Travel

Web Site

ODC

FAA
Cost

Industry
Cost

1
2
3
4
5
6
7
8
9
10
11

$150K
$150K
$150K
$150K
$150K
$150K
$150K
$75K
$75K
$75K
$75K

$26K
$26K
$26K
$26K
$26K
$26K
$26K
$13K
$13K
$13K
$13K

$21K
$21K
$21K
$21K
$21K
$21K
$21K
$10K
$10K
$10K
$10K

$10K
$2K
$2K
$2K
$2K
$2K
$2K
$2K
$2K
$2K
$2K

$2K
$2K
$2K
$2K
$2K
$2K
$2K
$1K
$1K
$1K
$1K
Totals

$209K
$201K
$201K
$201K
$201K
$201K
$201K
$101K
$101K
$101K
$101K
$1.82M

$360K
$360K
$360K
$360K
$360K
$360K
$360K
$180K
$180K
$180K
$180K
$3.24M

Total
FAA +
Industry
$569K
$561K
$561K
$561K
$561K
$561K
$561K
$281K
$281K
$281K
$281K
$5.06M

Notes:
1) The above represents management and overhead cost only and does not include subcontracts to
SME and other external specialists.
2) Industry in-kind estimate based upon assumption of 8 PSG members + 4 SME
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5.5. PAFI Program Estimated Cost
The following Figure 18.0 identifies estimated program cost for the total FAA-PAFI program as
proposed within the context of the recommendations presented within this report. For
planning purposes, the cost estimate is based upon the assumption of 11 years of funding
(subject to change). It is not possible at this point to project funding beyond 11 years. The
estimated cost is segregated into categories of FAA, PAFI, and industry in-kind participation.
Figure 18.0
Estimated Total Cost
Cumulative FAA-PAFI Work Scope
Estimated Cost

3

FAA
FAA
FAA
Industry
Direct
Funding
Total
In-Kind
Funding
of PAFI
Support
PAFI PREPARATORY – PROJECT – DEPLOYMENT STAGES
Certification & Qualification (C&Q)
$3.85M
$0
$3.85M
$236K
Test & Evaluation (T&E)
$51.22M
$0
$51.22M
$9.65M
Production & Distribution (P&D)
$0
$8K
$8K
$182K

4

Impact & Economics (I&E)

5

Environment & Toxicology (E&T)

6

PAFI Management & Overhead (O&C)

1
2

Total Funding

Total
Funding

$4.09M
$60.9M
$0.19M

$0

$300K

$300K

$210K

$0.51M

$300K

$0

$300K

$0

$0.30M

$0

$1.82M

$1.82M

$3.24M

$5.06M

$55.37M

$2.13M

$57.5M

$13.52M

$71M

Notes:
1. See Figure 17.0 for PAFI Management & Overhead Annual Cost Estimate
2. See Figures 19.0 & 19.1 for FAA Direct Funding of PAFI Annual Cost Estimate

Caution – the industry in-kind participation represents support furnished to
the FAA Test & Evaluation Program and does not include industry non-recurring
engineering costs. An estimate of industry DAH non-recurring engineering costs
is included in Appendix M.

5.5.1. Industry In-Kind Participation
Industry in-kind participation does not reflect the total cost to transition to new fuel(s). The
total PAFI Estimated Cost of $71 million dollars as shown in Figure 18.0 reflects only the direct
industry in-kind support of $13.5 million that will be provided to PAFI during the Preparatory
and Project stages. It does not reflect, nor does this report attempt to estimate, the actual cost
and in-kind support that industry will bear during basic research conducted by fuel sponsors
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prior to entering the PAFI process or transition of the fleet to a new fuel during the Deployment
Stage. The Deployment Stage represents the potential for the largest impact to all segments of
the industry and is the most difficult to estimate without knowing the properties and
composition of the fuel. The impact and cost to the industry of the Deployment Stage can only
be determined and estimated as the impact of the potential candidate fuels becomes apparent.
Fuels necessitating significant changes to production, distribution, aircraft operations, or that
require aircraft modifications will result in additional costs to segments of the industry. These
impacts cannot be quantified or shown at this time and are not reflected in the industry in-kind
support. However, consideration must be given to these significant economic impacts, when
contemplating contributions of the stakeholders in this effort. The collaborative effort
presented in this report relies on the FAA funding of a significant portion of the upfront cost of
the PAFI program as reflected in this report, but also on the potentially much larger costs that
industry will incur to transition the existing fleet and future production aircraft and engines to a
new fuel or fuels.

5.5.2. Industry Deployment Stage Costs Not Reflected in In-Kind Support
Examples of potential industry costs which may be encountered during the Deployment Stage
but are not reflected in the industry in-kind support cost estimate include the following.
Production and Distribution – It is anticipated that new unleaded fuels will require some
change to the production and distribution systems currently used for avgas. These changes are
likely to include physical infrastructure changes to accommodate new fuels, including the need
for new production facilities and changes to distribution infrastructure materials to
accommodate new chemicals. Facilities that produce, transport, store and dispense these fuels
will, at a minimum, likely need to change product labeling, educate staff on handling
characteristics, and potentially make changes to dispensing equipment and practices.
Aircraft Operations - New fuels may require changes to aircraft operations. While it is the
intent of the UAT ARC recommendations and subsequently PAFI to minimize these impacts, any
change will have a subsequent effect on some portion of the fleet. That portion of the fleet
that may see operational changes will experience an economic impact that will affect the entire
industry.
Aircraft Modifications – This report recommends FAA support of some key aircraft
modifications to lessen the impact of a new fuel on the non-transparent fleet. However, the
incorporation of these aircraft modifications after approval will still have a significant economic
impact on industry. These modifications may vary from minor changes to the aircraft operating
limitations, Pilot Operating Handbook (POH), and placards to hardware modifications necessary
to accommodate a new fuel. Even what may appear to be a simple modification such as
placarding or a POH update will result in costs to owners and operators. Depending on the size
of the non-transparent fleet, these costs may be significant when compared to the overall PAFI
costs presented in this report.
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5.5.3. PAFI Annual Cost Estimate
The following figures 19.0 through 19.3 identify the estimated PAFI annual funding
requirements. Figure 19.1 provides a breakdown for the annual FAA funding requirements for
the PAFI tasks. Similarly, Figure 19.2 provides an indication of the annual Industry In-Kind
funding requirements. Figure 19.3 identifies PAFI annual subcontract cost estimates.

Annual Cost $1000

PAFI Annual Cost Estimate ($1000)
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Figure 19.0 – PAFI Annual Cost Estimate FAA & Industry In-Kind
Figure 19.1
FAA Funding Annual Cost Estimate
Year

C&Q

T&E

P&D

PAFI Tasks
I&E
E&T

PAFI Mgt
& OH
$209K
$201K
$201K
$201K
$201K
$201K
$201K
$101K
$101K
$101K
$101K
$1819K

PAFI
Subcon
$180K
$30K
$0
$60K
$3K
$0
$7K
$7K
$7K
$7K
$7K
$308K

Total

1
$74.1K
$5277K
$0
$0
$300K
$6040.1K
2
$34.8K
$9572K
$0
$0
$0
$9837.8K
3
$139.5K
$11009K
$0
$0
$0
$11349.5K
4
$139.5K
$7963K
$0
$0
$0
$8363.5K
5
$36K
$8178K
$0
$0
$0
$8418K
6
$12K
$5208K
$0
$0
$0
$5421K
7
$395K
$4008K
$0
$0
$0
$4611K
8
$1712K
$0
$0
$0
$0
$1820K
9
$703K
$0
$0
$0
$0
$811K
10
$603K
$0
$0
$0
$0
$711K
11
$0
$0
$0
$0
$0
$108K
Totals $3848.9K $51215K
$0
$0
$300K
$57490.9K
Notes:
1) The above identifies FAA annual funding requirements for each PAFI task including PAFI
management and overhead. See Figures 29.9 – 39.0 for PAFI Task Descriptions and Appendices E –
G for PAFI Task Cost Estimates. See Figure 19.3 for PAFI Annual Subcontract Cost Estimate.
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Figure 19.2
Industry In-Kind Annual Cost Estimate
Year

C&Q

T&E

PAFI Tasks
P&D
I&E

E&T

PAFI Mgt
& OH
$360K
$360K
$360K
$360K
$360K
$360K
$360K
$180K
$180K
$180K
$180K
$3240K

Total

1
$57.4K
$175K
$75.5K
$150K
$0
$822.9K
2
$1.8K
$853K
$52.5K
$0
$0
$1267.3K
3
$45.3K
$1787K
$0
$0
$0
$2192.3K
4
$44.1K
$2510K
$0
$60K
$0
$2974.1K
5
$19.2K
$1425K
$15K
$0
$0
$1819.2K
6
$12K
$989K
$0
$0
$0
$1361K
7
$12K
$1910K
$8K
$0
$0
$2290K
8
$21K
$0
$8K
$0
$0
$209K
9
$12K
$0
$8K
$0
$0
$200K
10
$12K
$0
$8K
$0
$0
$200K
11
$0
$0
$7K
$0
$0
$187K
Totals
$236.8K
$9649K
$182K
$210K
$0
$13517.8K
Notes:
1) The above identifies industry annual in-kind cost estimates for each PAFI task. See
Figures 29.9 – 39.0 0 for PAFI Task Descriptions and Appendices E – G for PAFI Task
Cost Estimates.
2) PAFI industry in-kind support estimate based upon 8 PSG member + 4 SME

Figure 19.3
PAFI Annual Subcontract Cost Estimate
PAFI Tasks
Year
C&Q
T&E
P&D
I&E
E&T
Total
1
$0
$0
$0
$180K
$0
$180K
2
$0
$0
$0
$30K
$0
$30K
3
$0
$0
$0
$0
$0
$0
4
$0
$0
$0
$60K
$0
$60K
5
$0
$0
$3K
$0
$0
$3K
6
$0
$0
$0
$0
$0
$0
7
$0
$0
$1K
$6K
$0
$7K
8
$0
$0
$1K
$6K
$0
$7K
9
$0
$0
$1K
$6K
$0
$7K
10
$0
$0
$1K
$6K
$0
$7K
11
$0
$0
$1K
$6K
$0
$7K
Totals
$0
$0
$8K
$300K
$0
$308K
Notes:
1) The above identifies annual cost estimates for PAFI subcontracts required to
support PAFI tasks. See Figures 29.9 – 39.0 for PAFI Task Descriptions and
Appendices E – G for PAFI Task Cost Estimates.
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5.6. PAFI Program Estimated Schedule
It is recommended that PAFI begin operating by June 2012. Operations are estimated to
continue for at least 11 years from the initial authorization of funding to support development
and approval of candidate fuels. In addition, it is anticipated that PAFI activities will continue
through the deployment phase. Master schedules for the PAFI preparatory, project, and
deployment phases are shown in the following Figures 20.0 through 22.0

Figure 20.0 – Master Schedule PAFI Preparatory Phase
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Figure 21.0 – Master Schedule PAFI Project Phase

Figure 22.0 – Master Schedule PAFI Deployment Phase
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5.7. PAFI and FAA Work Scope
The following describes the PAFI and FAA work scope for each of the three stages - Preparatory,
Project, and Deployment. Within each stage, PAFI and the FAA will perform tasks designed to
facilitate, incentivize, subsidize, and promote the approval and deployment of candidate
unleaded aviation gasolines. For each stage, the UAT ARC developed work scope tasks and
associated resource and schedule requirements are identified. Specific tasking is segregated
into five major support functions that are illustrated in Figure 23.0.
The PAFI and FAA work scope for each of the three stages is described in the following sections
5.7.1, 5.7.2 and 5.7.3; there are a total of 45 tasks identified. The following Figures 24.0 – 28.0
identify the upper level PAFI work tasks grouped for each of the five major support functions
shown in Figure 23.0. The PAFI management and leadership work scope was addressed in
Section 5.4.

Figure 23.0 – PAFI & FAA Work Scope Tasking
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PAFI Certification & Qualification Tasks
PAFI Certification & Qualification Preparatory Stage Support
 C&Q-1 – Support ASTM Test Spec Requirements Effort
 C&Q-2 – Support ASTM Production Spec Requirements Effort
 C&Q-3 – Develop Phase 1 Entrance Criteria
 C&Q-4 – Develop Phase 2 Entrance Criteria
 C&Q-5 – Develop RFP for Candidate Fuels
 C&Q-6 – Establish FAA Centralized Certification
 C&Q-7 – Develop Part 33 Certification Plan Guidelines
 C&Q-8 – Develop Part 23 Certification Plan Guidelines
 C&Q-9 – Develop Part 27/29 Certification Plan Guidelines
 C&Q-10 – Develop Scope-of-Approval Certification Policy/Guidance
 C&Q-11 – Develop Aircraft/Engine Modification Certification
Policy/Guidance
PAFI Certification & Qualification Project Stage Support
 C&Q-12 – Establish FAA Review Board
 C&Q-13 – Support ASTM Research Report and Test Spec Ballot
Process
 C&Q-14 – Conduct Phase 1 Candidate Fuel Review
 C&Q-15 – Conduct Phase 2 Candidate Fuel Review
 C&Q-16 – Support ASTM Research Report & Production Spec Ballot
Process
 C&Q-17 – Support FAA Certification of Candidate Fuels
Figure X – PAFI Certification & Qualification Tasks
PAFI Certification & Qualification Deployment Stage Support
 C&Q-18 – Educate/Engage FAA & Industry Stakeholders
 C&Q-19 – Consider Leaded AVGAS Phase-Out Regulation

Figure 24.0 – PAFI Certification & Qualification Tasks
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PAFI Test & Evaluation Tasks
PAFI T&E Preparatory Stage Support
 T&E-1 - Develop Phase 1 Test Methods & Procedures
 T&E -2 - Establish Phase 1 Test Facilities
 T&E -3 - Develop Phase 1 Report Guidelines
 T&E -4 - Develop Phase 2 Engine/Aircraft Test Methods
 T&E -5 - Establish Phase 2 Engine/Aircraft Test Articles
 T&E -6 - Prepare Phase 2 Report Guidelines
PAFI T&E Project Stage Support
 T&E -7 - Conduct Phase 1 Testing
 T&E -8 - Prepare Phase 1 Reports
 T&E -9 - Conduct Phase 2 Testing
 T&E -10 - Prepare Phase 2 Reports
 T&E -11 – Conduct Aircraft/Engine Modification Testing
Figure 25.0 – PAFI Test & Evaluation Tasks

PAFI Production & Distribution Tasks
PAFI P&D Preparatory Stage Support
 P&D-1 – Refine Production & Distribution ARLs
 P&D-2 – Identify Existing Production & Distribution Materials
 P&D-3 – Identify Industry Compliance Standards (Baseline)
PAFI P&D Deployment Stage Support
 P&D-4 – Establish PAFI Role in Deployment Phase
 P&D-5 – Facilitate Deployment Phase

Figure 26.0 – PAFI Production & Distribution Tasks
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PAFI Impact & Economics Tasks
PAFI I&E Preparatory Stage Support
 I&E-1 – Identify Historical Economic Data (Baseline)
 I&E-2 – Identify Existing Production & Distribution
Infrastructure (Baseline)
 I&E-3 – Develop Tools for Fuel Developer to Assess Impact on
Fleet (ARL 6.3.a & c)
 I&E-4 – Develop Tools for Cost Assessment (ARL 6.3.d)
PAFI I&E Project Stage Support
 I&E-5 – Develop Tools for Fleet Impact Assessment (ARL 6.3.a
& c)
PAFI I&E Deployment Stage Support
 I&E-6 – Develop Leaded AVGAS Phase Out Plan
Figure 27.0 – PAFI Impact & Economics Tasks

PAFI Environment & Toxicology Tasks
PAFI E&T Preparatory Stage Support
 E&T-1 – Identify EPA/FAA Regulatory Authority Relative to GA
Emissions (Completed; See Appendix I, Background
on Environmental Regulations Related to AVGAS)
 E&T-2 - Develop E&T Requirements in Support of ASTM
Test/Production Spec Requirements Effort
 E&T-3 – Develop Tools for E&T Assessment (ARL 6.2)
 E&T-4 – Develop Emissions Test Plan and Protocol
Figure 28.0 – PAFI Environment & Toxicology Tasks

5.7.1. Preparatory Stage Work Scope
PAFI will develop job aids and screening criteria during this stage to support the activities in the
subsequent Project and Deployment stages. The FAA will prepare for the testing and approval
of candidate fuels by developing the FAA RFP and defining the concept for the FAA Centralized
Certification Office. A summary of each task in the preparatory stage is provided in Figures 29.0
- 33.0. Refer to Figure 20.0 for the estimated schedule associated with each preparatory stage
task. Implementation plans that include a detailed description and associated cost estimate for
each preparatory stage task are provided in Appendix E.
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5.7.1.1. Certification & Qualification Prep Stage Work Scope
Figure 29.0
PAFI Certification & Qualification
Preparatory Stage Tasks & Work Scope
Task No.

Issue/Task

Work Scope

PREPC&Q-1

Support ASTM Test
Spec Requirements
Effort

PREPC&Q-2

Support ASTM
Production Spec
Requirements Effort

Support ASTM Task Force effort to develop Standard
Practice.

PREPC&Q-3

Develop Phase 1
Entrance Criteria

Define criteria used to rate candidate fuel.

PREPC&Q-4

Develop Phase 2
Entrance Criteria

Define criteria used to rate candidate fuel.

PREPC&Q-5

Develop RFP for
Candidate Fuels

FAA PAFI RFP Document specifying criteria for selection of
candidate unleaded fuels for participation in the FAA Tech
Center testing program.

PREPC&Q-6

Establish FAA
Centralized
Certification

Define applicant & FAA responsibilities, FAA scope of
support, deliverables, The UAT ARC respectfully submits

PREPARATORY STAGE
Support ASTM Task Force effort to develop Standard
Practice.

the recommendations contained in this report and
eagerly awaits your feedback and questions.
FAA organizational support.
Define applicable FARs and compliance requirements that
are compatible with PAFI fuel development concept.

PREPC&Q-7

Develop Part 33
Certification Plan
Guidelines

PREPC&Q-8

Develop Part 23
Certification Plan
Guidelines

Define applicable FARs and compliance requirements that
are compatible with PAFI fuel development concept.

PREPC&Q-9

Develop Part 27/29
Certification Plan
Guidelines

Define applicable FARs and compliance requirements that
are compatible with PAFI fuel development concept.

PREPC&Q-10

Develop Scope-ofApproval
Certification
Policy/Guidance

Develop policy to facilitate the fleet wide approval of aircraft
& engine sub-population based on non-model parameters.

PREPC&Q-11

Develop
Aircraft/Engine
Modification
Policy/Guidance

Develop procedures/guidance to facilitate certification of
out-of-scope aircraft/engines requiring modifications.
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5.7.1.2. Test & Evaluation Program Prep Stage Work Scope

Task No.

Figure 30.0
PAFI Test & Evaluation
Preparatory Stage Tasks & Work Scope
Issue/Task
Work Scope
PREPARATORY STAGE
FAA Tech Center works with PAFI members to develop
methods/procedures based on ASTM document guidance.

PREPT&E-1

Develop Phase 1
Test Methods and
Procedures

PREPT&E-2

Establish Phase 1
Testing Faculties

FAA Tech Center procures necessary equipment and
contracts to support Phase 1 testing.

PREPT&E-3

Develop Phase 1
Report Guidelines

FAA Tech Center works with other PAFI members to
standardize report content and format.

PREPT&E-4

Develop Phase 2
Engine/Aircraft
Test Methods

FAA Tech Center works with PAFI members to develop
methods & procedures based on ASTM document guidance.

PREPT&E-5

Establish Phase 2
Engine/Aircraft
Test Articles

FAA Tech Center procures necessary equipment to support
Phase 2 testing.

PREPT&E-6

Prepare Phase
2 Report
Guidelines

FAA Tech Center works with PAFI members to standardize
report content and format.

5.7.1.3. Production & Distribution Prep Stage Work Scope

Task No.

Figure 31.0
PAFI Production & Distribution
Preparatory Stage Tasks & Work Scope
Issue/Task
Work Scope

PREPP&D-1

Refine Production &
Distribution ARLs

PREPP&D-2

Identify Existing
P&D Materials

PREPP&D-3

Identify Industry
Compliance
Standards (Baseline)

PREPARATORY STAGE
Refine ARL’s relating to production & distribution,
including defining criteria for meeting an individual ARL
step.
Prepare report summarizing component materials used in
existing P&D system for use by candidate fuel developer.
Prepare list of applicable industry compliance standards for
use by candidate fuel developer (UL, AFPM, EI, etc.).
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5.7.1.4. Impact & Economics Prep Stage Work Scope

Task No.

Figure 32.0
PAFI Impact & Economics
Preparatory Stage Tasks & Work Scope
Issue/Task
Work Scope
PREPARATORY STAGE
Prepare market analysis & historical trends for AVGAS.
Develop historical information regarding the industry
reaction to price fluctuations. Analysis of historic price &
consumption elasticity. Assess market size and future
demand for unleaded AVGAS. Information will assist
developers in making market assessments and in developing
business plans. Data to also be used in the analysis-auditvalidation tool in PREP-I&E-4.
Prepare summary of existing fuel production & distribution
infrastructure. Provide fuel developer with useful data
regarding existing fuel production infrastructure to help in
understanding of existing capabilities when developing cost
analysis. Data to also be used in the analysis-audit-validation
tool in PREP-I&E- 4.

PREPI&E-1

Identify Historical
Economic Data

PREPI&E-2

Identify Existing
Production &
Distribution
Infrastructure
(Baseline)

PREPI&E-3

Develop Tools for
Fuel Developer to
Assess Impact on
Fleet (ARL 6.3.a & c)

Develop tools and guidelines for assessment of impact of
changes to fleet. Data to also be used in the analysis-auditvalidation tool in PREP-I&E- 4.

PREPI&E-4

Develop Tools for
Cost Assessment
(ARL 6.3.d)

Prepare an analysis-audit-validation tool to enable
assessment of fuel developer’s economic assumptions &
factors for economic claims. Will use data generated in
PREP-I&E-1 through -3.

5.7.1.5. Environment & Toxicology Prep Stage Work Scope
UAT ARC deliberations identified the roles of both the EPA in regulating lead emissions and the
FAA in its authority to regulate fuel composition; the results of which are included in Appendix
I. Consideration is being given to inclusion of environmental and toxicology requirements in
ASTM International Standard Practice DXXXX, “Standard Practice for the Evaluation of New
Aviation Gasolines and New Aviation Gasoline Additives”.
During the preparatory stage, a consultant will review the composition of candidate fuels to
assess any environmental or toxicological properties relative to current fuels in the widespread
market in order to identify any potential regulatory (EPA, OSHA, etc.) concerns associated with
their adoption, handling, and use. This information will then be used to develop an emissions
test plan that can be implemented during engine testing at the FAA Tech Center in the Test and
Evaluation Project Phase, Phase 2 (PROJ-T&E-9).
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Figure 33.0
PAFI Environment & Toxicology
Preparatory Stage Tasks & Work Scope
Issue/Task
Work Scope

Identify EPA/FAA
Regulator Authority
Relative to General
Aviation Emissions
Develop E&T
Requirements in
Support of ASTM
Test/Production Spec
Requirements Effort
Develop Protocol &
Criteria for Environment & Toxicology
Assessment (ARL 6.2)
Develop Emissions
Test Plan and Protocol

PREPARATORY STAGE
Document FAA & EPA authority, and obligations as related
to General Aviation emissions. Completed & included in
UAT ARC Final Report Part II , Appendix I.
Add environmental and toxicology requirements in ASTM
TF responsible for dev of ASTM New Fuel Standard Practice.

Develop protocol & Criteria for environmental &
toxicological properties relative to current AVGAS.

Develop input & guidance to PAFI to develop a test plan
and protocol for exhaust emissions testing.

5.7.1.6. Fuel Developer Integration in Preparatory Stage
There is minimal integration with the prospective fuel developers during this stage.

5.7.1.7. FAA Integration in Preparatory Stage
PAFI will coordinate with the FAA to establish the centralized certification office. PAFI will
develop template compliance plans with the office to establish a common understanding of the
certification compliance requirements for AVGAS approvals. PAFI will also facilitate the upfront
acceptance of conformity and testing procedures to be conducted at the FAA Tech Center. The
FAA will develop and issue the RFP to solicit candidate fuels for testing and the FAA Tech Center
will be establishing facilities and test equipment to support the testing.

5.7.2. Project Stage Work Scope
Candidate fuels that are accepted into the FAA Test & Evaluation Program will be tested at the
FAA Tech Center during this stage. PAFI will monitor and track the fuel developer’s progress
through the ARLs. The ARL deliverables will be integrated into the FAA review process and will
need to be submitted to the FAA Review Board, but they can also be used to support other
activities. The ARL deliverables can support ASTM specification development, FAA certification,
and investor requests.
PAFI members will support the progression of the candidate fuels through the ASTM
specification development and FAA certification processes. In addition, members will also
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support meetings with government agencies, private investors, financial institutions, and other
stakeholders interested in commercialization of unleaded AVGAS.
A summary of each task in the project stage is provided in Figures 34.0-36.0. Refer to Figure
21.0 for the estimated schedule associated with each project stage task. Implementation plans
that include a detailed description and associated cost estimate for each project stage task are
provided in Appendix F.

5.7.2.1. Certification & Qualification Project Stage Work Scope
Figure 34.0
PAFI Certification & Qualification
Project Stage Tasks & Work Scope
Work Scope

Task No.

Issue/Task

PROJ C&Q-12

Establish FAA
Review Board

PROJ C&Q-13

Support ASTM
Support ASTM Task Force effort to ballot report and spec and to
Research Report address ballot.
and Test Spec
Ballot Process

PROJ C&Q-14

Conduct Phase
1 Candidate
Fuel Review

FAA Review Board reviews and selects candidate unleaded fuels
for Phase 1 testing.

PROJ C&Q-15

Conduct Phase
2 Candidate
Fuel Review

FAA Review Board reviews and selects candidate unleaded fuels
for Phase 2 testing.

PROJ C&Q-16

Support ASTM
Support ASTM Task Force effort to ballot report and spec and to
Research Report address ballot comments.
and Production
Spec Ballot
Process

PROJC&Q-17

Support
Certification of
Candidate Fuels

PROJECT STAGE
Identify, recruit and contract technical specialists to serve on the
FAA Review Board to review candidate unleaded fuels for
acceptance into FAA Tech Center test.

Review Tech Center reports and other data submitted by
applicant and issue certification approval for in-scope fleet.
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5.7.2.2. Test & Evaluation Program Project Stage Work Scope

Task No.

Issue/Task

Figure 35.0
PAFI Test & Evaluation
Project Stage Tasks & Work Scope
Work Scope

PROJT&E-7

PROJECT STAGE
Conduct Phase 1 Test fuel samples using lab & rig equipment.
Testing

PROJT&E-8

Prepare Phase 1
Reports

PROJT&E-9

Conduct Phase 2 Test fuel in engines & airframes.
Testing

PROJT&E-10

Prepare Phase 2
Reports

Compile data and prepare report.

PROJT&E-11

Conduct Aircraft
& Engine
Modification
Testing

Selective testing of aircraft and engine modifications only for
fuels that exceed specified threshold of fleet coverage.

Compile data and prepare report.

5.7.2.3. Production & Distribution Project Stage Work Scope
There are no “Production and Distribution” related tasks defined at this time in support of the
PAFI Project Stage.

5.7.2.4. Impact & Economics Project Stage Work Scope

Task No.

Issue/Task

PROJI&E-5

Develop Tools
for Fleet Impact
Assessment
(ARL 6.3.a & c)

Figure 36.0
PAFI Impact & Economics
Project Stage Tasks & Work Scope
Work Scope
PROJECT STAGE
PAFI oversight and advocacy role. In its advocacy role PAFI
will develop tools and methods needed to enable the FAA
Review Board to assess the potential adverse impact to the
fleet which is not supported by a candidate proposed fuel
solution. Impact assessment and mitigation is not within PAFI
scope.
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5.7.2.5. Environment & Toxicology Project Stage Work Scope
There are no “Environment & Toxicology” related tasks defined at this time in support of the
PAFI Project Stage.

5.7.2.6. Fuel Developer Integration in Project Stage
The fuel developer progresses through the project ARLs during this stage and provides the
necessary reports and data to demonstrate successful completion of each ARL step. PAFI
members will assist the fuel producer in this progression through participation in ASTM Task
Forces established for AVGAS specification development, support of proposed AVGAS
specification balloting and deliberations at ASTM, and will coordinate with the FAA centralized
certification office to facilitate the approval of the fuel. It is anticipated that these activities will
be iterative in nature, and require frequent communications between the parties involved.

5.7.2.7. FAA Integration in Project Stage
The FAA plays three key roles during the Project Stage. First, the FAA Review Board will review
data submitted by candidate fuel developers and select the best performing fuels for testing.
Next, the FAA Tech Center performs the fuel property and aircraft equipment testing necessary
to generate the data for the FAA test program, ASTM specification development, and FAA
certification. Lastly, the FAA centralized certification office will coordinate with PAFI and the
fuel producer to apply a standardized procedure to the review and approval of that data.

5.7.3. Deployment Stage Work Scope
The deployment stage will begin upon FAA certification approval of the first candidate unleaded
AVGAS. PAFI members will support the fuel producer’s efforts to establish the production and
distribution infrastructure necessary for commercialization of the unleaded AVGAS. This will
include providing expertise and counsel when dealing with investors, government agencies,
local environmental organizations, equipment manufacturers, and other regulatory entities.
Once an unleaded AVGAS with least impact on the fleet has been identified, the FAA may
consider both short-term and long-term regulatory action to facilitate the transition to
unleaded AVGAS in consultation with the EPA. The FAA & EPA will coordinate as appropriate
under their respective authorities & obligations.
A summary of each task in this stage is provided in Figures 37.0 – 39.0. Refer to Figure 22.0 for
the estimated schedule associated with each deployment stage task. Implementation plans that
include a detailed description and associated cost estimate for each deployment stage task are
provided in Appendix G.
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5.7.3.1. Certification & Qualification Deployment Stage Work Scope

Task No.

Figure 37.0
PAFI Certification & Qualification
Deployment Stage Tasks & Work Scope
Issue/Task
Work Scope
DEPLOYMENT STAGE ARL 13-16
Communicate new fuel certifications and field approval
requirements.

DEPLOYC&Q-18

Educate/Engage
FAA & Industry
Stakeholders

DEPLOYC&Q-19

Consider Leaded
AVGAS Phase-out
Regulation

Once an unleaded AVGAS with least impact on the fleet has
been identified, the FAA may consider both short term and long
term regulatory action to facilitate the transition to unleaded
AVGAS in consultation with the EPA.

5.7.3.2. Test & Evaluation Deployment Stage Work Scope
There are currently no “Test & Evaluation” tasks defined at this time in support of the PAFI
Deployment Stage.

5.7.3.3. Production & Distribution Deployment Stage Work Scope

Task No.

Issue/Task

DEPLOYP&D-4

Establish PAFI
Role in
Deployment
Phase

DEPLOYP&D-5

Facilitate
Deployment
Phase

Figure 38.0
PAFI Production & Distribution
Deployment Stage Tasks & Work Scope
Work Scope
DEPLOYMENT STAGE
Identify the role PAFI may play in facilitating deployment of fuel.

Interface with applicable industry organizations to facilitate
compliance with non-ASTM standards, codes, &requirements.
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5.7.3.4. Impact & Economics Deployment Stage Work Scope

Task No.

DeployI&E-6

Figure 39.0
PAFI Impact & Economics
Deployment Stage Tasks & Work Scope
Issue/Task
Work Scope

Develop
Leaded AVGAS
Phase-Out Plan

DEPLOYMENT STAGE ARL 13-16
PAFI advocacy role. Facilitate deployment by working with FAA to
plan phase out of leaded AVGAS & transition to unleaded AVGAS.
FAA & EPA coordinate as appropriate under their respective
authorities & obligations.

5.7.3.5. Environment & Toxicology Deployment Stage Work Scope
There are no “Environmental & Toxicology” tasks defined at this time in support of the PAFI
Deployment Stage.

5.7.3.6. Fuel Developer Integration in Deployment Stage
The fuel producer will be utilizing the PAFI and the FAA resources to accelerate the
commercialization of the approved fuel.

5.7.3.7. FAA Integration in Deployment Stage
PAFI will need to coordinate with the FAA Flight Standards and Airports organizations to ensure
a smooth transition to fielding of the new unleaded AVGAS.
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HIO LEAD MODELING RESULTS AND THE NATIONAL AMBIENT AIR QUALITY STANDARD

The USEPA has adopted National Ambient Air Quality Standards (NAAQS) for the criteria pollutants,
including lead. These standards are set by USEPA and are designed to protect public health and welfare
with an adequate margin of safety and with consideration given to sensitive populations. As noted by
USEPA:

“The Clean Air Act, which was last amended in 1990, requires EPA to set National Ambient Air Quality
Standards (40 CFR part 50) for pollutants considered harmful to public health and the environment. The
Clean Air Act identifies two types of National Ambient Air Quality Standards. Primary standards provide
public health protection, including protecting the health of “sensitive” populations such as asthmatics,
children and the elderly. Secondary standards provide public welfare protection, including protection
against decreased visibility and damage to animals, crops, vegetation, and buildings.”
(hppt://www.epa.gov/air/criteria.html)

Washington County has been designated by USEPA as attainment for all of the NAAQS and has no
history of violating USEPA air quality standards. The area around Hillsboro Airport currently meets, and
is expected to continue to meet, all of the NAAQS, including the lead NAAQS to protect public health
and welfare.

As part of the Portland Air Toxics Solutions project, ODEQ modeled lead concentrations along with other
air toxics within the Portland-Vancouver air shed using the CALPUFF atmospheric dispersion modeling
system. This model is most often used to assess dispersion over long distances, from tens to hundreds
of kilometers. The lead emission inputs to ODEQ screening modeling analysis were based on the
emissions from 2005 operations at Hillsboro Airport. The results of a screening level model run showed
an area around the Airport that had the potential to have ambient lead concentrations greater than the
NAAQS of 0.15 µg/m3 (calendar quarter average). This initial screening level model run, however,
incorporated all lead emissions at Hillsboro Airport as a ground-level area source and did not account for
dispersion effects from aircraft in flight and operating beyond the airport boundary. The model was
subsequently refined by ODEQ by adjusting the emission release parameters to more accurately
simulate emissions from actual flight operations. The refined model showed a maximum predicted
concentration of 0.00331 µg/m3 at “receptor” level (ground level), well below the NAAQS.

In the fall of 2010, a study was prepared by CDM, on behalf of the Port, in response to the ODEQ’s initial
evaluation of lead emissions. The Port retained CDM to model lead emissions associated with Hillsboro

Airport’s 2007 operations using the FAA’s required model, the Emission & Dispersion Modeling System
(EDMS). EDMS uses the AERMOD atmospheric dispersion model to complete the dispersion analysis.
AERMOD is the model recommended by EPA for near-field lead dispersion analysis. CDM conducted
several evaluations using different modeling approaches, assumptions, and sensitivity analyses. The
maximum modeled concentration for lead around the Airport perimeter was 0.00405 µg/m3, closely
approximating the results of DEQ’s refined model.

That 2010 study provides an indication of how emissions from Hillsboro Airport can be compared with
the NAAQS. The maximum modeled concentration of lead emissions, 0.06567 µg/m3, is less than 50%
of the lead NAAQS. It should be noted that this maximum concentration was produced from a model
sensitivity analysis in which all of the emissions associated with the airport (e.g., airborne and groundlevel emissions) were concentrated into the ground-level source representing the runways and taxiways.

PATS 2005 Lead Modeling (Screening Level Analysis)

PATS 2017 Lead Modeling (Refined Approach Analysis)

Hillsboro Airport Lead Study
(Camp, Dresser & McKee; Port of Portland)

Section 1
Executive Summary
The Oregon Department of Environmental Quality (ODEQ) recently completed an
analysis of lead emissions from airports located in the state. Dispersion modeling was
then completed using the CALPUFF model, a non-steady-state dispersion model that
simulates the effects of long distance pollutant transport. The results indicated that a
high concentration of lead that could exceed the National Ambient Air Quality
Standard (NAAQS) was located over Hillsboro Airport (HIO). As a result, the Port of
Portland requested that a parallel study be completed to evaluate lead emissions and
dispersion using the Federal Aviation Administration’s (FAA’s) required model, the
Emission & Dispersion Modeling System (EDMS). EDMS uses the AERMOD
modeling system, a steady-state plume model, to complete dispersion.
An emissions inventory for lead was completed for existing conditions (2007) using
aircraft operation information from the Draft Hillsboro Airport Parallel Runway
12L/30R Environmental Assessment. EDMS estimate lead emissions to be
approximately 0.632 tons per year for piston aircraft; all turbine aircraft were
excluded from the study. Further review of the data indicated that approximately five
percent of the airport’s emissions are from ground-level sources associated with
taxiing and idling at the airport. It would therefore be overly conservative to
consolidate all of an airport’s emissions into a ground-level source because emissions
would disperse differently at a higher release height.
EDMS typically generates several hundred emission sources for a given airport.
ODEQ requested that these sources be simplified into no more than ten sources,
which could then be imported into the CALPUFF model. Several dispersion analyses
were completed to accomplish the following goals:
1. Complete dispersion modeling using EDMS directly to serve as a comparison
for the simplified AERMOD dispersion.
2. Complete modeling using the simplified sources for eventual use in
CALPUFF.
3. Complete sensitivity analyses to evaluate how modifying the sources affects
the modeling.
a. Evaluate the effects of lower the release heights of the emission
sources.
b. Evaluate the effects of merging all of the emission sources into a
ground-level source, equal to the area of the taxiways and runways.
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The simplified modeling indicate that the average modeled concentration was
approximately 17 percent less than the EDMS model, whereas the maximum
concentration was approximately four percent less than EDMS. The maximum
concentration from the ODEQ’s CALPUFF modeling, however, was found to be
approximately 60 times greater than the peak concentration from the EDMS
modeling. The results indicate that the CALPUFF modeling is overly conservative
and that the lead emissions from HIO should not exceed the NAAQS level of 0.15
µg/m3, based on a three-month rolling average.
The results of the modeling are provided in Table 1-1.

Table 1-1
Results of EDMS and AERMOD Air Dispersion Modeling
Scenario

Concentration
3
(µg/m )

Difference
(Compared to
EDMS) (µg/m3)

Percentage
Difference

Maximum Concentration
EDMS

0.00405

n/a

Simplified AERMOD Run

0.00389

-0.00016

-4%

Adjusted Release Height

0.00766

0.00361

89%

0.06567

0.61620

1,521%

Ground-Based Sources

n/a

Average Concentrations
EDMS

0.00082

n/a

n/a

Simplified AERMOD Run

0.00068

-0.00014

-17%

Adjusted Release Height

0.00104

0.00022

26%

Ground-Based Sources

0.01007

0.00925

1,127%

Key:
3

µg/m = micrograms per cubic meter

EDMS = Emission & Dispersion Modeling System

AERMOD = AMS/EPA Regulatory Model

EPA = Environmental Protection Agency

AMS = American Meteorological Society
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Section 2
Overview
The Oregon Department of Environmental Quality (ODEQ) recently completed an
inventory of lead emissions from airports located in the State. Air dispersion
modeling was then completed using the CALPUFF modeling system to evaluate if
there were any localized concentrations of lead in the state. The dispersion modeling
completed by ODEQ suggested that a high concentration of lead could be centered
near Hillsboro Airport (HIO). Figure 2-1 shows the results of the modeling completed
by ODEQ. Although the maximum concentration determined by ODEQ is not
explicitly provided, based on the results of the figure, it appears as though a high
concentration of lead (approximately 0.25 µg/m3) is centered over HIO.

Figure 2-1. Results of ODEQ modeling (provided by ODEQ).

An updated emissions inventory and refined dispersion modeling was completed
using the Federal Aviation Administration’s (FAA’s) Emission & Dispersion
Modeling System (EDMS) to compare to the ODEQ CALPUFF results. EDMS uses the
Environmental Protection Agency’s (EPA’s) preferred refined dispersion model,
AERMOD. Since EDMS will typically create several hundred or thousand emission
sources for a typical airport, the emission sources were simplified so that the model
would contain no more than ten emission sources. The results of the simplified model
were then compared to the full EDMS model to verify the results.
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Section 3
Methodology
This section describes the methodology used to complete the lead emissions inventory
for the airport and to complete the air dispersion modeling.

3.1 Model Selection
The Federal Aviation Administration’s (FAA’s) Emission & Dispersion Modeling
System (EDMS) was used to estimate emissions of lead from general aviation aircraft
operations at Hillsboro Airport (HIO). EDMS uses the Environmental Protection
Agency’s (EPA’s) AERMOD modeling system to complete the air dispersion element
of the study. AERMOD is the EPA’s recommended refined air dispersion model in 40
CFR 51, Appendix W. EDMS is also the FAA’s required model for air quality analyses
for aviation sources and was therefore selected for use in this study.

3.2 User-Created Aircraft
By default, EDMS creates emission inventories of criteria pollutants, including carbon
monoxide (CO), volatile organic compounds (VOC), nitrogen oxides (NOx), sulfur
oxides (SOx), and particulate matter (PM10 and PM2.5). To estimate emissions of lead
(Pb) directly in EDMS, it was necessary to define user-created aircraft that specified a
lead emissions index (EI).
The lead EI was calculated using the maximum lead content allowed in aviation gas
(avgas) (0.56 grams per liter) and the average density of avgas (6 pounds per gallon).
The lead EI is then calculated as approximately 0.78 grams of lead per kilogram of
avgas (lead content divided by density).
The consolidated aircraft fleet mix for 2007 existing operations contained in Appendix
C to the Draft Hillsboro Airport Parallel Runway 12L/30R Environmental Assessment
(“Draft EA”) was used as a starting point for the creation of user-specific aircraft. Each
combination of representative aircraft and engine types was used to define the usercreated aircraft; all turbine aircraft (turboprop, turbojet, and helicopter turbine) were
excluded from further analysis. Table 3-1 identifies the user-created aircraft and
associated landing/takeoff operations (LTOs) and touch-and-go operations (TGOs).
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Table 3-1
Fleet Mix for Hillsboro Airport (HIO) Lead Study
Representative Aircraft

Representative
Engine

EDMS UserCreated Aircraft
Name

Cessna 150 Series

O-200

HIO-FP-o 235

5,474

4,259

9,733

Cessna 172 Skyhawk

O-320

HIO-FP-o 320

18,042

14,037

32,079

IO-360B

HIO-FP-o 360

2,770

2,156

4,926

Cessna 210 Centurion

TIO-540-J2B2

HIO-FP-tio 540

3,759

3,117

6,873

Raytheon Beech Bonanza 36

TIO-540-J2B2

HIO-VP-io 360

2,912

3,348

6,260

Cessna 182

Cessna 337 Skymaster
Cessna 310
Robinson R22
Robinson R44 Raven

TGOs

LTOs

Total

IO-360B

HIO-MEP-o 360

293

1,557

1,850

TIO-540-J2B2

HIO-MEP-tio 540

238

1,263

1,501

IO-360-B

HIO-HP-o 360

35,145

10,177

45,322

TIO-540-J2B2

HIO-HP-io 540

1,849

536

2,385

70,479

40,450

110,929

Total

The aircraft were created by defining the fuel flow rates and flight profiles as being
equivalent to the representative aircraft/engine combinations. The emission indices
for the specific engine were zeroed out with the exception of PM, which was changed
to be equal to the calculated lead EI. Figure 3-1 shows a typical data entry screen for
the user-created aircraft used in the study.

Figure 3-1. Screenshot of example user-created aircraft data entry.
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3.3 Airport Layout and Configuration
A simplified airport layout, adapted from Figure 1-1 of the Draft EA, was developed
for EDMS. The airport layout was simplified to only include the Main Apron;
Runway 12/30; Taxiways A, A1, and A8; and Charlie Helipad. The cross-runway
2/20 was not included in the analysis because of its limited use. The runway use
percentages were derived from Table 1AA of the HIO Master Plan and were adjusted
to reflect runway use assuming that only Runway 12/30 was operational. The runway
usage by aircraft type was then averaged for input into the runway assignments
section of EDMS. Table 3-2 summarizes the runway use percentages used in the
modeling.
Table 3-2
Runway Use Percentages
Aircraft

Runway Usage
12

30

Itinerant Operations
SEPF (Fixed Propeller)

7.29%

92.71%

SEPV (Variable Pitch Propeller)

7.29%

92.71%

MEP (Multi-Engine Piston)

18.95%

81.05%

11.18%

88.82%

Average

Local Operations
SEPF (Fixed Propeller)

2.13%

97.87%

SEPV (Variable Pitch Propeller)

2.13%

97.87%

MEP (Multi-Engine Piston)

40.00%

60.00%

Average

14.75%

85.25%

EDMS requires the runway configuration to be identified for each size of aircraft
(small, large, and heavy). In order to account for the proper runway configuration by
aircraft type, it was necessary to complete two individual model runs for aircraft
sources and for helicopters. Not doing so would result in an underestimation of
emissions from the aircraft. For helicopter emissions on Charlie Helipad, all takeoffs
were assumed to occur at the southeastern portion of the landing strip.

3.4 Receptors
Two main types of receptors were used in the modeling: plant boundary receptors
and uniform polar grid receptors. A Cartesian plant boundary was placed along the
property boundary of HIO. Intermediate receptors were then placed every 100 meters
along the property boundary. A uniform polar grid was centered over the airport
emission sources and extended approximately 2,000 meters from the airport
boundary. Direction radials were spaced in increments of 10 degrees around the
airport, while each spoke on the polar grid had 100-meter spacing. All receptors
located on the airport property were removed from modeling. Figure 3-2 identifies
the receptors that were used in the modeling.
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Figure 3-2. Uniform polar grid and Cartesian plant boundary receptors used in modeling.

A review of the 7.5-minute series Hillsboro Quadrangle from the United States
Geological Survey (USGS) indicates that the area surrounding the airport is relatively
flat. Although there are hills to the northeast of the airport, they are not within the
modeled flight path and receptors for the airport and would not affect the modeling.
The terrain was therefore modeled as flat and elevation data was not imported into
the model.

3.5 Meteorological Data
Representative meteorological data is required to complete the necessary air
dispersion modeling. Portland International Airport (ID No. 24229) was determined
to be the closest representative surface weather station to HIO and was selected for
use in the model. Salem McNary Field (ID No. 24232) was identified as the closest
upper air weather station to HIO. Data was downloaded from the WebMET website
(http://www.webmet.com), a source of free meteorological data. The most recent
year of data available, 1990, was used in the analysis.
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3.6 Emission Sources
EDMS models aircraft activity that occurs during six modes of operation. The
following modes in an LTO cycle are identified as follows:


Approach – Airborne segment of an aircraft’s arrival extending from the start of the
flight profile to touchdown on the runway.



Taxi-in – The landing roll segment of an arriving aircraft and the taxiing from the
runway exit to a gate.



Startup – Aircraft main engine startup at the gate. Since this mode is only
applicable to International Civil Aviation Organization (ICAO) engines, emissions
at the gate were not modeled because piston engines are not ICAO certified.



Taxi-out – Taxiing from the gate to a runway end.



Takeoff – Segment that extends from the start of the ground roll on the runway
through the airborne portion of the ascent during which the aircraft operates at
maximum thrust.



Climb Out – Segment from engine cutback at maximum thrust to the end of the
flight profile or mixing height (whichever is lower)

3.6.1 EDMS Sources
EDMS generated over 1,100 sources to represent aircraft activity at the airport. In
addition, it creates an hourly emission rate (HRE) that specifies emissions for every
source and hour of the day. For the HIO modeling, the HRE file contained over 10
million lines of data and was approximately 500 megabytes.
EDMS creates a series of area sources to represent aircraft emissions. Ground-based
emission sources, such as taxiing, have a release height of 12 meters, which is the
approximate height of an engine. Airborne sources, such as approach and takeoff
operations, are shown as a series of elevated area sources that rise from
approximately 22 meters to 619 meters, or the maximum height of the flight profile.

3.6.2 Simplified Sources
To evaluate how to consolidate the EDMS-generated sources to a simplified
AERMOD dispersion run, the distance of each source from the runway end was
plotted against its height above ground. Release heights of 100 meters, 300 meters,
and 500 meters were selected to represent the airborne emissions associated with the
airport. The plots of the arrival and departure sources indicated that the airborne
sources generally overlap at the same distance from the runway end at these
elevations. As a result, the arrival and departure operations were consolidated into a
single area source for each release height. The length of each area source was taken as
the distance from the runway end for all of the EDMS sources at each of the release
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heights. The width of the emission source was taken as the distance between Runway
12/30 and Charlie Helipad.
A total of seven source groups were consequentially created to represent the aircraft:
three elevated sources from Runway 12, three elevated sources from Runway 30, and
one ground-level source to represent aircraft movements on the runway and
taxiways. To further simplify the model, aircraft and helicopter emissions were also
merged into each of the sources; Charlie Helipad was not explicitly included in the
model as a source.

3.6.3 Emission Rates
A goal of the simplified modeling was also to avoid the large HRE file that is created
by EDMS; rather, an average annual emission rate was used for each of the sources.
Emissions from each source type in the HRE file were converted to emissions of tons
per year using a Microsoft Access Query. Emissions were found to be slightly less
than the emissions inventory developed directly by EDMS; therefore, emissions for
the sources were adjusted to equal the EDMS emission inventory. Emissions were
then divided by the total area of all of the sources, as determined by EDMS, to create
an average emission rate for entry into the models. The aircraft were assumed to be
operating continuously at 8,760 hours to per year to develop an average annual
emission rate. The emission rates for each main source category are provided in Table
3-3.
Table3-3
AERMOD Emission Rates (Average Annual)
Source

Emissions

Area

Model
Emission Rate

(tpy)

(g/sec)

(m2)

(g/(s-m2)

Takeoff 30/Approach 12

0.328

9.42E-03

3,216,000

2.93E-09

Takeoff 12/Approach 30

0.270

7.75E-03

3,264,000

2.38E-09

Taxiways

0.035

9.97E-04

240,000

4.25E-09

Total[a]

0.632

1.82E-02

6,720,000

2.70E-09

Notes:
[a]

2

Total emission rate identified for “Model Emission Rate (g/(s-m ))” is the weighted average of the other modeled
emission rates, rather than an additive total.

Key:
tpy = tons per year
g/sec = grams per second
2

m = square meters
2

g/(s-m ) = grams per second per square meter
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Emission Inventory Results
An emissions inventory was completed for lead emissions from aviation gas-fueled
aircraft (piston engines) at HIO. The user-created aircraft described in Section 2 were
entered into EDMS for the number of LTOs and TGOs identified in the Draft EA for
existing conditions. Table 4-1 summarizes the lead emissions and fuel consumption
that was estimated by EDMS for piston aircraft operations at HIO.
Table 4-1
Summary of Emissions and Fuel Consumption
Mode

Lead Emissions

Fuel Consumption

(kg/yr)

(tpy)

(kg/yr)

(tpy)

Taxi-Out

3.177

0.004

4,079

4

Takeoff

56.969

0.063

73,149

81

Climb out

212.921

0.235

273,393

301

Approach

278.400

0.307

357,470

394

Taxi-In

21.648

0.024

27,796

31

Total

573.114

0.632

735,887

811

Key:
kg/yr = kilograms per year
tpy = short tons per year

To verify the lead emissions inventory that was generated by the model, the fuel
consumption estimated by EDMS was multiplied by the lead EI that was entered into
the model (0.78 grams lead per kilogram fuel). Annual emissions of lead were
estimated to be 0.632 tons per year, which is equal to the lead emissions estimated by
EDMS. The method used to estimate lead emissions and dispersion in EDMS was
therefore confirmed and no further edits to the model were necessary.

4.1 Source Analysis
As is shown in Table 4-1, total emissions from ground-level sources (e.g., taxi-out and
taxi-out) are approximately 0.028 tons per year (tpy). Ground-level source therefore
represent less than five percent of the total emissions associated with the airport, as
calculated by EDMS. Since the ground-based source represents a small percentage of
total emissions at the airport, modeling all of the airports emissions at this level
would be overly conservative because emissions would be focused on the ground. By
concentrating the emissions at the ground, the ground-level concentrations would be
higher than if the emissions were to be dispersed at the higher elevations from the
airborne sources.
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Dispersion Results
The following section describes the results of the air dispersion modeling that was
completed for HIO. Results from the full EDMS modeling and the simplified
approach are both presented.

5.1 EDMS Dispersion Results
Air dispersion modeling was initially completed using the EDMS-generated sources
and HRE files. Due to complications with runway assignments, it was necessary to
create two files to model aircraft and helicopter emission sources separately.
Modeling was completed using the Lakes Environmental graphical user interface
(GUI) to AERMOD. Although sources can be modeled in EDMS directly, EDMS uses
a local coordinate system. The files were modeled by Lakes in order to shift the
sources to a NAD83 UTM coordinate system. The latest version of AERMOD, Version
09292, was used to complete the modeling.
The ground-level concentrations of lead from aircraft and helicopter emissions were
added externally for each receptor. The maximum concentration of lead from aircraft
was 0.00396 micrograms per cubic meter (µg/m3), while the maximum concentration
from helicopters was 0.00022 µg/m3; however, these concentrations occurred at
different receptors. The maximum combined concentration was 0.00405 µg/m3, while
the average combined concentration from all receptors was 0.00082 µg/m3. Figure 5-1
shows the results of the dispersion modeling.

5.2 Simplified AERMOD Dispersion Results
Air dispersion modeling was also completed using the seven simplified area sources
described in Section 2 and the average annual emission rates. Since aircraft and
helicopter sources and emissions were combined for this study, only one model was
created for the simplified approach. The maximum ground-level concentration of lead
was estimated at 0.000389 µg/m3 from this simplified approach. This value is
approximately 0.0002 µg/m3 less than the combined results of the EDMS modeling.
The ground-level concentration is approximately four percent less than the EDMS
modeling. The average lead concentration was 0.00068 µg/m3, which is 17 percent less
than the EDMS modeling. Figure 5-2 shows the results of the simplified AERMOD
dispersion modeling.
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Figure 5-1. Lead concentrations from combined (aircraft + helicopter) EDMS modeling.
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Figure 5-2. Lead concentrations from simplified AERMOD modeling.
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5.3 Sensitivity Analysis
A sensitivity analysis was completed to evaluate how lead concentrations would be
affected by different source scenarios.

5.3.1 Modified Source Release Height
An initial sensitivity analysis was completed by decreasing the height of the airborne
release heights by 50 meters from the original simplified model. This resulted in
airborne release heights of 50, 250, and 450 meters. The default release height for
ground-level aircraft is 12 meters, which most closely represents the engine height of
large jet aircraft. Since the only sources included in the modeling are small piston
aircraft, the release height was estimated to be approximately half of the default
height (6 meters).
The maximum ground-level concentration was estimated at 0.00766 µg/m3, while the
average concentration was estimated at 0.00104 µg/m3. These values were found to be
89 percent and 26 percent higher, respectively, than the EDMS concentrations. Figure
5-3 shows the isopleths created with this model scenario.

5.3.2 Ground-Level Sources
A second sensitivity analysis was completed to evaluate the effect of concentrating all
of the emissions associated with the airport (i.e., airborne and ground-level emissions)
into the ground-based source for taxiing. The maximum ground-level concentration
was estimated at 0.06567 µg/m3, while the average concentration was estimated at
0.01007 µg/m3. These values were found to be over 1,500 percent and over 1,100
percent higher, respectively, than the EDMS concentrations. Figure 5-4 shows the
isopleths created with this model scenario.

5.4 Source Group Analysis
Source groups were used in the modeling to determining the contribution of an
emission source to the overall concentration. The results of the simplified modeling
indicate that on average airborne sources contribute 23 percent of the modeled
concentration, whereas ground sources contribute the remaining 77 percent. The
sensitivity analysis with the reduced release heights indicated that airborne sources
represent 32 percent of the modeled concentration, whereas ground sources reflect 68
percent. The distribution of all source groups for the maximum concentration from
the AERMOD models is provided in Figure 5-5.
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Figure 5-3. Sensitivity Analysis: Release height reduced by 50 meters for airborne sources and groundbased source release height reduced to 6 meters.
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Figure 5-4. Sensitivity Analysis: Emission rates for all sources consolidated into ground-level source
group.
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Key:
TAXIQ = taxi/idle source group
SE500 = Takeoff (RW12) and Approach (RW 30) – 500/450 meter release height
SE300 = Takeoff (RW12) and Approach (RW 30) – 300/250 meter release height
SE100 = Takeoff (RW12) and Approach (RW 30) – 100/50 meter release height
NW500 = Takeoff (RW30) and Approach (RW 12) – 500/450 meter release height
NW300 = Takeoff (RW30) and Approach (RW 12) – 300/250 meter release height
NW100 = Takeoff (RW30) and Approach (RW 12) – 100/50 meter release height

Figure 5-5. Contribution of each source group to overall emissions (based on maximum lead
concentration determined from modeling).
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Hillsboro Airport Lead Fact Sheet
(DEQ)

Fact Sheet

Lead at Hillsboro Airport
Small aircraft flying in and out of Hillsboro
Airport use lead-containing fuel to meet octane
requirements and to reduce wear on engine parts.
Lead is toxic at low concentrations. People are
concerned that air near Hillsboro Airport may
contain unhealthy levels of lead.
DEQ and Port of Portland computer models
indicate that air lead levels at Hillsboro Airport
are below both the national clean air standard
and the Oregon health benchmark. The model is
the best scientific information DEQ currently
has.
DEQ will evaluate the results of EPA lead
monitoring at Snohomish and Auburn,
Washington airports and consult with EPA
before considering the need to monitor in
Oregon.

Copyright of the Port of Portland

What is EPA’s new lead standard and
what is Oregon’s benchmark for lead?
In 2008, EPA implemented a much more
protective health-based lead standard. The new
standard, 0.15 micrograms per cubic meter of air,
is 10 times stronger than the old standard. EPA
changed the standard because they found that
serious health effects occur at much lower levels
of lead in blood than previously thought. Health
effects of lead air pollution include neurological
problems in children and cardiovascular disease
in adults. Infants and young children are
especially sensitive to low levels of lead, which
may contribute to behavioral problems, learning
deficits and lower intelligence.
In August 2010, DEQ adopted EPA’s new, more
protective lead standard as Oregon’s benchmark.
Oregon air toxics benchmarks are clean air goals
that DEQ uses to identify, evaluate and address
air toxics problems.

What are EPA’s lead monitoring
requirements?
EPA requires all airports that emit more than one
ton of lead per year to assess whether they are
meeting the new standard. EPA is also requiring
a one-year monitoring study at 15 smaller
airports that emit less than one ton of lead per
year. This study will help determine whether
lead emissions from smaller airports might cause
unhealthy levels of lead in the air. Hillsboro
Airport is not participating in this study in part
because at 0.6 tons per year it ranks 21st
nationally in amount of lead emitted. EPA is
currently considering options for decreasing lead
in general aviation fuel. This could include new
regulations.
What has DEQ done to study lead at the
Hillsboro Airport?
As part of the Portland Air Toxics Solutions
Project, DEQ ran a computer model of 19
pollutants for the Portland region to identify
pollutants above health-based benchmarks,
emissions sources and potential emission
reduction options. Working with a broad based
advisory committee, DEQ used this model to
prioritize sources of air toxics for reduction.

Air Quality Division
811 SW 6th Avenue
Portland, OR 97204 Phone:
(503) 229-5696 (800) 4524011 Fax: (503) 229-6762
Contact: Sarah Armitage
Armitage.Sarah@deq.state.
or.us

DEQ is a leader in
restoring, maintaining and
enhancing the quality of
Oregon’s air, land and
water.

How does the Portland Air Toxics
Solutions model work?
The Portland Air Toxics Solutions model uses
emissions data from all known sources of air
toxics in the Portland region. The model factors
in topography and weather to produce
concentration estimates of the 19 pollutants
throughout the Portland area.
The modeling consisted of two phases. In the
first phase, DEQ established estimated baseline
emissions for 2005. In the second phase, DEQ
projected estimated emissions to the year 2017.
DEQ reached the 2017 projections by updating
and increasing the 2005 emissions data to
account for current conditions, regulatory
requirements and economic growth.
The 2017 results are the most accurate estimates
of the Portland Air Toxics Solutions model.
Data improvements for the 19 pollutants
included filling gaps where data was missing,
removing emissions that no longer existed,
improving emission factors to be more realistic,
placing emissions in more accurate locations,
and using modeling assumptions that better
approximated actual conditions. To project to
2017 levels, which are our most accurate

Last Updated: 08/09/2012
By: Sarah Armitage
DEQ 12-AQ-049

estimates of emissions, DEQ applied Metro’s
economic growth factors to the refined 2005
data.
How did DEQ model lead at the Hillsboro
Airport?
DEQ modeled lead emissions as part of the
Portland Air Toxics Solutions project. The
primary sources of lead in the model are general
aviation fuel and industrial metals production.
For general aviation lead emissions, DEQ
received activity data from the Port of Portland
and applied EPA emission factors, or rates, and
then used the dispersion model to predict
concentrations. Estimated lead concentrations in
the 2005 draft model were above the lead
benchmark at Hillsboro Airport.
DEQ discussed the 2005 estimated lead results
with the Port of Portland to check on the
accuracy of emissions input and modeling for the
Hillsboro Airport. While the emissions estimates
on aviation activity were the most current data
available from the Port, the 2005 assumptions on
emission release height were inaccurate because
they placed all general aviation fuel lead
emissions at ground level instead of in a vertical
distribution matching aircraft take off and
landing patterns.
Applying the more realistic emission data for the
releases of aircraft emissions based on a refined
airport emissions model used by the Port, DEQ
corrected its lead emissions data at the Hillsboro
Airport and re-ran the model, including growth
assumptions for 2017. The 2017 estimated
concentrations for lead showed no modeled
concentrations above the benchmark. This result
was due to the greater mixing and dilution of
lead emissions within the air column through
which arriving and departing aircraft operate.
What is the Port of Portland doing to
study lead at the Hillsboro Airport?
The Port of Portland’s contractor, CDM, also
conducted an air pollution model and produced a
Hillsboro Airport Lead Study in September
2010. This study also estimated that lead
emissions at the Hillsboro Airport are below the
EPA standard and Oregon benchmark. The CDM
Hillsboro Airport Lead Study used a model that
is different and more complex than the model
DEQ used for the Portland Air Toxics Solutions
project.
For more information:
Portland Air Toxics Solutions Project
www.deq.state.or.us/aq/toxics/pats.htm

Alternative Formats
Alternative formats of this document can be
made available. Contact DEQ’s Office of
Communications & Outreach for more
information at (503) 229-5696.

Summary of lead issues at HIO, provided to FAA for HIO
Parallel Runway Supplemental EA
(Port of Portland)

Summary of PATS Lead Analysis and CDM Lead Study at HIO
October 2, 2013

The USEPA has adopted National Ambient Air Quality Standards (NAAQS) for the criteria pollutants,
including lead. These standards are set by USEPA and are designed to protect public health and welfare
with an adequate margin of safety and with consideration given to sensitive populations. As noted by
USEPA:
“The Clean Air Act, which was last amended in 1990, requires EPA to set National Ambient Air Quality Standards (40 CFR part 50)
for pollutants considered harmful to public health and the environment. The Clean Air Act identifies two types of National Ambient
Air Quality Standards. Primary standards provide public health protection, including protecting the health of “sensitive” populations
such as asthmatics, children and the elderly. Secondary standards provide public welfare protection, including protection against
decreased visibility and damage to animals, crops, vegetation, and buildings.” (hppt://www.epa.gov/air/criteria.html)

Washington County has been designated by USEPA as attainment for all of the NAAQS and has no history
of violating USEPA air quality standards. The area around Hillsboro Airport currently meets, and is
expected to continue to meet, all of the NAAQS, including the lead NAAQS to protect public health and
welfare.
The Port or Portland has worked with DEQ to study lead dispersion, in a project unrelated to the HIO third
runway proposal. As part of the Portland Air Toxics Solutions project, Oregon DEQ modeled lead
concentrations along with other air toxics within the Portland-Vancouver air shed using the CALPUFF
atmospheric dispersion modeling system. The lead emission inputs to DEQ screening modeling analysis
were based on the emissions from 2005 HIO operations. The results of a screening level model run
showed an area around HIO that had the potential to have ambient lead concentrations greater than the
national ambient air quality standard (NAAQS) of 0.15 µg/m3 (calendar quarter average). This initial
screening level model run, however, incorporated all lead emissions at HIO as a ground-level area source
and did not account for dispersion effects from aircraft in flight and operating beyond the airport
boundary. The model was subsequently refined by DEQ by adjusting the emission release parameters to
more accurately simulate emissions from actual flight operations. The refined model showed a maximum
predicted concentration of 0.00331 µg/ at “receptor” level (ground level), well below the NAAQS.
The Final Supplemental EA includes a study prepared by the Port in response to the ODEQ’s initial
evaluation of lead emissions performed in the fall of 2010. The Port separately retained CDM to model
lead emissions associated with HIO 2007 operations using the FAA’s required model, the Emission &
Dispersion Modeling System (EDMS). EDMS uses the AERMOD atmospheric dispersion model to
complete the dispersion analysis. The maximum modeled concentration for lead around the HIO airport
was, 0.00405 µg/m3, closely approximating the results of DEQ’s refined CALPUFF model.
That 2010 Port study provides an indication of how emissions from Hillsboro Airport can be compared
with the NAAQS. The lead NAAQS is 0.15 µg/m3 evaluated as a calendar quarter average. Using 2007
activity levels (at 240,735 annual operations) the Port study evaluated aircraft lead emissions associated
with aviation gasoline (“AvGas” or “100LL”). The Port conducted several evaluations using different
modeling approaches and assumptions.

The highest modeled concentration of lead emissions was found to be 0.00405 µg/m3, less than 3% of the
lead NAAQS. The modeled concentration of 0.00405 µg/m3 corresponds well to the emission inventory
reported in the original EA at 0.622 tons of lead emitted per year. Thus, as the proposed project would
result in either no increase in lead emissions, or an increase in lead emissions of 0.1 ton, relative to the No
Action Alternative, no violation of the NAAQS is expected to result from the proposed runway
construction.

Summary of Transportation Research Board leaded fuels
roadmap May 13 – 14, 2013
(Port of Portland)

AVGAS Lead Technical Summary Sheet
•

Finding a safe, high octane substitute for leaded avgas is an ongoing technical challenge.
190,000 GA aircraft in the fleet; only 1/3 of which can run on lower octane fuels.
250 M gallons of aviation fuel is produced per year versus automobiles which
consume 360 M gallons/day. Consequently, there is a supplier side issue

•

Environmental and supply security issues will continue to drive the effort for an
unleaded avgas. A petition was filed in 2006 by environmental groups who
wanted EPA to outright ban leaded fuels or conduct a study to determine if there
is endangerment to human health and the public. Independent of this action;
EPA looked at the National Ambient air Quality Standards (NAAQS) in 2008 and
reduced the standard by a factor of 10.

•

EPA is getting a better understanding of aircraft lead emissions and potential exposure
through monitoring, modeling, demographic and other studies. EPA looked at all
potential source of lead emissions, and determined that general aviation
accounts for approximately 50% of lead emissions today; approximately 500 tons
per year.

•

The modeling and monitoring will be used to make a determination of endangerment, but
not until a late 2015 timeframe. Lead monitoring at 17 general aviation airports is
part of the process for EPA to fulfill its Clean Air Act obligation to determine if
lead emissions from piston engine aircraft cause an endangerment to human
health. There is concern that some of results from the studies may not be
representative; such as San Carlos, where the ambient lead monitors where
located just off the aircraft run-up area; are hit by prop-wash as the planes turn,
and have a fence right behind the monitors which could create boundary effects.
EPA is going to certify the data; which should be completed by May 2014. With
the data EPA will continue to refine emissions inventories and improve
modeling. They will study fate of lead around airports, look at case studies,
demographics and determine whether lead exceeds NAAQS and presents an
endangerment to the public.
Update: June 19, 2013. EPA released an update providing a summary of data
currently available on concentrations of lead at 17 U.S. airports. As of May 2013,
states and local air authorities have collected and certified lead concentration
data for at least 3 months from the 17 airports. Two airports have monitored lead
concentrations that exceed the lead NAAQS. EPA is currently conducting the
analytical work, including modeling and monitoring, to evaluate under section
231 of the Clean Air Act whether lead emissions from the use of leaded avgas in
piston-engine aircraft cause or contribute to air pollution which may reasonably
be anticipated to endanger public health or welfare. There may be some
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challenges to the findings with respect to data quality. For example, at San
Carlos, the lead monitors are located on the airport immediately adjacent to the
run up area and are directly impacted by prop wash as the planes turn onto the
taxiway. Supplemental sampling is being conducted at these two airports to
evaluate lead concentrations at additional locations at the near the airport. If
EPA makes a final positive endangerment finding the agency would initiate
rulemaking to establish standards concerning lead emissions from piston-engine
aircraft. FAA would then be required to prescribe regulations to insure
compliance with such standards, and prescribe standards for the composition of
aircraft fuel to control or eliminate certain emissions.
On March 27 a U.S. District court ruled that the (EPA) should not be forced to
rush the issuance of its report on the public health effects of lead emissions from
general aviation aircraft. The ruling came in response to a March 2012 lawsuit
filed by environmental group Friends of the Earth (FOE) that sought to force the
EPA to issue an accelerated endangerment finding on GA emissions. The legal
action followed a 2006 petition by the group that sought to force the agency to
release those findings before their planned publication during the second half of
2015.

•

Short and Long Term Mitigation Strategies.
o Approximately 1/3 of the aircraft in the fleet could be safely powered on
the 80 MON avgas as a short term mitigation effort. Would have to work
through supply logistics and airport fueling infrastructure issues.
o 100 VLL, fuel management and engine run-up politics could also be
considered for short-term mitigation.
o Install fueling vapor recovery systems; similar to at retail automobile
fueling stations.
o Relocation of run-up areas to add additional distance buffer to the
general public.

•

The Unleaded Avgas Transition (UAT) Plan is FAA’s long term mitigation strategy to
find a replacement for leaded fuels.
o Implement a fuel development roadmap for Avgas readiness levels that
identifies milestones in the aviation gasoline development process
o Established centralized testing of candidate unleaded fuels which would
generate standardized qualification and certification data.
o Establish a solicitation and selection process for candidate unleaded
aviation gasoline for the centralized testing program
 Phase 1 test program (1 year); up to 10 fuels will be selected for
rig and property testing
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On June 10, 2013, FAA issue a request for candidate fuel
producers to submit unleaded fuel formulations to be
evaluated.
 Phase 2 test program; 2 fuels will be tested in engines and aircraft
Established a centralized certification office to support unleaded aviation
gasoline projects
Establish a collaborative industry-government initiative called the Piston
Aviation Fuels Initiative (PAFI) to implement the UAT PAF
recommendations to facilitate the development and deployment of an
unleaded avgas with the least impact on the existing piston engine
aircraft fleet
•

o
o

•

EPA and FAA will continue to work together in efforts in communicating with airports,
the aircraft industry, and the Public
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Leaded AvGas Use in General Aviation Aircraft fact sheet
(Port of Portland)

From:
Sent:
To:
Cc:
Subject:

Miki Barnes <miki@psg.com>
Monday, November 18, 2013 12:48 PM
Berglund, Brooke
james Lubischer
HARE 11/19/13 Leaded Fuel Subcommittee Meeting
Dear Brooke,

Please distribute Senator Waxman's 10/23/12 letter to the HARE leaded fuel subcommittee for
consideration at their 11/19/13 meeting. It is available at the following link:
http://waxman.house.gov/sites/waxman.house.gov/files/documents/UploadedFiles/Letter%20to%
20FAA%20on%20Leaded%20AvGas%2010-23-12.pdf

In a 10/23/12 letter from Senator Waxman to the FAA, Senator Waxman urged the FAA to
"accelerate efforts to reduce lead emissions from general aviation":
The devastating health effects of lead are well documented. Lead is a potent neurotoxin
that has especially debilitating effects on children, damaging the brain and nervous
system and impairing development. According to the Centers for Disease Control, there
is no identified level of lead exposure without harmful effects and the effects appear to be
irreversible. Lead emissions from general aviation are a particular concern at airports
located in close proximity to residential areas...Frequent touch-and-go flights by piston
aircraft can also result in pollution concentrations in areas surrounding an airport.
He further explains that:
The FAA's plans with regard to addressing the use of leaded fuel for general aviation are
described in the Unleaded Avgas Transition Aviation Rulemaking Committee report
released in February 2012. This report outlines steps to identify, test, and certify an
unleaded "drop-in" replacement fuel by 2018, but it does not identify any efforts to
reduce the use of leaded fuel before such a replacement fuel becomes available, even
though, according to the report, it may be 11 years or more before the new fuel will be
phased in. This extended time-frame is simply too long, given the certain and serious
harms to human health from lead exposure and the availability of alternatives to leaded
fuels.
Thank you.
Miki Barnes

Miki Barnes
miki@psg.com

From:
Sent:
To:
Subject:
Attachments:

James Lubischer <annejim1@clear.net>
Sunday, November 17, 2013 6:44 PM
Berglund, Brooke
Submissions to Chairman of the HARE Subcommittee on Lead from
Lubischer
Nigg 2010 low low Pb ADD (hilites) .pdf; Schneider 2003 STUDY
highlighted.pdf; Social Policy Report - with Nigg commentary copy
hilites.pdf; CDC LeadPoisoning-10 hignlites copy.pdf; Integrated
Science Assessment for Lead.pdf; Airports 17 Pb monitoring 2013 hilited.pdf

11-17-13
Ms. Berglund,
Please forward this email with the attached materials to the chairman of the HARE
subcommittee on lead for consideration in the subcommittee's review of the lead
issue.
Thanks,
Jim Lubischer
503-828-7406
The Nigg 2010 research shows that very, very low levels of lead in a child's blood
contribute to ADHD in children.
The Schneider 2002 research shows that lead at very low concentrations damages
brain cell growth.
In the Social Policy Report 2010: "The researchers found that lead levels as low as
2.5μg/ dL were associated with significantly greater amounts of parent- and selfreported criminal activity and higher rates of police intervention." (p10) "Results
indicated that increased lead levels were significantly associated with increases in
the number of total arrests and violent crimes committed by the participants in
adulthood." (p11) "Researchers have known since the early 1900s that lead is harmful
to children’s development. When the CDC set the current BLL to 10μg/dL in 1991,
reports were already beginning to appear that even lower levels of lead are detrimental
to children’s health. For the past 10 years, study after study has indicated that children
are being exposed to unacceptable levels of lead in their daily lives, and that even a
low level of lead exposure harms children. The U.S. is negligent in its testing,
reporting, prevention, and treatment practices for lead exposure. Lead exposure in

children is fully preventable, yet the U.S. government has failed to commit fully to the
resolution of the problem. Cost-benefit analyses show that it is a relatively
inexpensive problem to solve, and its resolution would lead to great economic returns.
(p 15)
The CDC's 2005 "Preventing Lead Poisoning in Young Children" Statement is an
exhaustive document which states that "The data demonstrating that no 'safe'
threshold for blood lead levels (BLLs) in young children has been identified
highlights the importance of preventing childhood exposures to lead. It confirms the
need for a systematic and society wide effort to control or eliminate lead hazards in
children's environments before they are exposed. This emphasis on primary
prevention, although not entirely new, is highlighted here and is clearly the foremost
action supported by the data presented in A Review of Evidence of Adverse Health
Effects Associated with Blood lead Levels <10 ug/dL in Children."
EPA's 2013 The Integrated Science Assessment for Lead" provides a concise review,
synthesis, and evaluation of the most policy-relevant science to serve as a scientific
foundation for the review of the National Ambient Air Quality Standards." (p
xliv) "Studies that have undergone scientific peer review and have been published or
accepted for publication and reports that have undergone review are considered for
inclusion in the ISA." (p. xlv) "The 2008 National Emissions Inventory reported
ambient air Pb emissions of 950 tons...piston-engine aircraft emissions comprise the
largest share (58%) of total atmospheric Pb emissions in the U.S." (p. 1-6) "The
primary contribution of ambient air Pb to young children's blood Pb concentrations is
generally due to ingestion of Pb following its deposition in soils and dusts rather than
inhalation of ambient air." (p. lxxix) "...there is no evidence of a threshold below
which there are no harmful effects on cognition from Pb exposure." (p. lxxxviii) "The
2006 Pb AQCD concluded that neurodevelopment effects in children and
cardiovascular effect in adults were among the effects best substantiated as occurring
at the lowest blood Pb levels, and that these categories of effect were clearly of the
greatest public health concern. The evidence reviewed in the current assessment
supports and builds upon this conclusion. Evidence in a few cohorts of children that
indicated the supralinear concentration-response blood Pb-FSIQ relationships, did not
identify a threshold for Pb-associated neurodevelopmental effects in the range of
blood Pb levels examined." (p. 1-68) "With each successive Pb AQCD and
supplement, the epidemiologic and toxicological study findings show that
progressively lower blood Pb levels or Pb exposures are associated with cognitive
deficits in children...No evidence of a threshold for the effects of Pb on
neurodevelopmental effects has been reported across the range of blood Pb levels
examined in epidemiologic studies. Compelling evidence for a larger decrement in
cognitive function per unit increase in blood Pb among children with lower mean

blood Pb concentrations compared to children with higher mean blood Pb
concentrations was presented in the 2006 Pb AQCD." (p. 1-73)
The EPA's Airport Lead Monitoring Update 6/13 shows that all 17 of the airports
which were monitored have measurable ambient air lead.
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Confirmation and Extension of Association of Blood Lead with
Attention-Deficit/Hyperactivity Disorder (ADHD) and ADHD
Symptom Domains at Population-Typical Exposure Levels
Joel T. Nigg, Ph.D.,
Oregon Health & Sciences University
Molly Nikolas, M.A.,
Michigan State University, Department of Psychology
G. Mark Knottnerus, B.S.,
Michigan Department of Community Health, Bureau of Laboratories

NIH-PA Author Manuscript

Kevin Cavanagh, Ph.D., and
Michigan Department of Community Health, Bureau of Laboratories
Karen Friderici, Ph.D.
Michigan State University, Department of Microbiology

Abstract
BACKGROUND—Recent studies have suggested that child ADHD and its symptom domains are
related to blood lead level, even at background exposure levels typical in western countries.
However, recent studies disagreed as to whether lead was related to inattention or hyperactivityimpulsivity within the ADHD domain. More definitive evaluation of these questions was sought.
METHODS—236 children aged 6–17 years participated (61 ADHD-Combined type, 47 ADHD
Predominantly Inattentive type, 99 non-ADHD control, 29 unclassified borderline, situational, or
NOS cases). Formal diagnosis was reliably established by a best estimate procedure based on a
semi-structured clinical interview and parent and teacher ratings. Lead was assayed from whole
blood using inductively coupled plasma mass spectrometry with a method detection limit of 0.3
ȝg/dL.

NIH-PA Author Manuscript

RESULTS—Blood lead levels were slightly below United States and Western Europe population
exposure averages, with a mean of 0.73 and a maximum of 2.2 ȝg/dL. This is the lowest level of
blood lead ever studied in relation to ADHD. After statistical control for covariates including IQ
and prenatal smoking exposure, blood lead was associated with ADHD-combined type but not
inattentive type. Parent and teacher report indicated association of blood lead with Conners
cognitive problems, but only teacher report showed effects on DSM-IV inattention symptoms.
Blood lead was associated with hyperactivity-impulsivity in parent report regardless of
measurement method, whereas teacher report effects depended on child treatment history.
CONCLUSIONS—These findings confirm that in children with typical U.S. population lead
exposure, careful identification of children with ADHD also identifies children with slightly
elevated blood lead.

Corresponding Author Information: Joel Nigg, Department of Psychiatry, 3181 Sam Jackson Park Road, Mail Code OP02, Oregon
Health & Science University, Portland OR 97239-3098, niggj@ohsu.edu; PH 517-203-3114.
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ADHD; hyperactivity; inattention; blood lead
Attention deficit hyperactivity disorder (ADHD) occurs in 3 to 7% of children, with etiology
believed to be multifactorial. The DSM-IV (APA, 2000) specifies three clinical subtypes:
predominantly hyperactive (ADHD-PH), predominantly inattentive (ADHD-PI), and
combined (ADHD-C). The subtypes are arrived at through combinations of two primary
symptom dimensions: inattention-disorganization, and hyperactivity-impulsivity. These
symptom domains may have partially distinct etiological inputs (Nigg, 2006). Because they
appear to be an extreme of a behavioral continuum, the symptom dimensions also serve as
useful foci to study etiology. Indeed, a factor analytic tradition has arrived at related but
slightly different item sets than DSM-IV to capture population variation in “cognitive
problems” and hyperactivity/impulsivity (e.g., Conners et al., 2007).
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Lead exposure via water, soil, and other sources remains a worldwide health concern
(Centers for Disease Control, 2005). Blood lead above 10 ȝg/dL has been associated reliably
with ADHD and related behaviors, with the only real dispute being the magnitude of the
effect (Burns et al., 1999; Silva, Hughes, Williams, & Faed, 1988; Thomson et al. 1989).
Regulation of commercial uses of lead has markedly reduced the incidence of frank lead
poisoning in recent decades in the U.S. (CDC, 2005), Western Europe (e.g., Delschen,
Machtolf, Sugiri, & Wilhelm, 2008), and Scandinavia (Stromberg, Lundh, & Skerfving,
2008). Perhaps as a result, lead exposure has not been highlighted as an ongoing concern
related to ADHD.

NIH-PA Author Manuscript

This reassuring picture, however, is eroding. Even at lower blood levels (< 10 ȝg/dL) lead
has been linked to reduced intellectual functioning (IQ; Lanphear et al., 2005). Recent
findings point to an association with ADHD as well, even at low exposures. Three years
ago, Braun, et al. (2006), in a US population survey, found that blood lead was related to
parent report that their child was diagnosed or treated for ADHD. This effect held even at
blood levels below 5 ȝg/dL (i.e., children with blood lead > 2 ȝg/dL were more like to have
ADHD than children with blood lead <0.7 ȝg/dL). One year later, Chiodo et al. (2007)
reported that blood lead was related to teacher rated symptoms of inattention and activity,
but not impulsivity, using the Conners rating scales and other standard scales in a high-risk
sample. The next year Nigg et al (2008) conducted the first low-level lead study of children
formally diagnosed with ADHD. Blood lead was related to ADHD and to parent reported
DSM-IV symptoms of hyperactivity but not inattention. Those results supported an
association to ADHD but appeared partially to contradict Chiodo et al (2007) as to the
affected symptom domain.
The present study sought more definitive evaluation in a larger, well-diagnosed sample. The
aim was to scrutinize relations with both DSM-IV and Conners ratings, by both parent and
teacher report, so as to confirm and extend prior findings as well as to clarify the apparent
contradiction in the last two studies reported. Dozens of potential confounds have been ruled
out in relation to lead exposure and ADHD (Chiodo et al. 2007; Silva, et al., 1988; Thomson
et al. 1989), but mostly at higher lead exposure levels. Thus, an expanded set of confounders
and covariates was also considered here, as outlined in Methods.
Confirmation of the association of ADHD with lead exposure even at very low blood lead
levels would be of major importance to public health, because exposure levels in the range
of 1–5 ȝg/dL remain very common. Yet, most public authorities continue to use 10 ȝg/dL as
the criterion of concern. If the association of low levels of lead exposure with ADHD is
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verified, it opens the potential for new insights into the etiology of ADHD, because lead can
serve as a model insult affecting frontal-striatal circuitry in ways that are relatively well
understood. It also could open potential new opportunities for study of susceptibility-insult
or gene by experience models. It could also provide clues to prevention via dietary
supplementation (Kordas et al., 2007), via renewed caution before introducing new toxins
into children’s environments, or via aggressive efforts to continue to eliminate all lead
exposure.

METHODS
Participants
Recruitment and Evaluation—Participant recruitment and characterization followed the
same procedures as Nigg et al. (2008), but this was an entirely new sample. In all, 236
children aged 6–17 completed the study. Because some of these children also participated in
our sib-pair study of genetics of ADHD, the sample included 78 sibling pairs (n=156
siblings). All children were recruited via mailings to parents in regional school districts,
public advertisements, and outreach to local clinics. Parents provided written informed
consent and children provided written informed assent. All procedures were approved by the
University Institutional Review Board and complied with NIH and APA guidelines for
protection of human participants.
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Families entered a multi-stage screening process to establish diagnostic groupings. To
confirm ADHD and comorbid diagnoses, a semi structured clinical interview (Kiddie
Schedule for Affective Disorders and Schizophrenia (K-SADS-E) was completed with a
parent by a trained clinician. Interviewers had a master’s degree in clinical psychology or
social work. Each interviewer double coded 20 tapes with a criterion interviewer to ensure
process fidelity and inter-interviewer reliability (all disorders k >.80 in this report). In
addition, parents and teachers completed the ADHD Rating Scale (DuPaul et al., 1998) and
the Conners et al (1997) ADHD Rating Scale, Revised (hereafter, Conners).
Exclusion criteria—Rule outs were long-acting psychotropic medication (e.g.
antidepressants), history of seizure, neurological impairments, a prior diagnosis of mental
retardation or autistic disorder, head injury with loss of consciousness, sensorimotor
handicap, or other major medical conditions in the child, as reported by the parent. At the
diagnostic interview youth were ruled out if they had substance addiction, bipolar disorder,
history of psychosis, sleep disorder, medical or neurological condition discovered at the
clinical screen, or IQ <75. Control children were also excluded for ADHD, learning
disability, or conduct disorder.
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Establishment of Final ADHD and Other Diagnoses—Using all available data, a
best estimate diagnosis was arrived at independently by two experienced clinicians (a board
certified child psychiatrist and a fully licensed child clinical psychologist) blind to study
hypotheses and blood lead levels. Their agreement rates for ADHD, conduct disorder, and
oppositional defiant disorder were acceptable (all k > .80). Disagreements were resolved by
discussion. Consistent with DSM-IV ADHD criteria, the clinicians required that another
disorder did not better account for symptoms, evidence of impairment, and evidence of
cross-situational symptoms. When ADHD symptoms were situational (only noticeable at
home or school) or were subthreshold (5 symptoms), a diagnosis of ADHD-NOS was
assigned. Those youth were included in this report for purposes of regression analysis of
symptom scores but not for between-group analyses.
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Blood Lead—Over 90% of children approached agreed to the blood draw for the lead
assay. Children had 2 ml whole blood drawn through venipuncture in the arm. The blood
was drawn into a 2 ml purple-top Vacutainer tube (tubes were lot checked for lead by lab
prior to use). Blood samples were labeled with a study number, frozen and stored at ᙐ20C
prior to analysis. Samples were assayed using the process of inductively coupled plasma
mass spectrometry (ICPMS). This method had a detection limit for lead of 0.3 ȝg/dL; interrun precision was 5.8% (coefficient of variation) at a lead value of 2.9 ȝg/dL. The process
began with whole blood samples brought to room temperature and vortexed so no particulate
matter remained at the bottom of the sample. Samples were diluted 1:50 with a diluent
composed of 1.0% tetramethylammonium hydroxide, internal standard (iridium), 1.0%
isopropyl alcohol, 0.01% ammonium pyrrolidene dithiocarbamate (APDC), and 0.05%
wetting solution (Triton X). Samples were then mixed by inverting 3–4 times. The analysis
then entailed quantitating the sum of masses 206, 207, and 208 based on three replicates per
sample on a Perkin Elmer Elan DRC Plus ICP-MS. Three children were below the limit of
detection. Following Braun et al (2006; p. 1905), those levels were scored as 0.2 (0.3/ᙘ2).
Following Burns et al. (1999), the blood lead score was log10 transformed to reduce
influence of outliers.

NIH-PA Author Manuscript

IQ and achievement—To estimate full scale IQ, children completed a 3-subtest short
form of the Wechsler (2003) Intelligence Scales for Children-4th Edition comprised of
Vocabulary, Block Design, and Information,1 with reliability of .93 and validity in relation
to the full WISC-IV of r=.88 (Sattler, 2001, p. 771). All completed the word reading and
spelling subtests of the Wechsler (2005) Individual Achievement Test-2nd edition to
estimate academic achievement and enable evaluation of learning disability by the team.
Behavior Disorders and Symptoms—Total KSAD symptom counts were used for
parent DSM-IV ADHD symptom dimensions. To reduce collinearity, oppositional and
conduct symptom scores (r=.63) were summed into an “externalizing” total score. For
teachers, ADHD symptoms were assessed on the ADHD Rating Scale (symptoms scored as
absent if rated 0, 1 and as present if rated 2, 3) and summed. The Conners ratings served as
additional dimensional measures. Age and sex adjusted T scores were computed for
oppositional, hyperactive-impulsive, and cognitive problems/inattention for teachers and
mothers.
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Other Covariates and Confounders—Total gross annual income in the child’s primary
household was reported by parents. Maternal smoking during pregnancy has been of keen
interest as a possible contributor to ADHD, yet also tends to be correlated with low income
and thus with lead exposure (Braun et al., 2006). Maternal smoking during pregnancy was
reported retrospectively by the mother and coded as “none” (0) or “any” (1). Although
retrospective recall limits the ability to verify these reports, maternal recollection of smoking
in pregnancy at child age of six years has agreed with post-partum report at 90% (HensleyAlford, Lappin, Peterson, & Johnson, 2008). Due to recent interest in nutritional status,
particularly the role of iron in the lead-ADHD relationship (Kordas et al., 2007), blood
hemoglobin was assayed by standard methods to assess iron status. Normal hemoglobin
values for children are 11–13 gm/dL, and in adolescents, 12–16 (women) or 14–18 (men).
Values in the current sample ranged from 11.0–15.6. Child history of stimulant medication
treatment was reported by mothers on the KSADS interview, and was coded as a 0 or 1 (no

1Children over the age of 16 completed the same 3 subtests on the WAIS-III; it has reliability=.95 and validity=.91; Sattler, 2001, p.
825.
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history of stimulants, versus treatment history; 43 children had stimulant treatment). It was
examined as a potential moderator of teacher reports.
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Data Reduction and Analysis
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RESULTS

Unless otherwise noted, analyses were conducted in MPLUS v5.1 (Muthen & Muthen,
1998–2008), with family as a clustering value and analysis set to “type=complex;” this
procedure removes variance due to siblings being from the same family. Missing data were
handled using full information maximum likelihood procedures in MPLUS. Missing data
were minimal with the exception of income (7% missing). Three extreme outliers for the
income variable were truncated. All effects were evaluated with the following covariates:
household income, maternal smoking, and child age, sex, and blood hemoglobin level. Low
IQ is a possible complication yet there is controversy as to whether it represents part of the
ADHD syndrome. Results are therefore reported with and without covarying IQ. For
regression models, standardized parameter estimates were computed. For continuous
measures, these were standardized on X and Y variables. The resulting coefficient is
interpreted as the amount of change in Y in standard deviation units for a one standard
deviation change in X. For the categorical (0, 1) variables (sex and prenatal smoking), they
were standardized on the Y variable--yielding amount of change in Y (in standard deviation
units) for a change in the X variable from 0 to 1.

Descriptive Overview
The sample comprised four groups: non-ADHD, ADHD-PI, ADHD-C, and ADHD-NOS.
“NOS” meant subthreshold, 5 symptoms, or situational. Note that ADHD primarily
hyperactive type was rarely identified (n=2). Those two cases were assigned to the “NOS”
group. Table 1 provides a descriptive and clinical overview of the sample groups. It supports
the validity of the clinical groupings. Only the ADHD-PI and ADHD-C groups consistently
exceeded clinical cutoffs on the Conners ADHD Index. The ADHD-NOS group was
intermediate on several clinical measures between the control group and the ADHD groups.
Groups differed in exactly the way suggested by the diagnostic assignments in teacher and
parent ratings. Some suppression of symptoms in teacher ratings was expected, because
some children were in treatment (Table 1).
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The groups were similar on IQ, but they differed in age, gender ratio, and household income
(leading to differences in rate of families estimated to reside in poverty). As shown in Table
1, the sample as a whole was relatively more well off economically than the U.S. national
average. The ethnic breakdown of the sample was 75% Caucasian, 7% African American,
3% Latino, 1% Native American, and 14% mixed or other. Race was unrelated to blood lead
and was not covaried or analyzed further.
Child blood lead ranged from less than 0.3 ȝg/dL (undetectable, n=3) to 2.20 ȝg/dL with a
mean of 0.73 (SE=0.04). Table 2 shows that blood lead in the current sample was even
lower than in Nigg et al (2008), and equal to or lower than recent averages in the U.S.,
Scandinavia, and Western Europe (Braun et al., 2006, used the NHANES sample shown in
Table 2). Thus, the sample had typical background exposure. This blood lead level was the
lowest ever evaluated in relation to ADHD to date.
As expected, and as in prior studies, blood lead was related to lower family income (B=ᙐ.
15, p<.05), male sex (B= ᙐ43, p<.01), and younger age (B=ᙐ.23, p<.01). Before covariates,
blood lead was correlated to KSAD inattention (B=.19, p<.01), hyperactivity/impulsivity,
(B=.28, p<.01), the externalizing composite, (B=.21, p<.01) and to all Conners scales. Blood
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lead in siblings was correlated at r=.47 (p<.001), supporting the supposition that it might be
a shared environment effect and the importance of controlling sibling status.
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Association of ADHD Diagnosis with Blood Lead Level
The three-group ANCOVA (omitting the “NOS” group; see Method) was conducted in
SPSS v. 17. It yielded nearly a medium effect size for group assignment, F(2,200)=5.16,
partial eta squared=.049, p=.007 (sibling status not controlled). Follow up simple
comparisons were conducted using effect coding in MPLUS (controlling for sibling status;
blood lead was the dependent variable and all covariates were included). The ADHD-C
group had higher lead level than the control group (B=.141, p=.033; with IQ covaried, B=.
057, p=.041). The ADHD-PI group did not differ from the control group (p=.27). Thus,
group effects were confined to ADHD-C.
Regression Analysis of ADHD and Externalizing Symptom Dimensions
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Parent Report—Regression models were conducted for symptom domains as dependent
variables (n=236, see Method). Table 3 summarizes the results for parents for both DSM-IV
symptoms (KSADS) and the Conners, with and without IQ as a covariate. As it shows,
blood lead level was marginally associated with attention problems, but not after covarying
IQ. Blood lead was reliably associated with hyperactivity/impulsivity regardless of
covariates. On the Conners, both cognitive problems and hyperactivity/impulsivity were
reliably related to blood lead.
The KSADS externalizing composite was also related to blood lead (B=.21, p<.01; with IQ
covaried, B=.20, p<.05); the same held for oppositional behavior on the Conners (B=.22, p<.
01, with IQ covaried, B=.21, p<.01). Specificity was examined for each model by making
blood lead the outcome variable. To conserve power, IQ was omitted and other covariates
removed in stepwise fashion (income, p>.50, and hemoglobin, p>.20, were thus removed in
all models). In the DSM-IV model, hyperactive symptoms were specifically related to blood
lead (B=.144, p=.043), whereas externalizing symptoms were shy of significant (B=.136,
p=.121). The same held using the Conners: blood lead was related to hyperactivity (B=.18,
p=.034) but not oppositional behaviors (B=.09, p=.34) or cognitive problems (p=ns).
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Teacher Report—Table 4 shows the complete models for teacher reported DSM-IV
symptoms and Conners ratings. On the ADHD Rating Scale, blood lead was unrelated to
inattention or hyperactivity-impulsivity. On the Conners Rating Scale, results were similar
to those reported for teachers by Chiodo et al (2007) and different from the ADHD Rating
Scale results. As Table 4 shows, cognitive problems were related to blood lead level,
whereas hyperactivity-impulsivity was related to blood lead prior to covarying IQ, but not
after.
Conners oppositional behavior was also related, weakly, to blood lead (B=.13, p<.05),
though not after IQ was covaried (B=.11, p=.07). The specificity model was computed just
as with parent data. Cognitive problems were uniquely related to blood lead (B=.16, p=.
031), whereas oppositional behavior (p=.76) and hyperactivity (p=.34) were not.
Interaction of Teacher Findings with Child Treatment Status—The interaction of
child treatment history with blood lead was examined (all covariates included). For DSM-IV
inattention, there was no interaction (p>.50), but for DSM-IV hyperactivity/impulsivity,
there was (B=ᙐ.193, p=.009). For children never treated (including controls), there was a
reliable relation of blood lead to hyperactivity (with all covariates; B=.151, p=.017). For the
children who had been treated, the relation disappeared (B=ᙐ.177, p=.19). This result
suggested that medication treatment masked the relation of lead to teacher-rated DSM-IV

J Child Psychol Psychiatry. Author manuscript; available in PMC 2011 January 1.

Nigg et al.

Page 7

NIH-PA Author Manuscript

hyperactive symptoms. For the Conners ratings, the interaction of treatment status with
blood lead was shy of significance for hyperactivity (B=ᙐ.11, p=.064), but robust for
cognitive problems (B=ᙐ.18, p=.002). Again, for children not in treatment, the effect of
blood lead on cognitive problems was easily seen (with all covariates, B=.17, p=.004); but
not in the treated children (B=ᙐ.13, p=.446). These interactions did not reproduce when
checked in the smaller Nigg et al (2008) sample (all p> .20).

DISCUSSION
Whereas ADHD carries well-established genetic influences on susceptibility (Waldman &
Gizer, 2006), environmental risk factors may interact with that susceptibility in complex
ways (Purcell, 2002). Several studies have linked blood lead with ADHD, but usually in
samples with lead levels much higher than current population averages in the U.S. or
Western Europe. More recent studies have begun to show that even very low levels of lead
exposure (< 5 ȝg/dL), blood lead is associated with ADHD. Nigg et al. (2008) was the first
low-lead study to look at children formally diagnosed with ADHD by standardized methods
and the first to use ICPMS technology to measure blood lead. That technology is important
because it has detection limits 3–8 fold lower than other methods typically used clinically or
in most prior studies of ADHD. ICPMS was used again in the current report in a new
sample.
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The present study provides a more definitive confirmation of Nigg et al (2008) in a larger
sample, with additional covariates, with more examination of teacher ratings, and at the
lowest levels of blood lead ever measured in relation to ADHD. It confirms that in a sample
selected for ADHD, there are reliable relations of blood lead with lifetime symptoms of
hyperactivity-impulsivity as assessed by structured clinical interview of the parent.
Hyperactivity effects are either weak or are moderated by treatment history when based on
teacher report. On the other hand, the association of blood lead with inattention (or cognitive
problems) was observed in parent and teacher Conners ratings and in teacher but not parent
DSM-IV ratings.
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Thus, like Nigg et al (2008), we found that blood lead was reliably associated with
hyperactivity but not inattention when using DSM-IV ratings. However, like Chiodo et al
(2007), we also found that Conners ratings revealed a clearer association of blood lead with
cognitive problems than with hyperactivity-impulsivity in teacher ratings. This apparent
disagreement across methods and raters could be readily understood. The Conners scales
have slightly different items than the DSM-IV and are selected to be sensitive to
intervention effects (lead may be an intervention). The Conners scales also had somewhat
better normal distribution properties (for inattention, Shapiro-Wilk > .90 for maternal and >.
80 for teacher ratings, versus weaker values for the respective DSM-IV scales).
Furthermore, it is sensible to expect that teachers would have more opportunity to observe
cognitive problems (relevant to classroom behavior), whereas parents and teachers might be
equally good observers of hyperactive or impulsive behaviors.
With all that in mind, the pattern that emerges is still rather clear. Inattention/cognitive
problems were related to blood lead when measured via the Conners but not when measured
via DSM-IV symptoms. This finding, which explains the prior difference between Chiodo et
al (2007) and Nigg et al (2008), is due to either the different item set or the better
psychometric properties of the Conners T score. Further study to see which of those events
is true will be of interest. In contrast, hyperactivity/impulsivity is related to blood lead when
rated by parents, but based on these data we tentatively suggest that this effect may be
suppressed in teacher ratings by child treatment history. Overall, the conclusion is that both
ADHD symptom domains are related to blood lead, but that further consideration of the
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measurement scale and treatment effects remains important in quantifying these
associations.
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Limitations of this study should be noted. Most important, it is unclear how well concurrent
lead levels reflect risks that probably occurred earlier in development. Effects of lead on the
brain may depend on age of exposure (Manton et al., 2000). The ages of exposure and the
peak early exposure level of the children in this study are unknown. However, the exposure
levels observed are consistent with U.S. national levels in children at this age. Those U.S.
surveys indicate that even preschool children average less than 5 ȝg/dL of exposure (CDC,
2005). Second, it is possible that hyperactive children ingested more lead, rather than that
lead influenced hyperactivity. However, the only study we are aware of to test that question
(David et al., 1977) found that lead levels were not elevated in hyperactive children with a
known organic etiology (e.g., head injury), but were elevated in other hyperactive children.
Further, an extensive animal experimental literature suggests lead has causal effects on
neurodevelopment that make it a plausible influence on ADHD (Cory-Slechta, 1995). Thus,
the most parsimonious summary of the data is likely that lead influenced ADHD rather than
the reverse.
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Last, this was not a random population sample, so sampling biases cannot be ruled out
(characteristics of refusers were unknown). The sample was economically somewhat more
well off, less representative of minority groups, and less lead-exposed than the nation as a
whole. This may have resulted in under-estimation of effect magnitudes in relation to lead
exposure and ADHD, although effect sizes reported were similar to those reported by
Chiodo et al (2007) in a lower income, African American sample. In short, this study
confirms that ADHD, both as a diagnosis and as symptom dimension, is associated with
blood lead level at low exposure levels, even below 2.5 ȝg/dL.
In conclusion, background-levels of lead exposure were associated with ADHD in a
clinically characterized sample, at the lowest levels of blood lead ever studied in relation to
ADHD, and in both parent and teacher reports. This evidence that ADHD and its symptom
domains are associated with blood lead has rather significant implications, because
exposures in the range studied here remain widespread by definition. Lead exposure is a
plausible neurobiological candidate for involvement in ADHD because it disrupts midbrain
dopamine and other neurotransmission circuitry (Cory-Slechta, 2005), systems that are also
implicated in ADHD (Nigg, 2006). It contributes to what is now an emerging body of
literature linking ADHD to lead exposure even at population typical exposures. Implications
for prevention, practice, and policy warrant further discussion.
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Key points
•

Lead is a known neurotoxicant previously associated with ADHD at high exposure

•

Recent studies suggested low, population typical exposures may also related to
ADHD

•

Current study obtained fresh confirmation in a sample with very low, population
typical lead exposure

•

Children with ADHD had higher lead level than children without ADHD

•

Both parent and teacher reports confirm the association of blood lead with ADHD
symptoms.

•

Further review of actionable lead level exposure in children is indicated

J Child Psychol Psychiatry. Author manuscript; available in PMC 2011 January 1.

Nigg et al.

Page 9

Acknowledgments
Author Statement: Financial Support and Conflicts of Interest

NIH-PA Author Manuscript

This work was supported by NIMH R21-MH070542 (JTN), RO1-MH070004 (KHF and JTN), by the MSU Office
of the Vice President for Research, and by the U.S. Centers for Disease Control via Public Health Preparedness and
Response for Bioterrorism grant to the Michigan Department of Community Health, which partially supported the
laboratory analysis. All authors report no biomedical financial interests or potential conflicts of interest.

ABBREVIATIONS
dL

deciliter=.1 (or 1/10th) liter

ȝg

microgram=.001 milligrams

B

standardized regression coefficients

ICPMS

inductively coupled plasma mass spectrometry

NOS

not otherwise specified

CDC

Centers for Disease Control

References
NIH-PA Author Manuscript
NIH-PA Author Manuscript

American Psychiatric Association. Diagnostic and statistical manual of mental disorders. 4.
Washington, DC: American Psychiatric Association; 2000. text rev
Braun J, Kahn RS, Froehlich T, Auinger P, Lanphear BP. Exposures to environmental toxicants and
attention deficit hyperactivity disorder in U.S. children. Environmental Health Perspective. 2006;
114:1904–1909.
Burns JM, Baghurst PA, Sawyer MG, McMichael AJ, Tong S. Lifetime low-level exposure to
environmental lead and children’s emotional and behavioral development at 11–13 years: The Port
Pirie Cohort Study. American Journal of Epidemiology. 1999; 149:740–749. [PubMed: 10206624]
Centers for Disease Control. Third National Report on Human Exposure to Environmental Chemicals.
Atlanta: National Center for Environmental Health; 2005. Publication No. 05-0570
Chiodo LM, Covington C, Sokol RJ, Hannigan JH, Jannise J, Ager J, Greenwald M, Delaney-Black V.
Blood lead levels and specific attention effects in young children. Neurotoxicology and Teratology.
2007; 29:538–546. [PubMed: 17553667]
Conners, CK. Conners Rating Scales-Revised. Toronto: Multi-Health Systems; 1997.
Cory-Slechta DA. Relationships between lead-induced learning impairments and changes in
dopaminergic, cholinergic and glutamatergic neurotransmitter system functions. Annual Review of
Pharmacology and Toxicology. 1995; 35:391–415.
Cory-Slechta DA. Lead-induced impairments in complex cognitive function: offerings from
experimental studies. Child Neuropsychology. 2003; 9:54–75. [PubMed: 12815522]
David OJ, Hoffman SP, Sverd J, Clark J. Lead and hyperactivity: lead levels among hyperactive
children. Journal of Abnormal Child Psychology. 1977; 5:405–416. [PubMed: 604381]
Ranft U, Delschen T, Machtolf M, Sugiri D, Wilhelm M. Lead concentration in the blood of children
and its association with lead in soil and ambient air--trends between 1983 and 2000 in Duisburg.
Journal of the Toxicology and Environmental Health Alliance. 2008; 71:710–715.
DuPaul, GJ.; Power, TJ.; Anastopolous, AD.; Reid, R. ADHD Rating Scale—IV: Checklists, Norms,
& Clinical Interpretation. New York: Guilford Press; 1998.
Fewtrell LJ, Prüss-Ustün A, Landrigan P, Ayuso-Mateos JL. Estimating the global burden of disease
of mild mental retardation and cardiovascular diseases from environmental lead exposure.
Environmental Research. 2004; 94:120–133. [PubMed: 14757375]
Hensley-Alford SM, Lappin RE, Peterson L, Johnson CC. Pregnancy associated smoking behavior and
six year postpartum recall. Maternal Child Health Journal. 2009 in press, Epub ahead of print Sep
26, 2008.

J Child Psychol Psychiatry. Author manuscript; available in PMC 2011 January 1.

Nigg et al.

Page 10

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Kordas K, Casavantes M, Mendoza C, Lopez P, Rongquillo D, Rosado JL, Vargas GG, Stoltzfus RJ.
The association between lead and micronutrient status, and children’s sleep, classroom behavior,
and activity. Archives of Environmental & Occupational Health. 2007; 62:105–112. [PubMed:
18316268]
Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger DC, et al. Low-level
environmental lead exposure and children’s intellectual function: an international pooled analysis.
Environmental Health Perspectives. 2005; 113:894–899. [PubMed: 16002379]
Manton WI, Angle CR, Stanek KL, Reese YR, Kuehnemann TJ. Acquisition and retention of lead by
young children. Environmental Research. 2000; 82:60–80. [PubMed: 10677147]
Muthen, LK.; Muthen, BO. MPLUS Users Guide. 5. Los Angeles, CA: Muthen & Muthen; 1998–
2008.
Nigg, JT. What causes ADHD? Understanding what goes wrong and why. New York: The Guilford
Press; 2006.
Nigg JT, Knottnerus GM, Martel MM, Nikolas M, Cavanagh K, Karmaus W, Rappley MD. Low blood
lead levels associated with clinically diagnosed attention-deficit/hyperactivity disorder and
mediated by weak cognitive control. Biological Psychiatry. 2008; 63:325–331. [PubMed:
17868654]
Purcell S. Variance components models for gene-environment interactions in twin analysis. Twin
Research. 2002; 5:554–571. [PubMed: 12573187]
Sattler, JM. Assessment of children: Cognitive applications. San Diego: Author; 2001.
Silva PA, Hughes P, Williams S, Faed JM. Blood lead, intelligence, reading attainment, and behaviour
in eleven year old children in Dunedin, New Zealand. Journal of Child Psychology and Psychiatry.
1988; 29:43–52. [PubMed: 3350882]
Strömberg U, Lundh T, Skerfving S. Yearly measurements of blood lead in Swedish children since
1978: the declining trend continues in the petrol-lead-free period 1995–2007. Environmental
Research. 2008; 107:332–335. [PubMed: 18466895]
Thomson GO, Raab GM, Hepburn WS, Hunter R, Fulton M, Laxen DP. Blood-lead levels and
children’s behavior results from the Edinburg Lead Study. Journal of Child Psychology and
Psychiatry. 1989; 30:515–528. [PubMed: 2768355]
Waldman ID, Gizer IR. The genetics of attention deficit hyperactivity disorder. Clinical Psychology
Review. 2006; 26:396–432. [PubMed: 16513236]
Wechsler, D. Wechsler Intelligence Scale for Children-Fourth Edition: Technical and interpretive
manual. San Antonio: The Psychological Corporation; 2003.
Wechsler, D. Weschler Individual Achievement Test--Second Edition. Examiner’s Manual. San
Antonio: Psychological Corporation; 2005.

NIH-PA Author Manuscript
J Child Psychol Psychiatry. Author manuscript; available in PMC 2011 January 1.

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Table 1

Control

“NOS”

ADHD-PI

ADHD-C

99

29

47

61

% male

43%a

48%a

68%b

74%b

<.05

% White

73%a

33%b

81%a

81%a

<.05

Child age (years)

11.8(2.5)a

11.8(2.4)ab

12.4 (2.5)s

10.6(2.6)b

.05

Annual home income ($k)

87.1(41)a

67.4(27)ab

81.4(42)ab

63.9(42)b

.05

4.0%a

3.1%a

4.2%a

21.1%b

<.01

Child Full Scale IQ

107.9(12)

104.9(13)

102.2(15)

103.4(15)

ns

KSADS Inattention Lifetime

0.6(1.1)a

4.5(2.7)b

7.6(1.1)c

7.8(1.5)c

<.01

KSADS Hyperactive Lifetime

0.4(0.8)a

2.8(2.9)b

2.1(2.1)b

6.9(1.7)c

<.01

KSADS Inattention Current

0.6(1.1)a

4.3(2.7)b

7.4(1.1)c

7.8(1.5)c

<.01

KSADS Hyperactive Current

0.4(0.8)a

2.7(2.8)b

1.7(1.8)b

6.6(1.8)c

<.01

Teacher ADHD RS Inatt Sx

0.33(1.1)a

1.4(2.6)a

3.1(3.3)b

4.3(3.4)b

<.01

Teacher ADHD RS Hyp Sx

0.2(0.8)a

1.1(2.4)b

0.7(1.9)b

3.2(3.4)c

<.01

% Conduct Disorder (Life)

0%a

9.4%b

7.4%b

13%c

<.01

% ODD (Lifetime)

2%

19%b

15%b

38%c

<.01

46.5(6)a

61.9(11)b

71.6(9)c

71.4(11)c

<.01

N
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% under poverty line ($21,200)

P-Conners Cognitive

p

P-Conners Hyperactivity

46.7

(4)a

59.1(14)b

58.2(12)b

72.7(12)c

<.01

P-Conners Oppositional

45.7(7)a

55.7(13)b

58.7 (14)b

64.3(15)c

<.01

P-Conners ADHD Index

46.4(6)a

61.5(10)a

70.2(10)b

72.7(10)b

<.01

T-Conners Cognitive

48.2(7)a

55.3(10)b

57.4(9)b

60.2(10)b

<.01

T-Conners Hyperactive

49.5(9)a

53.8(11)ab

54.2(11)b

61.7(13)c

<.01

T-Conners Oppositional

47.1(4)a

52.8(12)b

51.3(9)b

57.7(12)c

<.01

T-Conners ADHD Index

49.1(9)a

57.3(13)b

60.4(10)b

66.3(11)c

<.01

% treated stimulants (lifetime)
% pregnancy smoke
Child unadjusted blood lead

0%

7%

25%

48%

<.01

8.2%

13.8%

10.6%

13.1%

ns

0.2(.30)a

0.78(.24)ab

.72(.35)ab

.88(.44)b

<.01
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Notes to Table 1: KSADS symptom scores and diagnoses are lifetime unless otherwise marked. For dimensional scores, post-hoc Tukey tests were conducted if variances were homogenous; or the Dunnet
T3 post hoc if variances were not homogenous. Different superscripts indicate pair-wise differences on post-hoc tests at p<.05. For example, “a” under control Conners’ Cognitive indicates a significant
difference from “b” for ADHD-PI for the same variable; because ADHD-C also has a “b” it differs from controls also, but not from ADHD-PI. “ab” indicates does not differ from the group with the “a” or
“b” superscript. ADHD-PI =Inattentive type; ADHD-C=combined type. Poverty is defined as < 50% of the median household income of $50,233 in the U.S. in 2007 (16% of national population below that
cutoff), in keeping with one type of convention for defining poverty. The comparisons in this table do not control for sibling non-independence.
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Median Blood Lead Level of Current Replication Sample, Nigg et al (2008), U.S. National Sample, and
Selected European Data By Two Age Groups
Sample

Years Surveyed

%Male

Age in years

Mean/median blood lead ȝg/dL

U.S.A. (CDC1 NHANES)

1999, 2002

50%

12–19

0.94–1.10

Western Europe2

1996–2000

50%

0–18

3.5

Nigg et al 2007 (n=115)

2005–2006

64%

12–17

1.03 (SE=.05)

Current sample (n=96)

2006–2008

53%

12–17

0.68 (SE=.03)

U.S.A. (CDC NHANES)

1999, 2002

50%

6–11

1.25–1.51

Sweden3

2005, 2007

50%

7–11

1.31–1.32

Chiodo et al (2007)

1996–1997

51%

6–7

5.0

Nigg et al 2007 (n=35)

2005–2006

63%

8–11

1.04 (SE=.09)

Current sample (n=140)

2006–2008

63%

6–11

0.77(SE=.03)

Adolescents

Children

1

NIH-PA Author Manuscript

CDC=Centers for Disease Control; the U.S. national (from the CDC NHANES sample) reflect surveys at two points in time, one in 1999 and one
in 2002. The lower value represents the 2002 value, and the higher value represents the 1999 value.
2

Western Europe represents a meta-analytic average computed by Fewtrell et al (2004) from studies in Denmark, Sweden, Germany, France, Israel,
and Greece in the late 1990’s.
3

Stromberg et al. 2007. The recent data represent two cities measured two years apart.
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Table 3
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Regression Analyses of Lead association with Parent–Reported ADHD Symptoms, Standardized Results
Showing Parameter (standard error)
KSADS Lifetime

Conners

Inattention

Hyp-Imp

Cognitive

Hyp-Imp

ᙐ 

.13(.07)+

.07(.08)
ᙐ 

Without IQ covaried
Age

.06(.07)

Sex

ᙐ 

ᙐ 

ᙐ 

Income

ᙐ 

ᙐ 

ᙐ 

Hemoglobin

ᙐ 

.02(.07)

ᙐ 

ᙐ 

.29(.20)

.03(.23)

.27(.22)

ᙐ 

.12(.07)+

.19(.06)***

.21(.07)**

.26(.07)***

ᙐ 

.12(.07)

.06(.08)

ᙐ 

ᙐ 

ᙐ 

ᙐ 

ᙐ 

ᙐ 

ᙐ 

Smoking

.24(.21)

.01(.23)

.22(.22)

ᙐ 

Hemoglobin

.01(.06)

.04(.07)

ᙐ 

ᙐ 

ᙐ  

ᙐ 

ᙐ  

ᙐ 

.11(.07)

.18(.06)***

.20(.07)**

.25(.07)***

Smoking
Blood lead

ᙐ 

With IQ Covaried
Age
Sex

NIH-PA Author Manuscript

Income

IQ
Blood Lead

.05(.07)
ᙐ 

Parameter estimates are standardized as explained in Method. Sex is coded 1=male, 2=female.
+
p<.10;
*

p<.05,

**

pᚢ.01,

***

pᚢ.001.

NIH-PA Author Manuscript
J Child Psychol Psychiatry. Author manuscript; available in PMC 2011 January 1.

Nigg et al.

Page 15

Table 4
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Regression Results for Association of Child Blood Lead with Teacher Behavior Ratings, Showing
Standardized Parameter Estimates (standard error)
ADHD Rating Scale
Inattention

Hyp-Imp

Conners
Cognitive

Hyp-Imp

ᙐ 

.10(.08)

.08(.08)

ᙐ 

ᙐ 

.32(.13)*

Without IQ covaried
Age
Sex

ᙐ 
ᙐ 

Income

ᙐ 

ᙐ 

Hemoglobin

ᙐ 

ᙐ 

.01(.08)

.02(.09)

Smoking

ᙐ 

ᙐ 

.12(.27)

ᙐ 

.09(.06)

.11(.06)+

.19(.07)**

.14(.06)*

.02(.02)

.06(.08)

ᙐ 

.30(.13)*

Blood lead

ᙐ 

ᙐ

.20(.07)**

With IQ Covaried
Age
Sex

ᙐ 
ᙐ 

ᙐ 
ᙐ 

NIH-PA Author Manuscript

Income

ᙐ 

ᙐ 

Smoking

ᙐ 

ᙐ 

ᙐ 

Hemogl

ᙐ 

ᙐ 

.05(.07)

IQ

ᙐ 

ᙐ 

.06(.06)

.09(.06)

Blood Lead

ᙐ 

ᙐ 
.15(.06)*

ᙐ

.12(.07)+
ᙐ 
.05(.08)

ᙐ

.30(.07)***
.11(.06)+

Parameter estimates are standardized as explained in Method. Sex is coded 1=male, 2=female.
+
p<.10;
*

p<.05,

**

pᚢ.01,

***

pᚢ.001.
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Effects of low-level lead exposure on cell survival and neurite
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Abstract
The effects of low-level lead exposure on survival and neurite length of rat E15 primary ventral mesencephalic dopaminergic neurons
were studied. Lead acetate (0.001 – 10 mM) added to primary cultures for 48 h (in serum-free defined media [DM]) caused a loss of tyrosine
hydroxylase (TH)-positive neurons only at the highest concentrations (1 and 10 mM). In contrast, significant effects on neurite length were
observed at concentrations as low as 0.001 mM. Lead-induced decrease in neurite length became more apparent at concentrations of 0.01 mM
(mean 37.9% decrease) and 0.10 mM lead acetate (mean 43.9% decrease). These data show that very low concentrations of lead, well below
the level necessary to adversely affect neuronal survival, can have dramatic effects on neurite growth. These results support recent clinical
findings of detrimental effects of low-level lead exposure on brain development.
D 2003 Elsevier Science Inc. All rights reserved.
Keywords: Lead; Neurons; Ventral mesencephalon; Development

1. Introduction
The general toxic effects of lead have been known for
centuries, yet lead is still a major environmental poison
affecting primarily pediatric populations in the United States
as well as in other countries worldwide. Although the level
of concern for pediatric lead poisoning, as set by the Centers
for Disease Control in 1991, is 10 mg/dl [6], studies
performed over the last decade indicate that, indeed, a safe
level of lead in the blood of children has not yet been
identified. Evidence for detrimental effects on behavior and
cognitive development have been reported with blood lead
levels below 10 mg/dl [17,25].
Although neuropsychological studies of lead’s effects in
children may differ in basic characteristics of the study
groups and in the choice of tests administered, the description of deficits in certain functional domains, such as
attention and fine motor skills, has been remarkably consistent (see Ref. [19] for review). In fact, a number of
cognitive deficits associated with lead poisoning, such as

* Corresponding author. Tel.: +1-215-503-0370; fax: +1-215-9233808.
E-mail address: jay.schneider@mail.tju.edu (J.S. Schneider).
0892-0362/$ – see front matter D 2003 Elsevier Science Inc. All rights reserved.
doi:10.1016/S0892-0362(03)00018-7

attention and executive function problems, may be due at
least in part to lead’s effects on dopamine systems. Animals
with dopamine-depleting lesions of the cortex or striatum
have a number of cognitive and behavioral deficits including impairments in attention, impulsivity, short-term memory, cognitive flexibility (and other executive functions), as
well as behavioral abnormalities including apathy, low
frustration tolerance, and aggressiveness [4,5,23,24]. In
addition to the well-documented learning and memory
problems in lead-exposed animals, attentional problems
have also been described [3]. Attention and executive
functioning problems are a known consequence of lead
poisoning in children [10,30] and are present with dopamine
dysfunction, as in Parkinson’s disease [16].
The effects of lead on dopaminergic cells in culture have
been described previously [27]. Short-term exposure of
cultures to high concentrations of lead (3 –50 mM) killed
neurons and glia at the highest concentrations, whereas
concentrations at the lower end (3 mM) significantly inhibited [3H]dopamine uptake [27]. Lead exposure has also been
reported to alter the concentration of dopamine and decrease
the activity of the dopamine-synthesizing enzyme tyrosine
hydroxylase (TH) in midbrain and diencephalic regions [21]
as well as in rat [29] and primate retina [15]. In consideration of the clinical and experimental data described above
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on lead effects on the dopamine system, the present study
was conducted to examine effects of low concentrations of
lead (0.001 – 0.1 mM, equivalent to 0.024 and 2.40 mg/dl,
respectively) on survival and growth (e.g., elaboration of
neurites) of fetal dopaminergic neurons in culture.

2. Methods
2.1. Primary cultures of ventral mesencephalic neurons
Timed-pregnant Sprague –Dawley rats were euthanized
with carbon dioxide. Embryos (E-15) were removed and
the ventral mesencephalon was dissected out and placed in
Dulbecco’s phosphate-buffered saline, (DPBS; pH 7.4) on
ice. The tissue was minced and incubated in a trypsin
solution (0.01% in Ca2 + /Mg2 + free Hank’s balanced salt
solution) with 0.05% DNAse for 20 min at 37 C with
gentle agitation. The supernatant was removed and replaced
with Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum, glucose (6 mg/ml), glutamine
(204 mg/ml) and penicillin/streptomycin (100 U/ml) and the
cells were dissociated by passage through a fire-polished
Pasteur pipette. Dissociated cells were then passed through
a nylon-filter cell strainer (70 mM). The number of viable
cells were counted for trypan blue exclusion using a
hemocytometer and plated at a density of 1.5  105 cells
per well on poly-D-ornithine (PO; 0.01% in borate buffer;
pH 8.4) coated Lab-Tek eight-well slides. After 1 h of
stabilization at 37 C in an atmosphere containing 5% CO2,
the media was changed to serum-free defined medium
(DM) containing DME/F12, 1% ITS supplement, glucose
(6 mg/ml), glutamine (204 mg/ml) and penicillin/streptomycin (100 U/ml). The cultures were grown at 37 C in 5%
CO2 for 3 days before commencing experimental manipulations.

Fig. 2. Effects of lead exposure on length of primary neurites of E-15
dopaminergic neurons in culture. The lowest concentration of lead
acetate used (0.001 mM) caused a significant decrease in neurite length,
that was exacerbated by incubation in higher concentrations of lead (0.01
and 0.10 mM). These effects were observed at lead concentrations below
those that caused a decrease in cell survival. Bars show mean length of
primary neurites ± S.E.M. * P < .01 vs. control. Data were derived from
quadruplicate samples for each experimental condition, repeated with
four independent cultures.

2.2. Lead exposure studies
To investigate the effect of lead on cell survival and
neurite length, lead acetate was added to media (DM) at
different concentrations (0.001, 0.01, 0.1, 1.0 and 10 mM)
for 48 h.
2.3. TH immunohistochemistry and cell counts
At the end of the lead exposure period, cultures were
fixed in 4% paraformaldehyde and stained for the presence of TH using a polyclonal TH antibody (1:2000, 4 C
for 24 h, Pel-Freeze, Rogers, AR), biotinylated goat antirabbit IgG (1:1000, 1 h at room temperature, Pel-Freeze,
Rogers, AR, Jackson Immunoresearch Laboratories, Inc.,
West Grove, PA). TH-positive cells were visualized after
incubation in ABC substrate (Vector Laboratories, Burlingame, CA) and metal-enhanced diaminobenzidine (Pierce,
Rockford, IL). Immunopositive cells were counted in
consecutive fields across the largest diameter of the cell
bed using an eye piece reticule at 10 magnification.
2.4. Neurite length measurement

Fig. 1. Effects of lead exposure on the number of TH-positive cells in
primary ventral mesencephalic cultures. Addition of lead acetate (0.001 – 10
mM, in serum-free DM) for 48 h caused a significant loss of TH+ cells at
lead acetate concentrations of 1 and 10 mM. Bars show mean cell
counts ± S.E.M. Ctl = control cultures (no lead); * P < .01 vs. control. Data
were derived from quadruplicate samples for each experimental condition,
repeated with four independent cultures.

Neurite length measurements were taken of the longest
neurite present on 150 TH-positive cells from control cultures and each lead-exposed culture, using a neurite length
measurement macro (provided online by V.I. Pikov) and NIH
Image software (v. 1.68). Fields were sampled randomly and
the person performing the measurements was blind to
treatment condition. Briefly, the images of TH-positive cells
were captured at 20 magnification and contrast was
adjusted until neurites appeared as contiguous as possible
with low background. The longest neurite on each cell in the
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field was drawn using the pencil tool from the Image
program. The length of the outlined neurite was then
computed by the macro from a thresholded image.
2.5. Statistical analysis
All experiments were run in quadruplicate and repeated on
four separate occasions. Cell number and neurite length
measurement data were analyzed by one-way ANOVA followed by pairwise post hoc comparisons (Newman –Keuls t
test). Data from four replicate studies were combined for
analysis. Frequency histograms of neurite lengths were also
constructed, using GB Stat v.6.5.6 software. Comparisons of
frequency histograms were made using a Kruskal –Wallis
one-way ANOVA.

3. Results
3.1. Lead effects on cell survival
No lead precipitation was observed in any of the media
used in these studies. In addition, measurement of lead

557

levels (PPM, performed by ESA Laboratories, Chelmsford,
MA) in filtered and unfiltered media samples showed linear
increases in measured lead levels after addition of 1, 10 or
100 mM lead acetate.
In primary mesencephalic cultures, a 48-h exposure to
lead acetate caused a significant decrease in the number of
TH-positive cells only in cultures exposed to high concentrations of lead acetate (e.g., 1.0 and 10 mM, P < .05 vs.
control) (Fig. 1). TH-positive cell number was completely
unaffected by lower levels of lead.
3.2. Lead effects on neurite length
A dose-dependent effect of lead on neurite length of
TH-positive neurons was observed ( F = 80.08, P < .001,
Figs. 2, 3 and 4). The mean length of primary neurites of
TH-positive neurons was decreased by an average of
10.9% after 48 h exposure to as little as 0.001 mM lead
acetate ( P < .01 vs. control). This detrimental effect on
neurite length was exacerbated after exposure to 0.01 mM
(mean 37.9% decrease, P < .01 vs. control) and 0.10 mM
lead acetate (mean 43.9% decrease, P < .01 vs. control)
(Fig. 4). There was no significant difference between

Fig. 3. Histograms showing the distributions of primary neurite lengths in control and lead-treated cultures. After 48 h incubation in 0.001 mM lead acetate, the
longest neurites were lost but the overall shape of the distribution was not different from that seen in control cultures. In contrast, after 48 h incubation in 0.01
or 0.10 mM lead acetate, there was a clear shift to the left in the distribution histograms. Data were derived from quadruplicate samples for each experimental
condition, repeated with four independent cultures.
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4. Discussion

Fig. 4. Photomicrographs of TH-positive neurons in control cultures (A)
and in cultures exposed to (B) 0.001 and (C) 0.01 mM lead acetate for 48 h.
Note the progressive decrease in neurite length with exposure to increasing
concentrations of lead.

neurite lengths measured in cultures exposed to 0.01 or
0.10 mM lead. The distribution of neurite lengths was
plotted for each culture condition (Fig. 3). After 48-h
incubation with 0.001 mM lead acetate, the longest neurites
were lost, although the rest of the distribution of neurite
lengths remained essentially the same as in control cultures. However, in cultures exposed to 0.01 and 0.10 mM
lead acetate, there was a clear shift to the left ( P < .05) in
the distributions of neurite lengths.

The present results indicate that exposure of fetal dopaminergic neurons to very low levels of lead (0.001 – 0.1 mM,
analogous to 0.024– 2.4 mg/dl of lead, using the convention
for measuring blood lead levels) for a brief period of time
(e.g., 48 h) causes significant disruption of neurite elaboration without any appreciable effect on dopamine neuron
survival. Although the reasons for this effect are not clear at
this time, lead effects on calcium homeostasis may have
played an important role. Intracellular and nuclear transport
of calcium are involved in elaboration of axons and dendrites.
Calcium release from intracellular stores stabilizes dendrites
during the period of synapse formation [20]. Local calcium
release is a mechanism by which afferent activity (e.g.,
neurotransmission evoked calcium release) can regulate
dendritic structure and arborizations that are critical to
attaining a normal pattern of adult synaptic connections
[20]. Since lead suppresses activity associated with calcium-dependent release of neurotransmitters [9,18], affects
presynaptic calcium channels involved in transmitter release
[22] and essentially substitutes for calcium in a multitude of
physiological functions [2], it is not surprising that lead
would also affect calcium-dependent arborization of neurites.
What was surprising was the low level of lead (0.001, 0.01
mM) needed to adversely affect neurites. However, lead is
known to affect physiological processes at levels below that
required by endogenous activators. For example, lead at
picomolar concentrations activates protein kinase C, an
action normally induced by nanomolar concentrations of
calcium [1].
Lead may also have affected neurite morphology by
directly interacting with cytoskeletal proteins. Previously,
lead exposure, in the absence of serum, altered cytoskeletal
protein expression (tau, MAP-2b, MAP-2c, and GAP-43)
after only a 3-h exposure to 3 or 6 mM lead [26]. Prolonged
lead exposure in vivo (through age 15 months) also modified astrocyte cytoskeletal proteins (e.g., GFAP, vimentin)
[28]. Slow axonal transport of neurofilament proteins and
tubulins was impaired in animals exposed to lead in their
drinking water for 13 weeks [32].
Previous studies have described a significant inhibitory
effect of high (1 mM) and low (1 nM) concentrations (but
not at intermediate concentrations) of lead on neurite
initiation in fetal (E-18) hippocampal and cortical neurons
grown in culture [14]. Effects of lead on axon length,
number of dendrites/cell and number of branches/axon were
complex and dependent upon the concentration of serum in
the media [14]. Lead’s inhibitory effects on neurite development in cultured hippocampal neurons were attributed at
least in part to an inappropriate stimulation by lead of
protein phosphorylation by calcium/calmodulin-dependent
protein kinase or cyclic AMP-dependent protein kinase [13].
Other studies have reported impairment of growth of retinal
axons (e.g., reduced area and branchtip number of retinal
ganglion cell axon arborizations in the optic tectum) with a
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6-week in vivo exposure to nanomolar concentrations of
lead [7]. In contrast to the inhibitory effects of lead on
neurite growth in vivo or in primary cells in culture, various
concentrations of lead (e.g., 0.025 – 0.05 mM in one study
[8]; 0.1 –100 mM in another study [31]) were shown to
promote neurite outgrowth from PC12 cells in the presence
or in the absence of NGF, while higher lead concentrations
(1– 10 mM) were less effective. At low concentrations, lead
did not cause neurite outgrowth in NGF-treated PC12 cells
but enhanced NGF-induced neurite outgrowth and promoted
the formation of multiple neurites per cell [31]. These latter
results, however, are difficult to compare with the present
findings due to differences in the type of cells (e.g., primary
neurons vs. tumor cell line) and culture conditions utilized.
The finding that neurite morphology is significantly
altered at lead concentrations 1/1000th to 1/100th of that
necessary to stimulate overt cell death may have significant
implications for fetal brain development and the hard wiring
of the brain under conditions of lead exposure. Mobilization
of maternal bone lead stores is a major source of fetal lead
exposure [11] with a strong correlation between maternal and
umbilical cord blood lead levels. Emphasizing the danger of
transfer of lead from mother to fetus [12], a recent prospective
study found increased levels of lead in maternal bone and
umbilical cord blood (mean 6.7 mg/dl) that were associated
with lower Mental Development Index scores on the Bayley
Scales of Infant Development at 24 months of age [11]. These
findings, together with the current results, underscore the
potential danger of even very low levels of lead on fetal
neuronal development.
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Abstract

T

he detrimental effects of lead exposure in children have been known for
over 100 years. Although a few initial measures implemented about 30
years ago were effective in somewhat reducing levels of lead exposure in
children, relatively little has been done recently from a policy perspective to protect children from lead. We now know from recent research
that much more work is needed. Recent events highlighted in the media
show that several urban communities still have unacceptable levels of lead in water
systems. Early research identified high levels of lead as being particularly detrimental
to children’s intellectual and behavioral development. However, new studies have
discovered that lower levels of lead, levels once thought safe, also cause considerable damage to children’s developmental outcomes. This social policy report summarizes new data on the intellectual, academic, and behavioral deficits seen in children
exposed to both low and high levels of lead, discusses the biological and neurological
mechanisms of lead poisoning, explores sources of environmental lead exposure and
lead abatement practices, shows that current federal and state-level child screening
and lead level reporting practices are inadequate, and makes policy recommendations centered on increasing education, intensifying abatement efforts, strengthening
and regulating mandatory screening practices, and reducing the federal threshold of
allowable levels of lead.
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With Volume 24, Issue 1, a team from Frank Porter Graham Child Development Institute at The University of North Carolina at Chapel Hill will begin the
editorship of the SRCD Social Policy Report (SPR). Reiterating our statement
in the last issue, we appreciate the great expertise and leadership that Lonnie
Sherrod and Jeanne Brooks-Gunn provided for SPR. We hope to extend and
elaborate on the momentum they created for the quarterly report. SPR stands
as the preeminent policy publication addressing developmental science topics
for policymakers and broader consumer audiences. The report’s translational
function is complemented with concise and attractive SPR Briefs produced by
Marty Zaslow, Sarah Hutcheon, and Sarah Mandell in the SRCD Office for Policy
and Communications, and Anne Bridgman, the Brief science writer. SRCD
strives to inform policy through scientific evidence, and we will continue to
make the SPR the premier report for lawmakers, policy experts, and researchers involved in developmental science issues.
This issue also inaugurates some important changes. The SPR has a new
look and feel but maintains the essential informational elements of the old
format. This new format will be disseminated only electronically but conforms
to the word length requirements of the previous print issues. However, if you
print out the issue, it will take more pages because of the changes in design,
which we hope will enhance readability. Also, the electronic format includes
links to available citations and abstracts, allowing our readers to go directly
to the information source. In the future, we hope to use other forms of technology to add convenience and convey the most essential information covered
in the SPRs. We invite readers to share their observations or comments about
the new format. Please send any questions or comments to
Anne Hainsworth at anne.hainsworth@unc.edu.
When we sat down to discuss topics for the first report of 2010, we
debated the merits of focusing on the ongoing issue of childhood lead exposure. The topic did not seem to be very cutting edge. Did we as a society not
address this problem years ago, and is not the situation better now? Cole and
Winsler’s review of newer (as well as older) data on the detrimental effects
of low-level lead exposure made us sit up and pay attention. Nigg highlights
in his commentary the research linking lead to ADHD and raises the question
about other future potential neurotoxins. Lanphear’s commentary reminds us
of the world’s long struggle to reduce lead levels in children and recommends
increased efforts to eliminate lead from consumer products. A separate commentary by Gould and Hertel-Fernandez, though, raises the important issue
of considering cost-benefit ratios of various lead reduction strategies before
recommending or implementing policies. Although some progress has been
made over the past 20 years, it is very clear that more can be done to reduce
and prevent lead exposure among our nation’s children. We hope this issue of
SPR brings renewed interest in this old, but nevertheless dangerous, problem.
— Sam Odom (Lead editor)
Donna Bryant (Issue editor)
Kelly Maxwell, Anne Hainsworth
FPG Child Development Institute, The University of North Carolina at Chapel Hill.

Social Policy Report V24 #1

2

Children’s Exposure to Lead

Protecting Children from Exposure to Lead
Old Problem, New Data, and New Policy Needs

I

indicating an ongoing problem.
In a follow-up to the initial D.C. article, Leonning,
Becker, and Nakamura (2004) of the Washington Post
examined past records of lead water level tests. Their results indicated that large municipalities including Boston,
Philadelphia, and New York had avoided testing homes
that were likely to show high water lead levels, and had
dismissed tests that indicated unsafe levels of lead within
their water systems. Additionally, some states chose not
to report federally required water lead level violations
to the EPA, as federally required, providing even more
uncertainty about the safety of our nation’s water. These
reports indicate that high lead levels in drinking water
may be more common than generally thought and that
we have not done enough yet to prevent the exposure of
children to lead. In addition, water is just one of many
potential sources of lead exposure, which include leadbased paints, house dust, soil, and consumer products.
Thus, it is critical for us to understand
the effect of lead on child outcomes.
In 1994, the Society for Research
in Child Development (SRCD) published a
Social Policy Report describing the most
recent research concerning the effects of
lead on children, and suggested possible
ways of protecting children from exposure (Tesman & Hills, 1994). In 1991, the
EPA safety threshold for Blood Lead Level
(BLL) was set at 10μg/dL, and any BLL
greater than this was considered unsafe.
The prior SPR detailed the effects of large amounts of lead
on children’s development (BLL > 10μg/dL), and only hinted at possible effects of low-level exposure (BLL < 10μg/
dL). In the last 15 years, many new studies have focused
on the effects of lead on children’s development when
exposure is well below the current 10μg/dL threshold. The
results of these studies are quite disturbing. The goal of
the present report is to review and update our knowledge
base on the negative developmental effects of even low
levels of lead exposure on children and to make an urgent
call for policy action to reduce and eliminate the harmful

n 2000, the District of Columbia Water and Sewer
Authority (WASA) instituted a new method of water
disinfection, changing from the use of free chlorine
to chloramines. The addition of chloramines to the
water system had several unintended side effects,
primarily increased corrosion of the city’s water
pipes, many containing lead. Such corrosion led to dangerous increases in lead levels in the city’s drinking water
(Edwards, Triantafyllidou, & Best, 2009; Environmental
Protection Agency [EPA], 2007; Guidotti, Moses, Goldsmith, & Ragain, 2008). The current allowable amount of
lead in drinking water is set by the EPA at 15μg/L (EPA,
2004a; EPA, 2006). A water lead level above this amount
exposes the public to unsafe amounts of lead. By late
2001, tests of the D.C. drinking water showed lead water
level readings in excess of the allowable level set forth
by the EPA. In 2004, a Washington Post article exposed
the elevated water lead levels, instigating widespread
concern among community members
worried about the effects of elevated
levels of lead. WASA serves over 500,000
D.C. residents, and many parents were
appropriately concerned with the effect
of lead on their children. Many parents
and community members searched for
information on the effects of increases
in lead exposure that remained below
the federal threshold, but earlier reports
were not conclusive as to the effects of
low levels of lead on children.
D.C. is not alone in its trouble with lead-contaminated drinking water. Articles in the Seattle Post (Bach,
2004) and Seattle Times (Bhatt, 2005) reported that in
2004, tests of Seattle’s public schools indicated that 70
of 88 schools had at least one water fountain test above
the EPA recommended lead level. Nineteen of the schools
tested had over half of their drinking fountains exceed
the limit. One fountain tested at 1,600μg/L, an amount
more than 80 times greater than the EPA’s allowable lead
level. Tests conducted back in 1990 and 1992 also indicated elevated lead levels within the Seattle school system,

It is critical for us
to understand the
effect of lead on
child outcomes.
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dL) but not toxic (>60μg/dL) BLLs also showed deficits
in behavior, learning, and intelligence. Based on this
research, the CDC revised its standards for blood levels in
children and reduced the acceptable amount to 30μg/dL.
Research conducted in the mid-1970s and 1980s focused
on the effects of high BLLs on children. In response to
this research, the CDC again reduced acceptable BLLs in
children to 25μg/dL and eventually to 10μg/dL. Researchers wondered, however, if even lower levels of lead
negatively affected children (CDC, 1991; Tesman & Hills,
1994).

effects from this fully preventable risk factor for negative
child outcomes.
This report is divided into three main sections.
First, we will discuss the research on the effects of lead
exposure in children after providing a brief history of
research conducted in this area. The biological mechanisms of human lead exposure will also be discussed, as
will children’s particular neurodevelopmental sensitivity
to lead. The second section will describe environmental
sources of lead and ways in which children’s exposure to
lead can be reduced via parent education, lead abatement, and child screening practices. The report will
conclude by showing the inadequacies of the current
reporting and screening systems and suggesting policy
recommendations aimed at the long-term reduction of
lead exposure in children.

Mechanisms of Lead Neurotoxicity
Although researchers have long known that lead negatively affects child outcomes, it is only recently that
the biological mechanisms of lead exposure have been
discovered. Although there are many different mechanisms by which lead affects development, there seem to
be several broad categories of function. First, lead seems
to promote abnormal cell apoptosis (programmed cell
death); second, it seems to perturb normal protein function within the brain; and third, it seems to alter neurochemical functioning within the brain.
Many of lead’s varying mechanisms
of action are driven by its ability to
bind to calcium receptors within the
body. Lead passes through the body’s
blood-brain barrier in part because of
its ability to “substitute” for calcium.
In a normal brain, neurons employ
calcium channel pumps to regulate
their electrical gradient, allowing for
the production of action potentials
and electrical impulses. These electrical impulses serve as one of the main
modes of communication within the
brain. Lead has the ability to be taken
in by calcium channel pumps and enter neurons in this
manner (Kerper & Hinkle, 1997). Once lead enters the
neuron, it disrupts normal cell functioning which causes
apoptosis. The intake of lead into the neuron disrupts
the calcium gradient within the cell, damaging neuronal
mitochondria which often results in cell death. In addition, when present in large amounts, lead is absorbed by
the mitochondria, damaging the organelle and preventing
proper neuronal energy production. Mitochondrial damage prevents normal cell functioning and results in abnormal neuronal signal transmission (Lidsky & Schneider,
2003). Mitochondrial apoptosis has been observed in

History of Childhood Lead Research
Concerns about potential negative effects of lead on
children began to emerge in the 1890s, with reports from
Australia documenting various unusual illnesses. Children
were found to have symptoms such as headache, nausea,
and motor problems, and in 1904,
these symptoms were traced to high
lead levels in both home water tanks
and paint dust (Gibson, 1904; Needleman, 2004; Tesman & Hills, 1994). Initially, there was widespread skepticism
as to the negative effects of lead on
children, but in the 1930s and 1940s,
societal views began to change. Several outbreaks of acute lead poisoning
in the United States gave researchers
an opportunity to observe the effects
of large levels of lead exposure firsthand. In 1943, a study of 20 children
who had suffered acute lead poisoning
found that 19 of them had long-term deficits in behavior,
learning, and school performance (Byers & Lord, 1943, as
cited in Needleman, 2004). These early studies promoted
the general understanding that toxic lead poisoning causes
long-term developmental deficits in children.
Prior to the mid-1970s, the Centers for Disease
Control and Prevention (CDC) had mandated that a BLL
above 60μg/dL be deemed toxic to children (CDC, 1991).
In the early 1970s, the federal government enacted
guidelines for lead screening in children (Tesman & Hills,
1994). Data from these screenings provided new information indicating that children who had high (>10μg/

Once lead enters
the neuron, it
disrupts normal cell
functioning which
causes apoptosis.
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cultures and in the retina at levels of 10nm to 1um (He,
Poblenz, Medrano, & Fox, 2000).
Lead also affects neuronal development by disrupting normal protein function. In rats, lead has been
found to alter lipid peroxidation, which causes damage
to neuronal cell membranes. Lead also affects Protein
Kinase C (PKC), which plays an important role in neuronal potentiation. In a normal cell, PKC is regulated by
nanomolar concentrations of calcium, but when large
amounts of lead are present, PKC expression is reduced.
Reduced levels of PKC affect neuronal potentiation and
differentiation, which may have long-term effects on the
development of learning and memory (Nihei, McGlothan,
Toscano, & Guilarte, 2001). Studies using rat models have
shown that small concentrations of lead can perturb normal PKC function (Markovac
& Goldstein, 1988).
Lead also can affect
neurotransmission through
perturbation of neurochemical functioning. The
presence of lead causes an
abnormal inhibition of delta
aminolevulinic acid dehydratase. Inhibition of this enzyme results in increased
levels of amniolevulinic acid (ALA) within the brain. ALA
is a gamma-aminobutyric acid (GABA) agonist and therefore reduces GABA release through pre-synaptic inhibition. This perturbation in GABA release is thought to be
responsible for many of the behavior changes associated
with lead exposure (Needleman, 2004). Campagna, Huel,
Girard, Sahuquillo, and Blot (1999) discovered that perturbation in delta aminolevulinic acid dehydratase functioning can be seen when BLLs are above 3.2μg/dL, but
not below, suggesting a possible threshold effect. In addition, lead seems to target mesencephalic dopamine cells,
causing apoptosis. This destruction of dopamine-specific
cells results in abnormal changes in dopamine levels and
transmission throughout the brain, and has been seen at
lead concentrations as low as .3 um (Scortegagna & Hanbauer, 1997). Lead’s effects on brain function are severe
and wide reaching, because lead’s ability to substitute
for calcium presents many possible mechanisms of action
within the brain. Additionally, observed effects of lead
seem to occur at relatively low levels of exposure and affect not only the development of the overall structure of
the brain, but also communication between neurons, as
well as the internal working of the neurons themselves.

Children’s Sensitivity to Lead
Although lead exposure is not beneficial at any age,
children are particularly sensitive to its negative effects,
arising from both their early development stage as well
as their biologically driven sensitivity to lead. Exposure
can begin prenatally, since lead easily crosses the placental barrier, and research indicates that mother and
placental lead levels are very similar. The presence of
lead in the womb is extremely troublesome as it can disrupt normal developmental processes (Goyer, 1990). BLLs
in children have generally been found to peak around the
age of 2 and decline in the following years (Brody et al.,
1994). This peak in lead levels around the age of 2 is due
to children’s crawling and walking behaviors coupled with
their desire to mouth objects. Lead contaminated house
dust is one of the most common sources of lead exposure and is often found on
the floor and in windows of
older homes. Young children
are particularly vulnerable
to lead dust, as their early
crawling and walking behaviors position them near the floor. When young children
come in contact with lead, they are likely to ingest it via
hand/object-to-mouth exposure. In addition, the gastrointestinal tract absorbs lead more efficiently than the
lungs or the skin, which can lead to increased lead intake
for this young population (Leggett, 1993).
Another factor that makes children specifically
vulnerable to lead is that children generally absorb lead
more efficiently as it mimics calcium within the body.
Young children’s rapid growth, and their resulting need
for calcium, often results in greater absorption of lead by
the gastrointestinal tract than typically would be seen in
adults. Increased lead absorption by the gastrointestinal
tract results in larger lead levels in the blood, bone, and
teeth of this age group, and therefore, larger lead-related
effects (Cory-Schlecta & Schaumburg, 2000). In children,
bone is constantly being built and re-absorbed by the body
(Matkovic, 1991). This means that lead stored in bone can
leach into children’s blood over time, and thereby access
the brain. In addition, children’s blood-brain barriers are
less efficient at filtering out lead, which means more is
allowed into the brain. Increased lead levels in the brain
result in further damage to brain function.
Children in low-income families are more likely
to be exposed to lead (Brody et al., 1994; Lin-Fu, 1992;
Rutter, 1983). Brody et al. (1994) found that as income

Children in low-income families are
more likely to be exposed to lead.
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lead levels are typically reported in micrograms (μg/g)
or parts per million (ppm). Studies that have compared
dentine lead levels to BLLs indicate that these measures
roughly relate in a 1:2 ratio, that is, finding a 1μg/g level
of dentine lead generally relates to a finding of 2μg/dL of
lead in that child’s blood (Rabinowitz, 1995).
Bone lead levels also reflect a person’s lifetime
exposure to lead as it is also stored in the bones as we
grow. Lead in bone can be detected through post mortem
collection or through a type of low energy x-ray called
an XRF (in vivo X-ray fluorescence). XRF tends to become
unreliable as the amount of tissue covering the bone
increases; therefore, this technique would be more accurate for certain bones. Additionally, different bones may
absorb lead at different rates, depending on the amount
of blood flow to that bone and the type of bone tissue.
Therefore, appropriate bone samples must be carefully
chosen for these types of analyses. Generally, blood or
bone lead detection methods are preferred (Barbosa,
Tanus-Santos, Gerlach, Parsons, 2005; Lanphear et al.,
2008; Tesman & Hills, 1994).
Lead sampling from urine represents current lead
levels and is the most useful in long-term lead tracking
studies (mostly longitudinal occupational lead exposure
studies) since single-sample measures have produced
inconsistent results. Fecal samples tend to reflect current lead levels as undigested lead or lead that has been
processed through endogenous fecal routes. Although this
technique is generally non-invasive, differences in day-today biological processing result in variations in fecal lead
levels that could be wrongfully attributed to changes in
lead exposure. Nail sampling represents long-term lead
exposure. Clippings are generally taken from the toes as
they are less contaminated than fingernails by external
lead exposure. A drawback of this method is that there is
variation in lead levels between individual fingers and toes
from the same subject. Hair sampling techniques are noninvasive, but lead absorption by the hair seems to differ
based on age, gender, ethnicity, and hair color. Additionally, it is difficult to distinguish internal lead absorption
from external environmental presence on top of the hair.
Saliva samples are easily collected but lead measurements across time points are not consistent. Lead readings
change depending on the time of day the sample is collected, whether it is collected before or after a meal, or
whether the sample is stimulated or naturally occurring.
Given that urine, fecal, nail, hair, and saliva samples often
produce inconsistent results, they are rarely found within
the scientific literature (Barbosa, Tanus-Santos, Gerlach, &

increased, lead levels tended to decrease in children. In
this study, 16.3% of children categorized as low income
were found to have elevated lead levels (>10μg/dL) as
compared to 5.4% and 4.0% for children categorized
as medium or high-income. In addition, children from
low-income households appear to be more sensitive to
the effects of lead and show deficits at lower BLLs than
their high-income counterparts (Bellinger, Leviton, &
Solman, 1990). This may be due to the fact that children
in poverty are likely to have other risk factors, such as
low birthweight, school absences, less education, more
stress, more punitive parents, and lower levels of selfesteem (Aber, Bennett, Conley, & Li, 1997).
The half-life of lead is 35 days when located in the
bloodstream, 2 years when located in the brain, and decades when located in the bone (Lidsky & Schneider, 2003).
The inefficiency of children’s blood-brain barrier, coupled
with their rapid growth, makes it more likely that lead
will be stored in their bone and brain tissue. This storage
causes lead to persist longer in children than in adults,
which in turn increases the duration of time that lead can
perturb child functioning. Finally, due to the developing
nature of the child’s brain, children are more sensitive to
the changes in protein and neurochemical regulation that
lead produces. Lead exposure in children, therefore, has
the potential for longer and more widespread effects on
development and later performance than is seen in adult
exposure (Lidsky & Schneider, 2003).

Methods of Lead Detection
The main ways of detecting lead in children are through
tests of the blood, teeth, and bones, although urine,
feces, nail, hair and saliva samples have been used in the
past. We will briefly discuss each measurement technique. BLLs are detected through capillary or venous
puncture samples and are generally reported in micrograms per deciliter (μg/dL). These samples reflect the
amount of lead currently in a person’s system, as blood
does not store lead the way bones and teeth do. BLL may
be assessed by looking at whole blood or blood plasma.
Plasma lead level is thought to provide a more useful
representation of exposure to lead. Tooth, or dentine,
lead levels represent a person’s lifetime exposure to
lead, since lead is stored in the teeth as we grow. Different teeth emerge at different points during childhood,
and different tissues of the teeth form and absorb lead at
different time points. This allows for a history of lead exposure to be assessed. For dentine lead collection, families usually submit a baby tooth for examination. Dentine
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of low levels of lead exposure presents a more nuanced
picture of the effect of lead on intelligence. Several
methodologically rigorous, prospective longitudinal
studies have examined the effects of lead on children’s
cognitive performance. Canfield and colleagues (2003)
followed children with both low BLLs (<10μg/dL) and children with high BLLs (>10μg/dL) from age 6 months until
age 60 months. Child intelligence was assessed using the
Stanford-Binet Intelligence Scale–IV (Thorndike, Hagen,
& Sattler, 1986). Several covariates were included in the
analysis—child sex, birthweight, race, mother’s IQ and
years of education, tobacco use during pregnancy, and
SES. Results indicated that BLL was significantly related
to differences in IQ performance. Specifically, as BLL concentrations increased from 1 to 10μg/dL, IQ decreased
an average of 7.4 points. This trend was seen in children
with BLLs above 10μg/dL as well, but decreases in IQ
score were less pronounced (a 2.5 point IQ drop when BLL
rose from 10 to 30μg/dL).
Lanphear and colleagues (2005)
prospectively followed children with a
wide range of BLL until the age of 10.
Information on children’s sex, birth
order, and their mother’s age and marital status were included as covariates.
Exposure to lead had a statistically
significant effect on IQ as measured by
the WISC-III. Specifically, 3.9 IQ points
were lost when BLL rose from 2.410μg/dL while only a 1.9 point IQ drop
was associated with a BLL rise from
10-20μg/dL, and a 1.1 point drop with
a BLL rise from 20-30μg/dL. This study
indicates that increases in BLL from
0-10μg/dL have a greater effect on IQ
than increases in BLL above 10μg/dL, and that even at
low levels of exposure, increasing lead level is related to
decreases in intelligence and performance.
Several cross-sectional studies have also shown effects of low-level lead exposure on children’s cognitive
performance, confirming the results of the longitudinal
research reported above. Lanphear, Dietrich, Auinger,
and Cox (2000) examined data from the Third National
Health and Nutrition Examination Survey (NHANES III).
Children in the study had BLLs of between 2.5 and 10μg/
dL. Researchers evaluated children’s performance on
assessments of arithmetic skills, reading skills, nonverbal
reasoning skills, and short-term memory using the WISC-R
(Wechsler, 1974) and the Wide Range Achievement Test

Parsons, 2005; Tesman & Hills, 1994).

Developmental Effects of Lead Exposure
The effects of lead exposure on children are seen in many
domains of development, but most prominently in intelligence/cognitive functioning and behavior. We will briefly
review findings concerning large levels of lead exposure
on neurodevelopmental functioning (studies focusing on
lead levels above 10μg/dL) and will then present new
evidence concerning the effects of lower levels of lead
exposure (studies focusing on lead levels below 10μg/dL)
in these same areas.

Intelligence/Cognition
High lead levels. Several studies have documented the
effects of high levels of lead on children’s intelligence.
In 1979, Needleman and colleagues studied children with
dentine lead levels between 12 and
54μg/dL. Researchers split the children into high- (m=35.5μg/dL) and
low- (m=23.8μg/dL) lead groups. Children’s intelligence and school experiences were assessed at age 6-7, and
again when they reached 5th grade.
Additionally, 39 control variables that
might account for IQ performance were
recorded, such as parents’ IQ, child and
parent SES, parental occupation, home
environment, and parenting practices.
Results indicated that dentine lead
levels significantly related to performance. Children with high levels of
dentine lead scored about a third of
a standard deviation lower (a nontrivial difference) on the Full WISC-R
(Wechsler, 1974) than those with low lead levels. Children
with high lead levels also showed worse verbal processing.
Another study tested primary-school-aged children of
skilled manual workers living in London (Yule, Lansdowne,
Millar, & Urbanowicz, 1981). Children had BLLs between
7 and 32μg/dL with mean BLL being 13.5μg/dL. Results
indicated a relation between BLL and IQ and verbal skills,
statistically significant even after controlling for children’s
SES. These two studies are representative of much research examining IQ and lead exposure. It is now well established that lead levels greater than 10μg/dL negatively
affect IQ, particularly reading and verbal skills.
Low lead levels. Research focusing on the effects
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(2009) examined children between the
ages of 2 and 6. Researchers were interested in determining both the effects of
lead on intelligence, and the age when
lead exposure has the greatest effect
on IQ. Children’s BLL was collected at
ages 2 and 6. At age 6, children were
assessed using the WISC-R (Wechsler,
1974). Researchers used a multiple
regression model to determine the effect of children’s past and current BLL
on IQ. Researchers controlled for home
environment, birthweight, maternal IQ,
and maternal education. After accounting for lifetime lead exposure, results
indicated that having a higher BLL at
age 6 as compared with age 2 was associated with lower IQ scores at age 6.
In fact, children who had greater BLL
levels at age 6 had an estimated 5.3
point loss in IQ compared to children
whose BLL had peaked at age 2. This regression model predicted even greater proportional losses
in IQ when analysis was restricted to children with BLLs
of ≤10μg/dL. This study indicates that current, rather
than past, BLL is a better predictor of intellectual outcomes, which highlights the importance of reducing and
treating lead exposure when found in later childhood.
Importantly, these authors also show that the effect size
for lead’s influence on cognitive outcomes is similar in
magnitude or greater than other well-known risk factors, such as poverty and maternal education.
Although we have only highlighted a few recent
studies, it is important to note that the evidence is quite
robust, with many other investigations also finding negative effects of low levels of lead on children’s cognitive
skills (Al-Saleh et al., 2004; Bellinger et al.,1991; Bellinger, Stiles, & Needleman, 1992; Emory, Ansari, Pattillo,
Archibold, & Chevalier, 2003; Jusko et al., 2008; Needleman & Gatsonis, 1990). Also worth noting is that these
studies typically control for a whole host of other family
and environmental factors known to correlate with intelligence. So the sizable effects observed here are net of
other important factors associated with negative child
outcomes showing that lead exposure, specifically, is
indeed harmful to children’s development.

(Jastak, 1984). Covariates included
gender, race/ethnicity, poverty,
region of the country, parent educational level, marital status, the
child’s serum ferritin level (blood iron
level), and the child’s serum cotinine
level (measure of exposure to smoking). For every 1μg/dL increase in BLL
(up to 10μg/dL), there was a .7 point
decrease in arithmetic score, a 1
point decrease in reading score, a .1
point decrease in non-verbal reasoning tasks, and a .5 decrease in short
term memory. Given that the standard deviation on these measures is
15, and the point decreases reported
have to do with just a 1μg/dl increase
in BLL, the difference in cognition for
children with, say, 10μg/dl compared
to 2μg/dl is clinically important.
In a similar study, Kordas and
colleagues (2006) examined children
with BLLs between 0 and 45μg/dL. Children between the
ages of 6 and 8 years old were assessed using 14 different
measures of cognitive achievement. Covariates included
in this study were age, gender, SES, maternal education,
parental involvement in schooling, family structure, birth
order, and arsenic level. Researchers found statistically
significant decreases in cognitive functioning associated
with lead exposure. Specifically, an increase in BLL from
0-14μg/dL was associated with greater cognitive losses
than BLL increases above 14μg/dL.
In 2007, Surkan and colleagues (2007) conducted
a study on the effects of low levels of lead on children’s
intelligence. Children ages 6 to 10 with BLLs between
1-2μg/dL, 3-4μg/dL, and 5-10μg/dL were compared on
the WISC-III (Wechsler, 1991). Intelligence was significantly related to age, race, SES, birthweight, parent IQ,
and marital status so the researchers adjusted scores to
account for these covariates. IQ was found to be significantly different between the 1-2μg/dL and the 5-10μg/
dL groups, but not between the 1-2μg/dL and the 3-4μg/
dL groups. On average, children with BLLs between 3 and
4μg/dL scored .12 points lower on the WISC-III compared
to children with BLLs of 1-2μg/dL. However, children
with BLLs of 5-10μg/dL were found to score 5-6 points
lower on the WISC-III compared to children with BLLs of
1-2μg/dL.
A recent study by Hornung, Lanphear, and Dietrich

… the effect size
for lead’s influence
on cognitive
outcomes is similar
in magnitude
or greater than
other well-known
risk factors, such
as poverty and
maternal education.
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rearing. Children in the high-lead group were more likely
to be rated by their parents and teachers as aggressive,
more delinquent, and to report more somatic complaints
compared to their low-lead peers.
In yet another study conducted by Mendelsohn and
colleagues (1998), the behavior of children with BLLs
between 10 and 29μg/dL was examined using the Behavior Rating Scale of the Bayley Scales of Infant Development (Bayley, 1969). Researchers identified six variables
that were related to behavior (child’s age and gender,
mother’s age, verbal IQ, depression, and provision of cognitive stimulation) and included these variables in their
regression models to account for their effects on child
behavior. Results indicated that greater BLLs were associated with increased ratings of hyperactivity, distractibility, and frustration. The studies above indicate that high
levels of lead are associated with increases in aggressive
and destructive behavior and inattention, and that behavior problems increase as child lead levels increase.
Low levels of lead. Although it is well established
that high levels of lead contribute to behavior problems in children, studies that include children with low
levels of lead are less numerous. In a study of infants
with a wide range of BLLs (between .52 and 25μg/dL),
Plusquellec and colleagues (2007) examined infant behavior using the Bayley Scales of Infant Development and
observer ratings of child behavior. Several factors were
controlled for including parental education, maternal
distress, maternal intelligence, home violence, SES, prenatal exposure to drugs, birth complications, and child
characteristics (age, gender, etc.). Infants with BLLs as
low as 4.5μg/dL showed a statistically significant increase
in hyperactive behaviors and decreased attention spans.
This study indicates that BLLs below 10μg/dL can affect
child behavior.
Braun, Kahn, Froehlich, Auinger, and Lanphear
(2006) used nationally representative data collected during the 1999-2002 National Health and Nutrition Examination Study (NHANES) to examine the relationship between
BLL and ADHD diagnosis in children between the ages of
4 and 15. Researchers established ADHD status through
parental report of child diagnosis and report of doctor
prescription for ADHD medications. Researchers examined
several covariates including child age, race, gender, SES,
health insurance coverage, pre-school attendance, birth
weight and complications, and blood iron levels. Logistic
regression analysis indicated that BLL was a statistically
significant indicator of ADHD diagnosis in children. This
relationship was found even after researchers restricted

Behavior
Similar to IQ, behavioral deficits have been seen in
children exposed to both high and low levels of lead.
Research on the behavioral effects of lead most often
focuses on aggression, hyperactivity, and attention problems. As before, we will first discuss research focusing on
high levels of lead exposure and will then discuss studies
on low levels of lead exposure.
High lead levels. Many studies (Factor-Litvak,
Wasserman, Kline, & Graziano, 1999; David, 1974; Ris,
Dietrich, Succop, Berger, & Bornschien, 2004; Roy et al.,
2009) have detailed the effects of high levels of lead on
children’s behavior. A study conducted in 1992 by Sciarillo, Alexander, and Farrell compared children with high
BLLs (27.8μg/dL) to children with low BLLs (9.2μg/dL).
Child behavior was measured using the Child Behavior
Checklist (CBCL; Achenbach & Edelbrock, 1983). Researchers controlled for age of mother, maternal education and depression, parental employment, parental
marriage status, and number of children currently in the
household. Children with higher levels of lead were found
to score higher on the Total Behavior Problem scale that
includes both internalizing and externalizing behavior
problems. Specifically, children in the high-lead group
were 2.7 times more likely to score in the clinical range
for behavior problems.
In 1994, Bellinger, Leviton, Allred, and Rabinowitz studied children with dentine lead levels between
0.1μg/g and 35μg/g. This study was specifically interested in how behavior changed as dentine lead level
increased. Children’s behavior was rated by their teachers using the Teacher Rating Scale of the Child Behavior
Profile (Conners, 1969). Researchers controlled for SES
and maternal characteristics. Results indicated that
increases in tooth lead levels were associated with more
internalizing and externalizing behavior problems. In addition, extreme behavior profiles were disproportionably
identified in children with the highest tooth lead levels.
In a similar study (Needleman, Reiss, Tobin, Biesecker, & Greenhouse, 1996), the behavior of children with
low (<15μg/dL) and high (>15μg/dL) bone and blood lead
levels was examined. The researchers were interested
in how behavior changed as bone lead level increased.
Children’s behavior was assessed at 7 and 11 years using
the CBCL. In addition, every 6 months, children completed
the Self-Reported Delinquency Scale (Elliott, Huizinga, &
Ageton, 1985) and the Self-Reported Antisocial Behavior
Scale (Loeber, 1989). The researchers accounted for the
effects of maternal intelligence, SES, and quality of child
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their analysis to children with BLLs of ≤5μg/dL. These researchers estimated that 21.1% of ADHD cases nationally,
in children between the ages of 4 and 15, were attributable to having a BLL of >2μg/dL.
Chiodo, Jacobson, and Jacobson (2004) examined
children with diagnoses of ADHD. After adjusting for 19
control variables (e.g., SES, age, parental marital status,
parental education, gender, parenting quality, alcohol
and drug use, and the home environment), higher lead
levels were associated with greater ratings of ADHD
behaviors, and significantly higher inattention scores on
the Barkley-DuPaul Attention Deficit Hyperactivity Scale
(Barkley, 1990). Children with higher BLLs were also
rated by teachers as having poorer attention. Regression
analysis in this study indicated that attention problems
could be seen in children with BLLs greater than 3μg/dL,
suggesting a possible threshold value for lead exposure.
Similarly, in 2008, Wang and colleagues studied
children with BLLs between 5 and 10μg/dl. Researchers
used a pair-match design to control for effects of age,
gender, and SES. Results indicated that children with BLLs
between 5-10μg/dL were found to be significantly more
likely (3.5 to 7 times) to be diagnosed with ADHD than
children with BLL less than 5μg/dL. This study complements research conducted by Nigg and colleagues (2008)
where children already diagnosed with ADHD were assessed for levels of lead exposure. The sample had very
low exposure levels (average BLL for ADHD-combined
type = 1.26μg/dL), consistent with national averages, but
results indicated that as lead levels increased from 0 to
3.4μg/dL, levels of hyperactivity and impulsivity in those
with ADHD-combined type increased significantly. The
results of this study have recently been replicated (Nigg,
Nikolas, Knottnerus, Cavanagh, & Friderici, in press).
The levels of lead examined in these studies are
commonly found in children in the U.S. and thus provide evidence of the possible effects of lead on a large
proportion of American children. These studies provide
further clear support that levels of lead below 10 μg/
dL increase a child’s risk for attention and behavioral
problems. In addition, they provide evidence that lead
exposure is related to increased risk of developing clinically significant attention and behavior problems.

behavior. Several studies have found that lead exposure
has a negative impact on behavior and school performance, and in this section we will describe just a few.
In 1984, Bellinger, Needleman, Bromfield, and Mintz
studied the school performance of 141 elementary school
children who were classified as having either elevated
(>20ppm), mid-range (10-19.9ppm), or low (<10ppm)
dentine lead levels. Their study indicated that increases
in dentine lead levels were associated with worse school
performance. Additionally, students with higher dentine
lead levels were more likely than their peers to repeat
a grade. A longitudinal study of children exposed to lead
was conducted by Needleman, Schell, Bellinger, Leviton,
and Allred (1990). Children were assessed at 7 years
of age and again at 18 years. Researchers considered
maternal age and IQ, SES, family functioning, number of
siblings, race, and past medical history as covariates. As
BLL in children increased, so did their likelihood of not
graduating from high school. This effect on drop-out was
also seen in children with BLLs below 10μg/dL, but was
more pronounced at higher levels of lead exposure.
Wang and colleagues (2002) found that elevated lead
levels were negatively associated with student achievement. After controlling for possible confounds due to SES
and maternal education level, children’s academic performances in the areas of math, science, history, and language were all significantly negatively associated with BLL.
In a final study, Fergusson, Horwood, and Lynskey (1997),
collected dentine lead levels of children at 8 years of age
and assessed their academic and intellectual performance
at age 18. Measures of mother’s education, responsiveness
and punitiveness, and father’s occupation/SES were collected and incorporated into the analysis. As dentine lead
increased, so did the likelihood that children would fail to
complete high school. The amount of dentine lead present
in children was also negatively related to the number of
educational certificates the students completed.
A second outcome often seen in children exposed
to lead is criminal activity (Nevin, 2007; Stretesky &
Lynch, 2004). In a 2001 study, Dietrich, Ris, Succop,
Berger, and Bornschein examined the relationship between lead exposure and later criminal activity, analyzing data from the Cincinnati Lead Study. The researchers
specifically assessed 30 possible covariates including
SES, gender, maternal IQ, attendance in preschool, etc.
The researchers found that lead levels as low as 2.5μg/
dL were associated with significantly greater amounts of
parent- and self-reported criminal activity and higher
rates of police intervention.

Other Child Outcomes
We have seen that children exposed to both high and
low levels of lead show cognitive deficits and disturbed
behavior. Two long-term outcomes associated with these
deficits can be seen in school performance and criminal
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billion are spent on health care costs associated with
lead exposure treatment. Additionally, she estimated
that the lowering of IQ due to lead exposure results in
$190-268 billion in lost earnings and lost tax revenue.
The costs associated with increases in special education
needs and ADHD were estimated at an additional $297413 million, and increased associated crimes cost society
$1.7 billion. In sum, the overall cost of lead exposure can
be estimated at $192-270 billion. Gould estimates that
lead hazard control practices would likely cost under $11
billon. Therefore, for each dollar invested in lead hazard
control, $17-221 would be returned through increased
income and tax contributions, and health, crime, and
special education savings.
The monetary benefit of reducing children’s exposure to lead is greater than the monetary benefits seen
for vaccinating children against common diseases ($5.3016.50 saved for dollar spent on vaccinations). Vaccination programs are widespread and generally accepted as
worthwhile by society. Based on this information, lead
reductions should also be a socially promoted priority.
Thus, lead exposure affects not only personal achievement, intelligence, and behavior, but impacts society as
a whole. The personal and economic implications of exposure are great. It is for this reason that it is imperative
that we increase efforts to reduce children’s exposure to
lead. We now turn our attention to the prevention of lead
exposure in children. Sources of environmental lead will
be identified and methods of lead abatement discussed.

Similarly, in 2008, Wright and colleagues measured
the association between children’s BLL from birth to 6
years of age and later criminal arrests. The subjects were
contacted at 19-24 years of age, and past criminal activities were documented. Covariates included gender, birth
weight, the quality of their early care giving, maternal
drug use, maternal IQ, the total number of prior maternal
arrests, and SES. Results indicated that increased lead
levels were significantly associated with increases in the
number of total arrests and violent crimes committed by
the participants in adulthood. Specifically, every 5μg/dL
increase in BLL during early childhood was associated with
a 1.07 increase in the number of total crimes the subjects
had committed, and a 1.3 increase in the number of violent crimes for which the subjects had been arrested.

Societal Costs
From the previous discussion, we have seen that lead
negatively impacts children’s intellectual and behavioral
development and that the long-term consequences of
this exposure result in lower school performance and
greater instances of criminality in adulthood. Studies
have indicated that the implications of lead exposure are
not just intellectual, behavioral, or social, but monetary
as well. The general medical treatment of a child with
lead exposure is between $100 and $5,200 (CDC Cost of
Illness Handbook, n.d.), but the long-term losses in relation to economic earning, tax contributions, and educational assistance can be much greater. In 1994, Schwartz
conducted a cost analysis associated with children’s
lead exposure. He concluded that a reduction of 1μg/dL
nationwide would result in a total benefit of $5.06 billion
per year in earnings per annual birth cohort. In 1995,
Schwartz reconsidered his estimates based on data from
the National Longitudinal Study of Youth and recommended a 50% increase in his benefit estimates. This would
bring the estimated economic benefit associated with a
1μg/dL drop in children’s BLL to $7.56 billion per annual
birth cohort. In an additional study, Landrigan, Schechter,
Lipton, Fahs, and Schwartz (2002) explored the economic
impact of lead exposure and showed that in 1997, children 5 years of age would lose $43.4 billion in future
earnings due to IQ loss associated with lead exposure.
Similarly, in 1991, the CDC estimated each 1μg/dL drop in
a child’s BLL was associated with an increase of $1,147 in
later lifetime earnings (CDC, 1991).
Gould (2009) also demonstrated the economic
costs associated with lead exposure and the economic
benefits of lead reduction. Gould estimated that $11-53

Social Policy Report V24 #1

Lead Abatement
Childhood exposure to lead remains a problem, but
before we can address ways to prevent this exposure, we
must understand the sources of lead in children’s environment. Historically, one of the most recognized sources
of childhood lead exposure is leaded gasoline. In 1973,
the EPA began to reduce the amount of lead used in gasoline fuel, and by 1996, the sale of all leaded gasoline in
the U.S. was banned. In 1999, Thomas, Socolow, Fanelli,
and Spiro conducted a review of 19 studies describing the
effects of leaded gasoline on lead exposure. The studies
discovered that the elimination of lead in gasoline in the
United States was associated with .8μg/dL drop in citizen
BLLs per year. The elimination of lead in gasoline greatly
reduced air-related lead exposure in children. Although
lead in automobile gasoline has been banned, no such
regulations exist for jet fuel. The presence of lead in jet
fuel, and the presence of aerosolized lead from industrial
sources are likely the reason why studies find that air-
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making them more flexible and resistant to heat. When
these plastics are exposed to sunlight, air, or detergents,
the chemical bond between the lead and the plastic can
break, creating leaded dust. In rare cases, lead may be
used as part of a base for metallic toys. Exposure to lead
from toys occurs when children mouth, chew, or swallow
the toys.
Having identified the five main sources of lead exposure to children (air, paint/paint dust, soil, water, and
toys), we will examine the ways that lead can be removed
from children’s environments. Since the elimination of
lead from gasoline in 1997, the most prominent contributors to air lead levels are found in the industrial sector.
The EPA estimates that
42.8% of lead in air comes
from industrial processes
(EPA, 2002). Many commercial enterprises, from
food processors to plastics
manufacturers, put off
potentially harmful levels of lead during production. Three main procedures
are recommended for the reduction of lead air levels
from industrial sources. Most industrial lead abatement
procedures can be accomplished through the use of dry
systems, wet scrubbers, and electrostatic precipitators.
Dry systems use gravity, filters, or centrifugal forces to
trap lead in air, while wet scrubbers use water streams
to increase the efficiency of lead collection. Electrostatic
filters work by creating an electrostatic attraction that
traps pollutants before they reach the atmosphere. The
use of these three methods has been shown to significantly reduce the amount of lead released into the atmosphere (Hartman, Wheeler, & Singh, 1994).
Lead abatement of contaminated paint and paint
dust centers around removal, replacement, or encapsulation of the original lead paint. Paint removal is also
paired with a concerted cleaning effort to reduce the
amount of loose lead dust found in homes. Removal
practices center around the complete removal of structures within the home that have been contaminated
with lead paint. Replacement procedures seek to replace
lead-contaminated materials with appropriate non-lead
painted products, while encapsulation methods seek to
seal lead paint behind a barrier (such as varnish) so that
it can no longer chip or create lead paint dust (Virginia
Department of Historic Resources, 1993). Studies indicate
that traditional methods of removal and encapsulation do
result in significant decreases in household lead, although

related lead is still a significant source of lead contamination for children (Pirkle et al., 1998).
Children are particularly susceptible to contamination from lead-based paint and paint dust. In 1977, the
U.S. Consumer Product Safety Commission banned the
sale of leaded paint within the United States (Chisolm,
1986). This ban, however, did not affect houses built
and/or painted before 1977. Lead dust and paint chips
settle onto the floors of homes. Young children crawl
on floors and mouth objects that have been on floors,
activities that enable consumption of the lead (Lidsky &
Schneider, 2003).
Children’s exposure to lead through contact with
contaminated soil is also a
common occurrence. Lead
levels in soil are highly correlated with lead levels found
in air, dust, and paint. Air
lead eventually settles on
the ground and contaminates
the soil. Similarly, lead-based
paint chips and dust from the exteriors of older houses fall
to the ground and mix with the soil. Unlike air-based or
paint-based lead, soil lead is long lasting and can persist
for months after the reduction of air levels or the removal
of leaded paint (Weitzman et al., 1993).
Another important source of lead exposure in children comes from tap water. In 1986 and 1996, new amendments to the Safe Drinking Water Act required public water
distribution systems to consistently check their drinking
water for lead and to enact abatement services if lead levels were found in excess of the allowable action level (currently set at 15μg/L for public drinking water, and 20μg/L
for water fountains in schools and childcare centers) (EPA
Press Release, 1986, 1996, EPA 2004a, EPA 2006). Lead
leeches into tap water through contact with lead-based
piping or through the corrosion of pipes in water treatment systems and in household plumbing. PH imbalances
in water may promote corrosion of pipes (CDC, 2002). This
corrosion is particularly destructive as it can be hard to
predict, and replacement of pipes can be costly.
An emerging area of concern is the presence of
lead contaminated toys. The CDC identified leaded paint
and leaded plastic as two potential sources of lead for
children (CDC, 2009). Although lead paint was banned
from houses, food containers, and children’s products in 1978, it is still widely used in other countries.
Therefore,imported toys may still contain amounts of
lead. Additionally, lead is often used to soften plastics,

42.8% of lead in air comes from
industrial processes.
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Aschengrau, Beiser, Bellinger, Copenhafer, and Weitzman
(1994) found that soil abatement was effective but only
for higher income persons who washed their hands before
meals, had low initial lead levels, and who were away
from home often. Children living in apartments where
dust was present derived no benefit from the soil abatement. Studies seem to indicate that soil replacement is
effective only if re-contamination of the soil does not
occur. Soil replacement must be done in conjunction with
exterior lead removal to ensure that soil is not re-contaminated (Weitzman et al., 1993).
Abatement of lead in water systems occurs mainly
through the replacement of older pipes found to contain
lead or treating the water so it is less corrosive. Additional methods of abatement include flushing of water systems before use, usually for 10 minutes. A study
examining flushing practices in water systems of schools
indicated that lead levels do reduce immediately after
flushing but rapidly rebound, and seem to increase with
frequent tap use (Murphy, 1993). If flushing is to be a useful way to reduce lead in water it must be done frequently throughout the day to prevent reestablishment of lead
within the drinking water.
When considering removal of lead pipes as a
method of abatement, it is important to remember that
water service providers are only responsible for replacing
pipes directly connected to their systems, so any internal
piping within the home must be replaced by the homeowner. The D.C. water system has a program to replace
lead pipes that are part of the public water system.
WASA will replace lead pipes between the main line and
homeowner’s property line if the homeowner agrees to
replace lead water lines on their private property (Quander-Collins, 2008). The District of Columbia replaces private lead pipes for the cost of $100 per foot (plus a $500
fee to extend the pipe into the home), and provides loans
and grants to qualifying homeowners for the purpose of
replacing their lead pipes (D.C. WASA, 2007; D.C. WASA,
2009). For homeowners who do not qualify for grants, or
who live in a city without such a program, pipe replacement can be very costly, causing some homeowners to
leave old water pipes in place even after the threat of
lead is known (CDC, 2002).

maintenance is needed to provide optimal reduction
(Farfel, Chisolm, & Rhode, 1994). About 80% of houses
built before 1950 are estimated to contain lead paint
(Needleman, 2004). In 1991, abatement for paint in these
houses (over a 30-year period) was estimated at $33.1
billion. While this seems expensive, the benefits from
lead paint abatement were estimated conservatively at
$61.7 billion (Needleman, 2004). Therefore, abatement
of lead paint would provide an overall $28.6 billion in
savings.
Cleaning procedures designed to remove lead dust
from the home often include vacuuming and wet dusting of household surfaces, especially those that may be
a source of lead contamination. In addition to cleaning
these surfaces, residents are encouraged to wash their
hands regularly. These are done in an attempt to reduce
the amount of lead dust that settles from unabated
structures and to prevent accidental ingestion of the
lead dust. Studies have indicated that while dusting will
remove lead-based paint in the short term, long-term
BLL is dependent on permanent removal or encapsulation
of the lead paint (Lanphear, Eberly, & Howard, 2000).
Additionally, studies have found that while vacuuming
reduces 95% of lead dust on hard floors, it is not an effective method for removing lead dust from carpets (Ewers,
Clark, Menrath, Succop, & Bornschein, 1994).
Hand washing regimens are another method often
implemented in an effort to reduce child lead intake
within the home. Children and adults are encouraged to
wash their hands before meals and after playing outside (if they have known soil contamination). A study
conducted by Lanphear and Roghmann (1997) sought to
determine the pathway of lead into children bodies. The
researchers measured child lead levels and several factors that might contribute to elevations or reductions in
child lead levels. Behaviors such as eating dirt, sucking
thumbs, hand washing, mouthing, and vacuuming were
investigated. Results indicated that hand washing before
eating and hand washing after playing outside were not
significantly related to child BLL, although these easy
preventative steps (along with cleaning nails and frequent nail clipping) are still typically safely recommended for families as easily performed acts that might help.
Soil abatement practices include removal of contaminated soil and replacement with clean soil. Generally
15-20cm of topsoil is removed and replaced during the
abatement process. Farrell, Brophy, Chisolm, Rohde, and
Strauss (1998) found that soil replacement did not significantly lower children’s lead levels. In a similar study,
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Current State of Lead Control Policy
Two of the main agencies working to prevent the public’s
exposure to lead are the EPA and the CDC. The EPA’s main
goal is the creation and enforcement of environmental
regulations and the protection of natural resources. The
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EPA’s role in lead exposure mainly concerns the promulgation and enforcement of regulations concerning lead
levels in water, air, soil, paint, and drinking water (EPA,
n.d.). The EPA sets action levels or levels of concern for
lead in water, soil, and air. An action level is a threshold
level, over which certain treatment requirements must
be enacted. A level of concern relates to an amount of a
substance that can cause harm to general populations.
According to the Agency for Toxic Substances and Disease
Registry (ATSDR, 2007), the current EPA action level for
lead in drinking water is 15ppb. For soil, the EPA has set
the level of concern (for federally funded projects) at
400ppm by weight in child play areas and 1200ppm by
weight in non-play areas. The EPA’s level of concern for
ambient air is currently set at .15μg/m3. In addition to
setting the allowable environmental lead limits, the EPA
also sets lead testing requirements for both public and
private service providers. The CDC’s primary goal is to
develop and then apply disease prevention and control
practices with the aim of improving public health (CDC,
2009a). As such, the CDC plays a major role in the establishment of allowable BLLs and in screening and reporting
practices. Currently the CDC has set the allowable BLL
limit at 10μg/dL (ATSDR, 2007).
Although both entities strive to prevent lead
exposure, their regulations are not typically followed
well. In a 2004 report, the EPA revealed that only 23%
of water systems had reported their lead testing results
as required (EPA, 2004b). Analysis of these water testing
reports indicated that between 2000 and 2004, 29 states
and D.C. had water systems test above the EPA allowable
15μg/L water lead level (EPA, 2005). Indeed, 4.2% of all
water systems sampled had at least one test above the
allowable lead water limit.
The CDC also is challenged in that they are not an
enforcement entity and, therefore, have almost no way
to require states to comply with their recommendations,
however beneficial they might be. This leads to state
and nationwide inconsistency in lead exposure practices.
Currently, lead screening practices are created at the
state level, with each state identifying and agreeing on
its own lead screening guidelines (CDC, 2005). States
vary widely in their approach to lead screening. Most
states have a plan targeting children under the age of 6,
but these plans vary greatly. Some state action plans are
over fifty pages long while others are only three pages.
Some states advocate universal screening (ex. Tennessee,
Connecticut) while some advocate risk-based screening
(ex. Illinois, Florida). Risk-based screening is usually ac-
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complished through a parent questionnaire that identifies
children who may be at higher risk for lead exposure and
then only testing those at-risk. In addition, some states
test children of certain SES designations, or who live in
lower income areas or in older housing.
The CDC’s 2006 national survey was answered by
only 36 states and D.C. The map in Figure 1 shows data
from this survey: each state’s percentage of children
screened for lead levels, the percentage of children
tested found to exceed the minimum allowable lead level
threshold, and the scope of the state’s advocated screening approach (universal or risk targeted). Although states
may create lead screening plans, they do not always
follow their own guidelines. For example, Tennessee and
Connecticut advocate universal lead testing, but had only
tested 14% and 26% (respectively) of children less than
72 months of age. The average screening rate for states
advocating universal testing was only 21.3% with Massachusetts (47%) testing the highest number of children and
Kentucky (5%) the lowest. Among states that advocate
risk-based testing, the numbers were even lower, with
the average risk-based testing rate being 13.4%, with
Minnesota as the highest test rate (22%) and Nebraska the
lowest (.03%) (CDC, 2006).

Recommendations for Action
Researchers have known since the early 1900s that lead
is harmful to children’s development. When the CDC set
the current BLL to 10μg/dL in 1991, reports were already
beginning to appear that even lower levels of lead are
detrimental to children’s health. For the past 10 years,
study after study has indicated that children are being exposed to unacceptable levels of lead in their daily
lives, and that even a low level of lead exposure harms
children. The U.S. is negligent in its testing, reporting,
prevention, and treatment practices for lead exposure.
Lead exposure in children is fully preventable, yet the
U.S. government has failed to commit fully to the resolution of the problem. Cost-benefit analyses show that it is
a relatively inexpensive problem to solve, and its resolution would lead to great economic returns. Research
reported in this paper clearly shows that stricter regulations work and lead to less exposure. The new data summarized here suggest that new policy action is needed
for this well-known problem. In order to prevent further
exposure of children to lead, we suggest four main types
of action be taken, specifically: 1) primary prevention in
the form of regulations limiting lead exposure, 2) second-

14

Children’s Exposure to Lead

to lower the acceptable BLL for children. Currently, the
CDC sets the allowable BLL for children at 10μg/dL (CDC,
2005). In the past, when new research has shown that
current lead levels are unsafe, the CDC has lowered its
acceptable lead threshold (CDC, 1991). It is clear that
levels of lead far below the 10μg/dL threshold have
noticeable negative effects on children’s intellectual and
behavioral development (Lanphear, Dietrich et al., 2000;
Surkan et al., 2007; Wasserman et al., 1998). Although
current research indicates that there is no safe level of
lead, we recommend setting the allowable limit of lead
at least to 5μg/dL if not lower. Setting the threshold
lower would allow assistance to be available for children
with low-lead level contamination. Lowering the ‘ac-

ary prevention via increases in education, guidance, and
screening practices, 3) tertiary follow-up support and
treatment for children with known lead exposure, and 4)
greater organizational cooperation (see Table 1).
Our first main recommendation is to prevent the
exposure of children to lead through increases in environmental lead regulations, enforcement, and abatement
practices. The detrimental effects of lead on children
could be completely eliminated if children were not exposed to lead in the first place. In the previous sections,
we mentioned several environmental sources of lead and
the many ways that lead from environmental sources may
be eliminated.
The most important recommendation may be simply

Figure 1. Lead Screening Plans and Statistics by State
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CT
26%
1.7%

*

RI
44%
2.4%

NJ
26%
1.5%

15%
.7%

*

21%
.4%

14%
.4%

10%
1%

MA
47%
.8%

21%
2.4%

15%
1.9%
9%
2%

*

12%
1.1%

*

*

20%
2%

16%
1.8%

*

DC
31%
1.7%

9%
.3%

MD
24%
1.1%

DE
17%
.6%

10%
.2%

Notes
— The top number for each state is the percentage of children less
than 72 months old who were screened for lead.

State and local testing programs. Retrieved on April 25, 2009, from
http://www.cdc.gov/nceh/lead/programs.htm. Many states did not
report.

— The bottom number for each state is the percentage of screened
children less than 72 months old with lead levels >10ug/dL.
— Risk based screening varies from state to state, with some states
basing screening on completion of a risk questionnaire, on the SES of
the child, on the area where the child lives, or on the age of their
domicile. Nationwide, all children receiving Medicare benefits are
required to be screened for lead.

— The percent of children screened for lead and the percent of children
testing >10ug/dL were retrieved from the CDC (2006). 2006 Case and
Screening Rate Maps by County for Selected States. Retrieved April
25, 2009 from
http://www.cdc.gov/nceh/lead/data/national.htm.

— Testing guidelines for states marked with an * were retrieved from
the individual states Government and Department of Health webpages. All other guidelines were retrieved from the CDC (2009b).

+ The abnormally high figure for Nebraska may be due to the fact that
incomplete data from this state were reported to the EPA and only a
small % of children were tested.
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Table 1. Recommendations for Action
1.

Increase Abatement Practices
 Lower the Lead Action Level
 Lower the CDC’s allowable lead level from 10ug/dL to 5ug/dL
 Encourage the development and use of lead-free jet fuels
 Provide stricter enforcement of industry pollution practices
 Require companies to publicly disclose factory lead emission levels
 Provide incentives and assistance to aid homeowners with replacement of lead pipes
 Require homeowners to test their houses for lead paint before they
rent or lease their property
 Mandate abatement if lead is found in a home
 Provide monetary assistance for testing and abatement in low-income
populations
 Increase federal regulation to insure that imported toys and childrelated products are lead-free

2. Increase Education and Screening
 Increase education concerning lead exposure for the general population
 Pay increased attention to education of at-risk groups
•
Those in poverty
•
Those living in older or low-income housing
•
Pregnant women
•
Families with children under 6 years of age
 Increase screening
 Create federally-mandated screening guidelines
 Require universal testing of children under age 6
•
Annual screening should occur at yearly well-child visits
 Require lead screening for pregnant women
 Establish a national testing compliance system to track state
progress
3. Increase Follow-Up
 Provide immediate lead abatement assistance when an elevated BLL
is detected
 Provide subsidized consultation and abatement services for low-income families
 Provide immediate psycho-educational evaluation to lead-exposed
children
4. Increase Collaboration between the EPA and the CDC
 Encourage further use of the National Lead Information Center
 Make the NLIC the central point for compiling information on lead
from both the EPA and the CDC
 Provide internet access to NLIC information
 Encourage collaboration between the government agencies and the
research community
 Encourage partnerships between various disciplines interested in
studying lead exposure
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ceptable’ level of lead is a critical
first step to implementing the additional regulations proposed below
to reduce exposure.
Although lead in automobile
gasoline has been banned, no such
regulations exist for jet fuel. Jet fuel
may enter into the environment during the burning of the fuel, through
evaporation during transportation,
or through spills (Faroon, Mandell,
& Navarro, 1995). We recommend
the similar removal of lead from jet
fuel and/or the development and
use of alternative fuel compositions
that don’t include lead. The airline
industry should encourage the development of these fuels and the use of
them once they become available.
Further, since industrial sources contribute 42.81% of the lead in the air
(EPA, 2002), we recommend stricter
regulations and better enforcement
of industrial pollution practices.
Currently it is extremely difficult to
find information on lead output from
factories. Lead measurements from
individual facilities should be publicly
disclosed so companies can be held
accountable for their compliance (or
lack thereof) with clean air practices.
The presence of lead in water
is also an area where more could be
done to eliminate exposure. States
should subsidize programs that offer
low-cost identification and replacement of lead piping. Cities that are
in the process of replacing lead pipes
located on public property should
offer greater incentives and assistance to homeowners in replacing
lead pipes on their private property.
The replacement of lead piping can
be costly, and many home–owners
would benefit greatly from increased
assistance in removing this health
hazard. Removal of public lead pipes
will not appreciably reduce lead

Children’s Exposure to Lead

exposure unless lead-based pipes on private property are
removed.
Lead paint and lead paint dust are a third main contributor to environmental lead. Currently owners of dwellings built before 1978 are required to provide a statement
to renters or prospective buyers that lead may be a problem in a home. Additionally they are required to disclose
any information they might have regarding the presence
of lead paint in a home (U.S. Department of Housing and
Urban Development, 2008). We recommend that all homeowners in possession of a dwelling built before 1978 be
required to test their home for lead before that home is
sold or rented. If lead is found in a home, that homeowner
should be required to take appropriate abatement steps.
Additionally, testing and abatement of lead in homes
should be subsidized for those of low SES, especially given
that these populations tend to live in poorer quality and
older housing that is more likely to have lead problems
(Evans & Kantrowitz, 2002).
We also recommend increased federal regulation to
ensure that toys and other child-related products manufactured in other countries and imported to the U.S. are
lead-free. The most basic way we can protect children
from lead exposure is to remove lead from their environment. Encouraging detection and abatement of current
air-, water- and paint-based lead sources will go a long
way toward protecting our children.
Our second group of recommendations concerns
increased education and screening practices. Among
the general population, we must increase emphasis
on the negative effects of lead exposure on children.
Special attention should be paid to at-risk groups, such
as pregnant women or low-income families with young
children, groups who are more likely to live in older,
inner-city, and/or low-quality housing with a greater
risk of lead exposure. Outreach to both low SES groups
and expectant mothers or mothers of small children
could be accomplished in several ways. Pamphlets in the
offices of pediatricians and obstetricians would assist
with specifically targeting parents. Special consideration
should be taken to target doctors serving lower income
or Medicaid patients, and pamphlets should be written in a variety of languages to help target non-English
speaking populations. Pamphlets should direct patients
to additional resources, and it should be obvious who
to call for screening, environmental testing, or help
with abatement. Television, internet, and radio announcements would also be effective in reaching a large
percentage of the population. Announcements could be
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performed in numerous languages on different stations
based on the targeted population.
Screening practices at the state and national level
should also be increased. Several states have no identifiable lead screening plan and are not reporting screening
information to the CDC. Additionally, we know that many
states only screen based on risk level and that no state
(even those who advocate universal screening) tests all
children. We therefore recommend creating federallymandated screening practices for children under the
age of 6 and for pregnant women. A federally-mandated
screening requirement would allow for more uniform lead
screening practices to take place. In addition to a federal
mandate, a verification system should be put in place to
ensure that states are complying with federal law. We
should universally test children for lead. The first step
in tackling this problem is obtaining good data on the
magnitude of toxic lead exposure in our children and the
amounts of lead present in our environment.
Screening of blood lead levels should begin prenatally. Lead passes through the placental barrier;
therefore, pregnant women’s exposure to lead can harm
the fetus. If our goal is to protect children from lead
exposure, then it is only natural that we begin with this
group. After birth, children should be screened annually,
with low-income children’s testing being covered by Medicaid insurance. Annual screening will allow children’s
lead exposure to be tracked, and early detection will allow abatement procedures to remove the source of lead
from the child’s environment. Early screening will not
only provide swift identification and intervention opportunities for children, but also save parents, schools, and
society money in the long run.
Our third main recommendation involves follow-up
practices for children found to have elevated BLLs. If a
pregnant woman or child is found to have an elevated
BLL during a pre-natal checkup or during annual screening, assistance with lead abatement should be immediately offered. The reduction of environmental lead is
not effective unless the source of the lead is removed
(Lanphear, Winter, Apetz, Eberly, & Weitzman, 1996);
therefore, assistance should be offered in the identification and removal of sources of lead from the environment.
Additionally, children who are found to have elevated
levels of lead should be tested for learning and behavior
problems. The effects of lead on cognition and behavior
are well known (Lanphear, Dietrich et al., 2000; Surkan
et al., 2007; Wasserman, Staghezza-Jaramillo, Shrout,
Popovac, & Graziano, 1998). Early identification of these
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appear there is little communication
between these disciplines and the agencies that create and enforce lead policies and regulations. The CDC creates
recommendations that guide acceptable
exposure levels and testing practices for
lead in humans, while the EPA creates
policies, regulations, and testing practices concerning lead in the environment.
But the link, for example, between how
much lead is found in water systems and
what that means for blood lead levels in
children is not at all clear. The EPA, concerned with amounts of lead in the environment, needs to better communicate
with the CDC, which is responsible for
information concerning lead in children.
These two agencies then need to address
the scientific community and foster more
cooperation between themselves and
interested researchers.
Finally, applied developmental psychologists and interventionists working with
children and families need to be cognizant
of the possibility that lead exposure may be present for
families and may be a significant contributor to the child
behavior and cognitive problems observed. We know that
lead affects children’s behavior, intelligence, and attention.
As such, lead exposure reduction needs to become a more
central component of home-visiting, early education, and
early intervention programs that are currently underway.
Only with this combined cooperation can the issue of lead
exposure in our children be fully addressed.
Although it is probably not possible to eliminate lead
entirely from all children, a lowered lead exposure threshold would help reduce most of the negative effects seen at
higher levels of exposure. Lead is detrimental to children’s
development, biologically, intellectually, and behaviorally. If we are to give our children the best opportunity to
succeed, we must tackle the preventable and addressable
problem of children’s exposure to lead.

problem areas in children could help reduce
the long-term effect of lead exposure on
their future achievement and functioning.
The neurodevelopmental effects of lead are
far reaching, and reduction of lead exposure
will produce better outcomes for children in
the long run. Better childhood outcomes will
reduce the amount of future resources the
state has to spend on special education and
criminal justice programs.
One final recommendation is to promote better communication between the
EPA, the CDC, researchers, and the public
on the issue of lead exposure. Information
concerning lead is scattered throughout
several government agencies and websites.
The information is often difficult to find and
contradictory. The EPA and the CDC jointly
contribute to the National Lead Information
Center (NLIC) (http://www.epa.gov/lead/
pubs/nlic.htm), a place where homeowners
and interested persons can find information about lead on a variety of topics. The
information may be requested over the
phone or on the internet, and the information is either
faxed or mailed to the requestor. Although this collaborative center is a valuable resource, we believe its utilization
could be improved. This center could become a central
location for the collection and publication of new information and rules and regulations concerning lead. Collecting
and organizing information in one location would provide a
better organized and inclusive view of the many facets of
lead exposure. Information concerning environmental lead
levels could be more easily coupled with blood screening
information, resulting in a better understanding of the
causes and effects of lead exposure. In addition, the multitude of information provided through this center could be
uploaded to the NLIC website to allow for faster and easier
access to its information.
In addition to cooperation between the EPA and the
CDC, there should be more interaction between these
government organizations and the research community.
Researchers interested in studying the effects of lead
come from many different disciplines, including persons
from the fields of environmental science, toxicology,
medicine, psychology, and education. Lead prevention
activities and lead research could be greatly increased
should communication between and within these groups
and the government be encouraged. At present, it would

Our
recommendation
is to promote
better
communication
between the
EPA, the CDC,
researchers, and
the public on
the issue of lead
exposure.
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Commentary

If Ever A Time for Precaution
Joel Nigg
Oregon Health & Science University

C

ole and Winsler
rightly refocus our
attention on the
once-forgotten story
of lead exposure and
child health. The
story of lead provides an object
lesson for policymakers. Decades
after lead came into routine consumer and industrial use, scientists
are still grappling with its subtle
yet extraordinarily costly effects on
children’s development. It has been
horrifying to discover that much of
the deleterious effect of lead on
cognition and behavior occurs at the
beginning of exposure—equivalent
to exposures still commonplace in
America. The unusual consistency of
findings showing that lead is correlated, even at levels still typical
in the U.S. population, with lower
IQ and attention-deficit/hyperactivity disorder (ADHD) is sobering for a
field accustomed to conflicting and
ambiguous scientific reports.
The increasingly well-documented effects on ADHD are important
because ADHD develops very early
and is a precursor to conduct disorder,
delinquency, substance use disorders
(Mannuzza et al., 2008; Martel et al.,
2008), and other outcomes of major
concern to society. Attention problems
predict academic failure over and
above externalizing problems (Breslau
et al., 2009). In our data, decrements
in attention problems due to lead
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exposure fully account for decrements
in IQ, but not the reverse (Nigg et al.,
2008), suggesting that lead damage to
regulatory systems in the brain may
also account for the well documented
impacts on IQ. In short, the cascade of
developmental effects beginning early
in life that may be related to insults,
like seemingly modest lead exposure,
is of major concern to society.
Now policymakers, who many
believed had dealt with lead a generation ago, have to grapple with two issues. The first is determining whether
further reductions in societal lead
burden are needed. The even more
momentous issue is what to do about
future potential neurotoxins. The
regulatory policies of the past century have amounted in one sense to a
colossal experiment on America’s children, not only with lead but hundreds
of other substances. What happens to
children when exposed to lead? To the
hundreds of new chemical compounds
permitted in the past decade? To
the dozens of new nanotechnologies
now coming to market? Policymakers
should learn from the lead experience
that it may take decades for science
to find the unfortunate answers, at
enormous economic cost to society.
Moreover, medical study of the health
effects will never catch up with the
pace of compounds being developed.
Such an approach wastes scientific
time and resources, diverting those
efforts from finding cures to other
serious disease.
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These observations raise serious ethical and policy problems for
domestic industry and government.
Policymakers and industry need to
grapple more honestly with applying
a well-defined precautionary principle to potential neurotoxins—both
chemical and nano—as is now required prior to the release of pharmaceuticals. Such an approach shifts
the burden of proof for a potentially
dangerous action from acting until
proven dangerous, to waiting until
proven safe. Extreme application of
the principle can be rightly criticized, but reasonable and effective
definitions, justifications, and applications are readily available (Fisher,
Jones, & von Schomberg, 2006;
Petrenko & McArthur, 2009) and have
already been applied in international
law and treaty (Fisher et al., 2006).
Identifying the appropriate role of a
precautionary principle in protecting
children’s health from potential neurotoxins is a policymaking discussion
that is urgently overdue. This should
be policymakers’ take home realization from the present report.
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Commentary

Childhood Lead Poisoning: Designing Effective Public Policy
Elise Gould and Alexander Hertel-Fernandez
Economic Policy Institute

A

s Congress and the
Obama administration debate an overhaul of our nation’s
health care system,
the emphasis of
the national discourse is predominately on medical care financing
and insurance coverage. Discussions of public health, on the other
hand, are notably absent. Although
universal access to affordable medical care is necessary for a healthy
nation, there is ample evidence that
policymakers must look beyond the
system of direct care to broader
population-based initiatives. In no
area is this more apparent than
childhood lead poisoning, as Cole
and Winsler describe in the present
issue. Research has shown that at
least 7 million children under the
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age of six (or about 25% of children
that age) could have lead levels high
enough to induce developmental
damage. Cole and Winsler’s piece
provides an extensive review of the
biological and neurological effects
of lead poisoning on these children
and analyzes possible interventions.
The authors conclude by offering an
extensive set of policy recommendations for reducing children’s exposure to lead.
While we concur with many
of the recommendations forwarded
by Cole and Winsler, we would
have liked to see more discussion
of the costs of each measure relative to their risk reduction and net
benefits. In a world of fixed government resources, policymakers
must ultimately choose a limited
set of actions. We thus encourage a
more complete cost-benefit analysis
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of which recommendations would
produce the largest gains in terms
of population health. In particular
we are wary of an increased focus
on universal screening and medical
intervention that could shift limited
public health resources and medical
attention away from at-risk populations (especially low-income and
minority children) that are currently
targeted for primary prevention.
Instead of increased laboratory screening for lead poisoning,
some have called (see e.g. Brown
and Meehan, 2004) for resources to
be directed towards universal education for parents of lead hazards,
better follow-up screening for infants
that have elevated blood lead levels,
improved coordination between state
and federal governments, better risk
factor screening, and household lead
abatement (indeed, all suggestions
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later offered by Cole and Winsler).
Our own research has highlighted
the cost-effectiveness of household lead abatement (Gould, 2009).
This is especially true if household
interventions are targeted towards
historically at-risk neighborhoods and
geographic areas. The emphasis of
childhood lead policy thus ought to
move towards more primary prevention of poisoning at their source.
Eliminating childhood lead
poisoning is an economic and moral
imperative, and ought to be pursued
aggressively as part of a broader
public health agenda. What form
these policies should take, however,
deserves careful attention to benefits (in the form of risk reduction)
and costs, as well as unintended

consequences for other at-risk populations.
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Commentary

The Saturnian Predicament
Bruce Lanphear
British Columbia Children’s Hospital & Simon Fraser University

L

ead is an ancient
poison. Dioscorides, a
Greek physician who
lived in the first century A.D., wrote that
lead makes the mind
“give way” (Needleman, 2009). Lead
poisoning, or Saturnism, was associated with Saturn by the alchemists
because it was thought to be the
most ancient of metals.

Social Policy Report V24 #1

Saturn, the son of Earth (Tellus)
and Sky (Caelus), was the supreme
god or titan on earth. It was prophesized that he would be dethroned
by one of his children. To retain his
throne, Saturn devoured each of his
children at birth. Saturn’s predicament—losing his power or devouring
his children—reflects our own predicament of losing a profitable poison or
sacrificing our children to the toxic
effects of lead.
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Cole and Winsler have written
a comprehensive review of toxicity and prevention of childhood lead
exposure. There are a few points
one might quibble about (e.g., it
is unclear to what extent prenatal
exposure elicits persistent effects
on children). But more importantly,
these two investigators have concluded what most objective scientists
would if they took the time to study
it; we have, for far too long, failed to
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protect children from exposure to a
substantial and preventable poison.
Their article is only the most
recent in a series of pleas over the
past century to prevent childhood
lead poisoning. The first plea was
published 100 years ago (Turner,
1908). After a decade of research
and failed attempts to prevent lead
poisoning by educating mothers,
Turner concluded that “legislative
interference” was necessary to
protect children. In the 1920s, Alice
Hamilton and Yandell Henderson
argued—unsuccessfully—that the addition of tetra-ethyl lead to gasoline
by the Ethyl Corporation would lead
to cases of lead poisoning (Rosner
& Markowitz, 1985; Rabin 1985).
In the 1970s, research and legislation led to a reduction in allowable levels of lead in air, paint and
water (Landrigan, Whitworth, Baloh,
Staehling, Barthel, & Rosenblum,
1975; Needleman, Gunnoe, Leviton,
Reed, Peresie, Maher, C., et al.,
1979; Mahaffey, Annest, Roberts, &
Murphy, 1882; Lanphear, Dietrich,
& Berger, 2003). In the 1980s and
1990s, a series of studies implicating
even lower levels of lead exposure
with adverse effects on children’s
intellectual abilities were published (Lanphear, Dietrich, & Berger,
2003; Needleman, Schell, Bellinger,
Leviton, & Allred, 1990; Burns, Baghurst, Sawyer, McMichael, & Tong,
1999; CDC, 1991). In the 1990s, the
Centers for Disease Control (CDC)
and the World Health Organization
lowered the acceptable level of lead
in blood to 10 μg/dL for children
(CDC, 1991; Tong, von Schirnding,
& Prapamontol, 2000). Finally, in
the first decade of the 21st century,
another wave of research implicated
lead as a risk factor for cognitive
deficits and psychopathology at
blood levels considerably lower than
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10 μg/dL, prompting calls for the
global elimination of all non-essential uses of lead (Wright, Dietrick,
Ris, Hornung, Wessel, Lanphear,
et al., 2008; Lanphear, Hornung,
Khoury, Yolton, Baghurst, Bellinger,
et al., 2005; Froehlich, Lanphear,
Auinger, Hornung, Epstein, Braun, et
al., 2009; Nigg, Knottnerus, Martel,
Nikolas, Cavanagh, Karmaus, et al.
2008).
At each wave of research
or advocacy, a handful of physicians, policymakers, scientists or
community leaders were utterly
convinced that there was sufficient
evidence to protect children against
lead poisoning through legislation.
Unfortunately, despite some success in banning or reducing lead in
gasoline, paint, industrial emissions,
solder used in food cans and other
consumer products, we continued to
use it (Lanphear, et al., 2003; Tong,
et al., 2000). It was simply too profitable to ban lead and too easy to
dismiss any long-term consequences
on children’s health.
Despite reductions in children’s blood lead levels (Jones,
Homa, Meyer, Brody, Caldwell,
Pirkle, et al., 2009), too many
children still have blood lead levels
indicative of lead toxicity. Moreover,
while there has been a dramatic decline in lead toxicity among children
in developed countries, the prevalence of lead toxicity in many developing or industrializing countries is
epidemic (Tong et al., 2000).
There is both renewed optimism and urgency about eliminating
childhood lead exposure (Lanphear,
2007; Ramazzini Collegium, 2009).
In many countries, childhood lead
exposure is considerably lower today
than at anytime in the past 50 years,
and fewer than twenty countries
continue to use leaded gasoline
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(OECD, 1999). It is feasible to eliminate lead from paint and many other
consumer products worldwide. The
elimination of lead won’t be easy, but
with concerted effort it could be the
environmental equivalent of smallpox eradication. The myth of Saturn
also offers some hope; Saturn’s son,
Jupiter, ultimately deposed his father
after his mother, Rhea, kept him from
being devoured.
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editors to arrive at the final form for publication.
The Committee on Policy and Communications, which founded the Social
Policy Report, serves as an advisory body to all activities related to its
publication.
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iÛiÃÊLiÜÊ£äÊ}É`]Ê
Ê >ÃÊÌÊV >}i`ÊÌÃÊiÛiÊvÊVViÀ]ÊÜ V ÊÀi>ÃÊ
>ÌÊiÛiÃÊ£äÊ}É`°Ê7iÊLiiÛiÊÌÊVÀÌV>ÊÌÊvVÕÃÊ>Û>>LiÊÀiÃÕÀViÃÊÜ iÀiÊÌ iÊ
«ÌiÌ>Ê>`ÛiÀÃiÊivviVÌÃÊÀi>ÊÌ iÊ}Ài>ÌiÃÌ°ÊvÊÊÌ ÀiÃ `ÊiÛiÊiÝÃÌÃÊvÀÊ>`ÛiÀÃiÊ
i>Ì ÊivviVÌÃ]ÊÃiÌÌ}Ê>ÊiÜÊ ÊvÊVViÀÊÃiÜ iÀiÊLiÜÊ£äÊ}É`ÊÜÕ`Ê
LiÊL>Ãi`ÊÊ>Ê>ÀLÌÀ>ÀÞÊ`iVÃ°ÊÊ>``Ì]ÊÌ iÊvi>ÃLÌÞÊ>`ÊivviVÌÛiiÃÃÊ
vÊ`Û`Õ>ÊÌiÀÛiÌÃÊÌÊvÕÀÌ iÀÊÀi`ÕViÊ ÃÊLiÜÊ£äÊ}É`Ê >ÃÊÌÊLiiÊ
`iÃÌÀ>Ìi`°
ÊÃÊV`ÕVÌ}ÊÃiÛiÀ>Ê>VÌÛÌiÃÊÌÊvVÕÃÊivvÀÌÃÊÊ«ÀiÛiÌ}Êi>`ÊiÝ«ÃÕÀiÃÊ
ÌÊV `Ài°ÊÀÃÌ]ÊLi}}ÊÊÓääÎ]Ê
ÊÀiµÕÀi`ÊÃÌ>ÌiÊ>`ÊV>Ê i>Ì Ê
`i«>ÀÌiÌÃÊÀiViÛ}ÊvÕ`}ÊvÀÊi>`Ê«Ã}Ê«ÀiÛiÌÊ>VÌÛÌiÃÊÌÊ`iÛi«Ê
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}>ÊvÊi>Ì}ÊiiÛ>Ìi`ÊL`Êi>`ÊiÛiÃÊ Ã®ÊÊV `ÀiÊLÞÊÓä£ä]Ê>Ê
µÕ>Ì>ÌÛiÞÊ`vviÀiÌÊ}>ÊvÀÊi>ÀiÀÊ}>ÃÊÌ >ÌÊvVÕÃi`ÊÊÀi`ÕV}ÊÌ iÊ Ê
VÃ`iÀi`ÊÌÝVÊLÞÊÛ>ÀÕÃÊÌ>À}iÌÊ>ÕÌÃ°£Ê,iViÌÊÀiÃi>ÀV ÊÊi>`½ÃÊ i>Ì ÊivviVÌÃÊ
>ÌÊÜÊiÛiÃ]ÊÜ V ÊÃÕ}}iÃÌÃÊÃViÌ>ÊLiiwÊÌÃÊvÀÊ«ÀiÛiÌ}ÊiÛiÊÜÊiÛiÊi>`Ê
iÝ«ÃÕÀiÊÊV ` `]ÊÕ`iÀÃVÀiÃÊÌ iÊ«ÀÌ>ViÊvÊÌ ÃÊ«ÕLVÊ i>Ì Ê}>°Ê
/ ÃÊÀiÛÃi`ÊÃÌ>ÌiiÌÊ`iÃVÀLiÃÊÌ iÊ«ÕLVÊ i>Ì Ê«V>ÌÃÊvÊÀiÃi>ÀV ÊwÊ`}ÃÊ
Ài}>À`}Ê>`ÛiÀÃiÊ i>Ì ÊivviVÌÃÊ>ÌÊÜÊ ÃÊÃÕ>Àâi`ÊÊÌ iÊ>VV«>Þ}Ê
ÀiÛiÜ]Ê>`ÊvVÕÃiÃÊÊÌ iÊ iÌiÀÃÊvÀÊ Ãi>ÃiÊ ÌÀÊ>`Ê*ÀiÛiÌ½ÃÊL`Êi>`Ê
ºiÛiÊvÊVViÀ°»Ê/ ÃÊÃÌ>ÌiiÌÊ>ÃÊÌÊ}Õ`iÊ«ÕLVÊ i>Ì Ê«À>VÌViÊ>`Ê«VÞÊ
`iÛi«iÌÊ>`ÊÀiÛiÜÊiViÃÃ>ÀÞÊÃÌi«ÃÊÌÊiÃÕÀiÊ«À}ÀiÃÃÊÌÜ>À`ÊiiÌ}ÊÌ iÊ
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/ iÊÀi`ÕVÌÊvÊ ÃÊÊÌ iÊ1Ìi`Ê-Ì>ÌiÃÊ`ÕÀ}Ê£Çä£]Ê«À>ÀÞÊLiV>ÕÃiÊvÊ
«iiÌ>ÌÊvÊvi`iÀ>Ê>`ÊÃÌ>ÌiÊÀi}Õ>ÌÃÊÌÊVÌÀÊi>`ÊiÝ«ÃÕÀi]ÊÜ>ÃÊiÊ
vÊÌ iÊÃÌÊÃ}wÊV>ÌÊ«ÕLVÊ i>Ì ÊÃÕVViÃÃiÃÊvÊÌ iÊ>ÃÌÊ >vÊvÊÌ iÊÓäÌ ÊViÌÕÀÞ°ÓÊ
iÌ iiÃÃ]ÊÃiÊ««Õ>ÌÃÊ>`Ê}i}À>« VÊ>Ài>ÃÊÀi>Ê>ÌÊ`Ã«À«ÀÌ>ÌiÞÊ
} ÊÀÃÊvÀÊi>`ÊiÝ«ÃÕÀi°ÎxÊ-«iVwÊVÊÃÌÀ>Ìi}iÃÊÌ >ÌÊÌ>À}iÌÊÃVÀii}ÊÌÊ } ÀÃÊ
V `ÀiÊ>ÀiÊiÃÃiÌ>ÊÌÊ`iÌvÞÊV `ÀiÊÜÌ Ê ÃÊ£äÊ}É`°Ê"ViÊ`iÌwÊi`]Ê
V `ÀiÊÜÌ ÊiiÛ>Ìi`Ê ÃÊÃ Õ`ÊÀiViÛiÊvÜÕ«ÊÃiÀÛViÃÊ>ÃÊÀiVi`i`ÊÊ
>>}}Ê iÛ>Ìi`Ê `Êi>`ÊiÛiÃÊ}Ê9Õ}Ê `Ài°ÈÊ
ÜiÛiÀ]Ê«ÀiÛiÌ}ÊiiÛ>Ìi`Ê ÃÊÃÊÌ iÊ«ÀiviÀÀi`ÊVÕÀÃiÊvÊ>VÌ°ÊÊV«i}Ê
L`ÞÊvÊiÛ`iViÊ«ÌÃÊÌÊÌ iÊÌi`ÊivviVÌÛiiÃÃÊvÊÜ>Ì}ÊÕÌÊV `Ài½ÃÊ
ÃÊ>ÀiÊiiÛ>Ìi`ÊLivÀiÊÌiÀÛi}ÊÜÌ Êi`V>ÊÌÀi>ÌiÌÃ]ÊiÛÀiÌ>Ê
Àii`>Ì]ÊÀÊ«>ÀiÌ>Êi`ÕV>Ì°ÊÇ£ÓÊ >Ì>Ê`V>ÌiÊÌ >ÌÊÊ>ÞÊV>ÃiÃÊÌÊÌ>iÃÊ
Þi>ÀÃÊÌÊÀi`ÕViÊV `Ài½ÃÊ ÃÊViÊiÛiÃÊ>ÀiÊiiÛ>Ìi`ÊÜ iÌ iÀÊÌ iÊÌ>ÊL`Ê
i>`ÊiiÛ>ÌÊÃÊÛiÀÞÊ } ÊÀÊ`iÀ>Ìi°£Î£xÊ/ iÊÃÌÊVÊ } `ÃiÊÃÕÀViÃÊvÊ
i>`ÊiÝ«ÃÕÀiÊvÀÊ1°Ê-°ÊV `ÀiÊ>ÀiÊi>`L>Ãi`Ê«>ÌÊ>`Êi>`VÌ>>Ìi`Ê ÕÃiÊ
`ÕÃÌÊ>`ÊÃ°Ê,iViÌÊÃÌÕ`iÃÊ >ÛiÊ`iÌwÊi`ÊiÌ `ÃÊÌÊÀi`ÕViÊVÊ ÕÃi `Ê
i>`Ê >â>À`ÃÊÃ>viÞ°£ÈÊ/ ÕÃ]Ê>ÊÕÌÌiÀi`Ê>««À>V ÊÌ >ÌÊVÕ`iÃÊÃiV`>ÀÞÊ
«ÀiÛiÌÊÌ ÀÕ} ÊV>ÃiÊ`iÌwÊV>ÌÊ>`Ê>>}iiÌÊvÊiiÛ>Ìi`Ê ÃÊÃÊii`i`Ê
ÌÊi>ÌiÊV ` `Êi>`Ê«Ã}°ÊÜiÛiÀ]ÊLiV>ÕÃiÊÊiÛiÊvÊi>`ÊÊ>ÊV `½ÃÊ
L`ÊV>ÊLiÊÃ«iVwÊi`Ê>ÃÊÃ>vi]Ê«À>ÀÞÊ«ÀiÛiÌÊÕÃÌÊÃiÀÛiÊ>ÃÊÌ iÊvÕ`>ÌÊvÊ
Ì iÊivvÀÌ°
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/ iÊ>`ÛiÀÃiÊ i>Ì ÊivviVÌÃÊ>ÃÃV>Ìi`ÊÜÌ ÊiiÛ>Ìi`Ê ÃÊ >ÛiÊLiiÊÜ`iÞÊÃÌÕ`i`Ê
>`Ê`VÕiÌi`°Ê*ÀiÛÕÃÞ]Ê
ÊÀiÃ«`i`ÊÌÊÌ iÊ>VVÕÕ>Ìi`ÊiÛ`iViÊvÊ
>`ÛiÀÃiÊivviVÌÃÊ>ÃÃV>Ìi`ÊÜÌ Êi>`ÊiÝ«ÃÕÀiÃÊLÞÊÜiÀ}ÊÌ iÊ ÊvÊVViÀ°Ê
iÌÜiiÊ£ÈäÊ>`Ê£äÊÌ iÊL`Êi>`ÊiÛiÊvÀÊ`Û`Õ>ÊÌiÀÛiÌÊÊV `ÀiÊ
Ü>ÃÊÜiÀi`ÊvÀÊÈäÊ}É`ÊÌÊÓxÊ}É`°ÊÊ££ÊÌ iÊ
ÊÀiVi`i`ÊÜiÀ}Ê
Ì iÊiÛiÊvÀÊ`Û`Õ>ÊÌiÀÛiÌÊÌÊ£xÊ}É`Ê>`Ê«iiÌ}ÊVÕÌÞ
Ü`iÊ«À>ÀÞÊi>`Ê«Ã}Ê«ÀiÛiÌÊ>VÌÛÌiÃÊÊ>Ài>ÃÊÜ iÀiÊ>ÞÊV `ÀiÊ
>ÛiÊ ÃÊ£äÊ}É`°£ÇÊ-iÊ>VÌÛÌiÃ]ÊÃÕV Ê>ÃÊÌ>}Ê>ÊiÛÀiÌ>Ê ÃÌÀÞ]Ê
i`ÕV>Ì}Ê«>ÀiÌÃÊ>LÕÌÊi>`]Ê>`ÊV`ÕVÌ}ÊvÜÕ«ÊL`Êi>`ÊÌÀ}Ê
ÜiÀiÊÃÕ}}iÃÌi`ÊvÀÊV `ÀiÊÜÌ Ê ÃÊvÊ£äÊ}É`°ÇÊÜiÛiÀ]ÊÌ ÃÊiÛi]ÊÜ V Ê
Ü>ÃÊÀ}>ÞÊÌi`i`ÊÌÊÌÀ}}iÀÊVÕÌÞÜ`iÊ«ÀiÛiÌÊ>VÌÛÌiÃ]Ê >ÃÊLiiÊ
ÃÌiÀ«ÀiÌi`ÊvÀiµÕiÌÞÊ>ÃÊ>Ê`iwÊÌÛiÊÌÝV}VÊÌ ÀiÃ `°Ê
ÃÊÌ iÊ>VV«>Þ}ÊÀiÛiÜÊvÊÀiViÌÊÃÌÕ`iÃÊ`V>ÌiÃ]Ê>``Ì>ÊiÛ`iViÊiÝÌÃÊvÊ
>`ÛiÀÃiÊ i>Ì ÊivviVÌÃÊÊV `ÀiÊ>ÌÊ ÃÊ£äÊ}É`°Ê/ iÊ>Û>>LiÊ`>Ì>Ê>ÀiÊL>Ãi`Ê
Ê>ÊÃ>«iÊvÊviÜiÀÊÌ >ÊÓääÊV `ÀiÊÜ ÃiÊ ÃÊÜiÀiÊiÛiÀÊ>LÛiÊ£äÊ}É`Ê>`Ê
µÕiÃÌÃÊÀi>Ê>LÕÌÊÌ iÊÃâiÊvÊÌ iÊivviVÌ°Ê
ÌÊÌ ÃÊÌiÊÌ iÀiÊ>ÀiÊÛ>`ÊÀi>ÃÃÊÌÊÌÊÜiÀÊÌ iÊiÛiÊvÊVViÀÊiÃÌ>LÃ i`ÊÊ
££ÊVÕ`}ÊÌ iÊvÜ}\Ê
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Ì iÊÃÕÀViÃÊvÊi>`ÊiÝ«ÃÕÀiÊ>`ÊÌ iÊ««Õ>ÌL>Ãi`ÊÌiÀÛiÌÃÊÌ >ÌÊV>Ê
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>VV«>i`ÊLÞÊ>ÊÃ >À«ÊVÀi>ÃiÊÊÃV>ÃÃwÊV>ÌÊvÊV `ÀiÊ>ÃÊ >Û}Ê>Ê
iiÛ>Ìi`Ê °Ê/ iÊÕViÀÌ>ÌÞÊ>ÃÃV>Ìi`ÊÜÌ Ê>LÀ>ÌÀÞÊÌiÃÌ}ÊÃÊÌÊ}Ài>ÌÊ
ÌÊiÃÕÀiÊÌ >ÌÊ>ÊÃ}iÊL`Êi>`ÊÌiÃÌÊÀi>LÞÊV>ÃÃwÊiÃÊ`Û`Õ>ÊV `ÀiÊ>ÌÊ

iÛiÃÊ£äÊ}É`°Ê/ ÃÊÃV>ÃÃwÊV>ÌÊVÕ`ÊVvÕÃiÊLÌ Ê«>ÀiÌÃÊ>`ÊVV>ÃÊ
>`ÊiÝ«i`ÌÕÀiÊvÊÀiÃÕÀViÃÊÊÌiÃÌ}ÊÌ >ÌÊ`iÃÊÌÊ>`Ê`iVÃÊ>}°Ê
UÊ

vvÀÌÃÊÌÊ`iÌvÞÊ>`Ê«ÀÛ`iÊÃiÀÛViÃÊÌÊV `ÀiÊÜÌ Ê ÃÊ£äÊ}É`Ê>ÞÊ
`iyÊiVÌÊii`i`ÊÀiÃÕÀViÃÊvÀÊV `ÀiÊÜÌ Ê } iÀÊ ÃÊÜ Ê>ÀiÊiÞÊÌÊ
LiiwÊÌÊÃÌÊvÀÊ`Û`Õ>âi`ÊÌiÀÛiÌÃ°

UÊ

vvÀÌÃÊÌÊi>ÌiÊi>`ÊiÝ«ÃÕÀiÃÊÌ ÀÕ} Ê«À>ÀÞÊ«ÀiÛiÌÊ >ÛiÊÌ iÊ
}Ài>ÌiÃÌÊ«ÌiÌ>ÊvÀÊÃÕVViÃÃ°Ê,i`ÕV}ÊiÝ«ÃÕÀiÃÊÜÊLiiwÊÌÊ>ÊV `Ài]Ê
Ài}>À`iÃÃÊvÊÌ iÀÊVÕÀÀiÌÊ °Ê

, -*"
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-ViÊ££]Ê
Ê >ÃÊi« >Ãâi`ÊÌ iÊii`ÊÌÊ>iÊ«À>ÀÞÊ«ÀiÛiÌÊvÊi>`Ê
«Ã}]ÊÌ ÀÕ} ÊÌiÀÛiÌÃÊÌ >ÌÊVÌÀÊÀÊi>ÌiÊi>`Ê >â>À`ÃÊLivÀiÊ
V `ÀiÊ>ÀiÊiÝ«Ãi`]Ê>Ê } Ê«ÀÀÌÞÊvÀÊ i>Ì ]Ê ÕÃ}]Ê>`ÊiÛÀiÌ>Ê
>}iViÃÊ>ÌÊÌ iÊÃÌ>Ìi]ÊV>]Ê>`Êvi`iÀ>ÊiÛiÃ°£nÓäÊi`iÀ>Ê>`ÊÃÌ>ÌiÊ«ViÃÊ>`Ê
«À}À>Ã]Ê>À}iÞÊ>ÃÊÌ iÊÀiÃÕÌÊvÊ/ÌiÊ8ÊvÊÌ iÊ£ÓÊÕÃ}Ê>`Ê ÕÌÞÊ
iÛi«iÌÊVÌÊ*ÕLVÊ>ÜÊ£äÓxxä®]ÊVÀi>Ã}ÞÊ >ÛiÊvVÕÃi`ÊÊÌ iÊii`Ê
vÀÊ«À>ÀÞÊ«ÀiÛiÌÊÕÃ}ÊÃÌÀ>Ìi}iÃÊÜÊÌÊivviVÌÛiÞÊÀi`ÕViÊÀiÃ`iÌ>Ê
i>`Ê >â>À`Ã°Ó£Ê,iÃi>ÀV ÊwÊ`}ÃÊ>ÃÊ`V>ÌiÊÌ >ÌÊ«À>ÀÞÊ«ÀiÛiÌÊÜÕ`ÊLiÊ
iÝ«iVÌi`ÊÌÊLiiwÊÌÊ>ÊV `ÀiÊ>ÌÊ } ÊÀÃÊLiV>ÕÃiÊVÕÌiÃÊÜÌ ÊÌ iÊ>À}iÃÌÊ
«iÀViÌ>}iÃÊvÊV `ÀiÊÜÌ Ê ÃÊÓäÊ}É`Ê>ÃÊ >ÛiÊÌ iÊ>À}iÃÌÊ«iÀViÌ>}iÊ
vÊV `ÀiÊÜÌ Ê ÃÊÌ >ÌÊ>ÀiÊÜiÀÊLÕÌÊÃÌÊ>LÛiÊÌ iÊ>Ì>Ê>ÛiÀ>}iÊvÊ
>««ÀÝ>ÌiÞÊÓÊ}É`°£nÊ/ iÃiÊ`>Ì>ÊÕ`iÀÃVÀiÊÌ iÊ«ÀÌ>ViÊvÊÌ>À}iÌ}ÊivvÀÌÃÊ
ÌÊVÕÌiÃÊÜ iÀiÊÀÃÊvÀÊiÝ«ÃÕÀiÊÃÊ } iÃÌÊ>`Ê«ÀÛ`iÊ>ÊÃÌÀ}ÊÀ>Ì>iÊ
vÀÊ«À>ÀÞÊ«ÀiÛiÌÊivvÀÌÃ°Ê/ iÊÃÌÀ>Ìi}iÃÊ`iÃVÀLi`ÊLiÜÊÜÊivviVÌÛiÞÊ`ÀiVÌÊ
ivvÀÌÃÊÌÊ>V iÛiÊÌ iÊi>Ì ÞÊ*i«iÊÓä£äÊLiVÌÛiÊÌÊi>ÌiÊi>`Ê«Ã}ÊÊ
ÞÕ}ÊV `ÀiÊ>`ÊV>ÊLiÊiÝ«iVÌi`ÊÌÊÀi`ÕViÊi>`ÊiÝ«ÃÕÀiÊvÀÊ>ÊV `Ài°£
*À>ÀÞÊ*ÀiÛiÌ
½ÃÊ`ÛÃÀÞÊ ÌÌiiÊÊ ` `Êi>`Ê*Ã}Ê*ÀiÛiÌÊÀiViÌÞÊÃÃÕi`Ê
Õ«`>Ìi`ÊÀiVi`>ÌÃÊV>}ÊvÀÊÌ iÊ>ÌÊÌÊvVÕÃÊÊ«À>ÀÞÊ«ÀiÛiÌÊ
vÊV ` `Êi>`Ê«Ã}°ÓÓÊ iV>ÕÃiÊÌ iÊÓä£äÊ i>Ì ÊLiVÌÛiÊvÊi>Ì}Ê
V ` `Êi>`Ê«Ã}ÊV>ÊLiÊ>V iÛi`ÊÞÊÌ ÀÕ} Ê«À>ÀÞÊ«ÀiÛiÌ]ÓÓÊÌ ÃÊ
`VÕiÌÊ«ÀÛ`iÃÊ«ÀÌ>ÌÊ}Õ`>ViÊÌÊÃÌ>ÌiÊ>`ÊV>Ê>}iViÃÊÀi}>À`}ÊÌ iÊ
«iiÌ>ÌÊvÊ«À>ÀÞÊ«ÀiÛiÌÊ>VÌÛÌiÃ°ÊÛiÊÌ >ÌÊÌ iÊÃÌÊ«ÀÌ>ÌÊ
i>ÃÕÀiÊvÊ>ÊÃÕVViÃÃvÕÊ«À>ÀÞÊ«ÀiÛiÌÊÃÌÀ>Ìi}ÞÊÃÊi>ÌÊvÊi>`ÊiÝ«ÃÕÀiÊ
ÃÕÀViÃÊvÀÊÞÕ}ÊV `Ài]ÊÜiÊvVÕÃÊ iÀiÊÊÌ iÊÌÜÊ>ÊiÝ«ÃÕÀiÊÃÕÀViÃÊvÀÊ
V `ÀiÊÊÌ iÊ1Ìi`Ê-Ì>ÌiÃ\Êi>`ÊÊ ÕÃ}Ê>`ÊiÃÃiÌ>ÊÕÃiÃÊvÊi>`ÊÊ
Ì iÀÊ«À`ÕVÌÃ°Ê

Î

i>`ÊÊÕÃ} iV>ÕÃiÊi>`L>Ãi`Ê«>ÌÊÃÊÌ iÊÃÌÊ«ÀÌ>ÌÊÃÕÀViÊvÊi>`Ê
iÝ«ÃÕÀiÊvÀÊÞÕ}ÊV `Ài]ÊÌ iÊwÊÀÃÌÊiÃÃiÌ>ÊiiiÌÊvÊ«À>ÀÞÊ«ÀiÛiÌÊÃÊ
«iiÌ>ÌÊvÊÃÌÀ>Ìi}iÃÊÌÊVÌÀÊi>`Ê«>ÌVÌ>>Ìi`Ê ÕÃiÊ`ÕÃÌÊ>`Ê
ÃÊ>`Ê«ÀÞÊ>Ì>i`Êi>`Ê«>ÌÊÊ ÕÃ}°ÓÎÓxÊvÌiÀÊ£äÊÀÊÀiÊÞi>ÀÃÊvÊ
Ü`iÃ«Ài>`ÊL`Êi>`ÊÌiÃÌ}Ê>`Ê`>Ì>ÊViVÌÊLÞÊ
ÃÕ««ÀÌi`ÊÃÌ>ÌiÊ>`ÊV>Ê
>}iViÃ]ÊÌ iÊÃ«iVwÊVÊ>``ÀiÃÃiÃÊvÊ ÕÃ}ÊÕÌÃÊ>ÌÊÜ V ÊV `ÀiÊÀi«i>Ìi`ÞÊ >ÛiÊ
LiiÊ`iÌwÊi`ÊÜÌ ÊiiÛ>Ìi`Ê ÃÊ>ÀiÊÜÊÌÊV>ÊvwÊV>Ã°Ê/ÜÊiÝ>«iÃÊ>Ài\
UÊ Ê iÌÀÌ]ÊÈxÇÊ>``ÀiÃÃiÃÊ>VVÕÌi`ÊvÀÊi>ÀÞÊ£]xääÊV `ÀiÊÜÌ Ê ÃÊÓäÊ
}É`Ê`ÕÀ}ÊÌ iÊ>ÃÌÊ£äÊÞi>ÀÃÊLiV>ÕÃiÊÌ iÊÃÕÀViÃÊvÊi>`ÊÜiÀiÊiÛiÀÊVÌÀi`Ê
V«iÌiÞÊÜ iÊÌ iÊÌ>ÊV>ÃiÊVVÕÀÀi`°Ê/ iÃiÊ ÕÃ}ÊÕÌÃÊ>ÃÊ«ÀL>LÞÊ
ÜiÀiÊÌ iÊÃÕÀViÊvÊi>`ÊiÝ«ÃÕÀiÊvÀÊÃiÛiÀ>ÊÌ ÕÃ>`Ê iÌÀÌÊV `ÀiÊÜÌ Ê
ÃÊ£äÊ}É`°ÓÈÊ
UÊ ÊÕÃÛi]ÊiÌÕVÞ]ÊÎx¯ÊvÊV `ÀiÊ`iÌwÊi`ÊÜÌ ÊiiÛ>Ìi`Ê ÃÊ`ÕÀ}Ê
Ì iÊ>ÃÌÊxÊÞi>ÀÃÊÀiÃ`i`ÊÊÇÊ ÕÃ}ÊÕÌÃÆÊÌ iÃiÊÕÌÃÊÀi«ÀiÃiÌÊä°Î¯ÊvÊ>Ê
ÕÃ}ÊÕÌÃÊÊÌ iÊVÕÌÞ°ÓÇÊ
/ iÃiÊiÝ«iÀiViÃÊ>ÀiÊÀi«i>Ìi`ÊÊ } ÀÃÊVÕÌiÃÊ>VÀÃÃÊÌ iÊVÕÌÀÞ°Ê/ iÊ
vÀ>ÃÌÀÕVÌÕÀiÊii`i`ÊÌÊ`iÌvÞÊ } ÀÃÊ ÕÃ}Ê>`ÊÌÊ«ÀiÛiÌÊ>`ÊVÌÀÊ
i>`Ê >â>À`ÃÊÊÃÕV Ê ÕÃ}ÊÃÊ>À}iÞÊÊ«>Vi°Ê ÃÌ>LÃ i`ÊwÊÀÃÊViÀÌwÊi`ÊÊ
i>`Ê >â>À`ÊiÛ>Õ>ÌÊ>`ÊVÌÀÊÜÊiÝÃÌÊÊÃÌÊVÕÌiÃ]Ê>ÃÊ`ÊÌ iÀÊ
Ãi`ÊÌÀ>`iÃÊ«i«iÊÌÀ>i`ÊÊi>`Ã>viÊÜÀÊ«À>VÌViÃÊiViÃÃ>ÀÞÊ`ÕÀ}ÊÀÕÌiÊ
>Ìi>ViÊ>`Ê«>Ì}°Ê-ÞÃÌi>ÌVÊ`iÌwÊV>ÌÊ>`ÊÀi`ÕVÌÊvÊÀiÃ`iÌ>Ê
i>`ÊÃÕÀViÃ]Ê«>ÀÌVÕ>ÀÞÊÊ`]Ê«ÀÞÊ>Ì>i`Ê ÕÃ}ÊÜ iÀiÊV `ÀiÊÜÌ Ê
iiÛ>Ìi`Ê ÃÊ>ÀiÊÜÊÌÊ >ÛiÊÛi`]ÊVLi`ÊÜÌ Ê«iÀ`VÊÌÀ}ÊvÊ
ÕÃ}ÊV`ÌÃÊÌÊ`iÌiVÌÊiÜÊ`iÌiÀÀ>ÌÊ>`ÊÀiÃÕÌ>ÌÊi>`Ê >â>À`ÃÊÜÊ
«ÀiÛiÌÊi>`ÊiÝ«ÃÕÀiÊÌÊV `ÀiÊÊÌ iÊvÕÌÕÀiÊ>`ÊLÀi>ÊÌ iÊVÞViÊvÊÀi«i>Ìi`ÊV>ÃiÃÊ
vÊiiÛ>Ìi`Ê Ã°Ê
"Ì iÀÊÃÌi«ÃÊVÀÌV>ÊÌÊÃÕVViÃÃÊÊVÌÀ}Êi>`Ê >â>À`ÃÊÊ ÕÃ}Ê>`Ê«ÀiÛiÌ}Ê
i>`ÊiÝ«ÃÕÀiÊÊÌ iÊvÕÌÕÀiÊ>ÀiÊ£®ÊivÀViiÌÊvÊi>`ÊÃ>viÌÞÊ>`Ê ÕÃ}ÊV`iÊ
ÀiµÕÀiiÌÃÊÌÊiÃÕÀiÊ}`Ê«À«iÀÌÞÊ>Ìi>ViÆÊÓ®ÊÜ`iÃ«Ài>`Ê>`«ÌÊvÊi>`
Ã>viÊÜÀÊ«À>VÌViÃÊÌÊVÌÀ]ÊVÌ>]Ê>`ÊVi>ÊÕ«Êi>`Ê`ÕÃÌÊ`ÕÀ}Ê«>Ì}Ê>`Ê
Ài`i}Ê«ÀiVÌÃÆÊ>`ÊÎ®Ê«iÀ`VÊÌÀ}ÊvÊ ÕÃ}ÊV`ÌÃÊÌÊ`iÌiVÌÊiÜÊ
`iÌiÀÀ>ÌÊ>`ÊÀiÃÕÌ>ÌÊi>`Ê >â>À`°
iÃÃiÌ>Ê1ÃiÃÊvÊi>` iV>ÕÃiÊ>Ài>ÃÊvÊÌ iÊ1Ìi`Ê-Ì>ÌiÃÊÀi«ÀÌÊÌ >ÌÊ>ÃÊ
>ÞÊ>ÃÊÎx¯ÊvÊV `ÀiÊ`iÌwÊi`ÊÜÌ ÊiiÛ>Ìi`Ê ÃÊ >ÛiÊLiiÊiÝ«Ãi`ÊÌÊÌiÃÊ
`iVÀ>Ìi`ÊÀÊ>`iÊÜÌ Êi>`]ÊÊÃiÊV>ÃiÃÊÀiÃÕÌ}ÊÊviÌ Ài>Ìi}Ê Ã]ÓnÊ
Ì iÊÃiV`ÊVÀÕV>ÊiiiÌÊvÊ>Ê«À>ÀÞÊ«ÀiÛiÌÊÃÌÀ>Ìi}ÞÊÃÊ`iÌwÊV>ÌÊ>`Ê
ÀiÃÌÀVÌÊÀÊi>ÌÊvÊiÃÃiÌ>ÊÕÃiÃÊvÊi>`]Ê«>ÀÌVÕ>ÀÞÊÊLÌ Ê«ÀÌi`Ê
>`Ê`iÃÌV>ÞÊ>Õv>VÌÕÀi`ÊÌÞÃ]Êi>Ì}Ê>`Ê`À}ÊÕÌiÃÃ]ÊVÃiÌVÃ]Ê>`Ê
ÌÀ>`Ì>Êi`ViÃ°Ê/ ÃÊivvÀÌÊÀiµÕÀiÃÊ`iÌvÞ}ÊVÕÌiÃÊÜ iÀiÊVÕÌÕÀ>Ê
«À>VÌViÃÊ>`ÊÌÀ>`Ì>Êi`ViÃÊ>ÞÊ«ÕÌÊV `ÀiÊ>ÌÊÀÃÊ>`ÊVÀ«À>Ì}Ê
{

i>`Ê«Ã}Ê«ÀiÛiÌÊ>VÌÛÌiÃÊÌÊ i>Ì Ê>`ÊVÕÌÞÊÃiÀÛViÃÊÌ >ÌÊ
Ài>V Êv>iÃÊ>ÌÊ } ÊÀÃÊvÀÊi>`ÊiÝ«ÃÕÀiÊvÀÊ«>ÌÊÃÕÀViÃ°ÇÊ/ iÊÓä£äÊ
i>Ì ÊLiVÌÛiÊV>ÌÊLiÊ>V iÛi`ÊÜÌ ÕÌÊ>ÊÀiÊÃÞÃÌi>ÌVÊ>««À>V ÊÌ >Ì]Ê>ÌÊ
>ÊÕ]Ê>ÜÃÊ`iÌwÊV>ÌÊvÊi>`VÌ>>Ìi`ÊÌiÃÊ>`Ê«À LÌÃÊÌ iÀÊ
Ã>iÊLivÀiÊV `ÀiÊ>ÀiÊiÝ«Ãi`°Ê1Ì>ÌiÞ]Ê>ÊiÃÃiÌ>ÊÕÃiÃÊvÊi>`ÊÃ Õ`ÊLiÊ
i>Ìi`°
,

"

/" -

>}iÃÊÊÌ iÊVÕÃÊvÊ
Õ`i`Ê*À}À>Ã
/Ê>V iÛiÊÌ iÃiÊ}>Ã]Ê
ÊÃÊvVÕÃ}ÊÊi>Ì}ÊV ` `Êi>`Ê«Ã}ÊLÞÊ
«ÀiviÀiÌ>ÞÊvÕ`}Ê«À}À>ÃÊÌÊ«ÀÛ`iÊi>`Ài>Ìi`ÊÃiÀÛViÃÊvÀÊVÕÌiÃÊ
>`Ê««Õ>ÌÃÊÜÌ Ê>À}iÊÕLiÀÃÊvÊV `ÀiÊ>ÌÊ } ÊÀÃÊvÀÊi>`ÊiÝ«ÃÕÀi°Ê/ iÊ
V«iÀ>ÌÛiÊ>}ÀiiiÌÃÊÜÌ Ê{ÓÊÃÌ>ÌiÊ>`ÊV>Ê i>Ì Ê`i«>ÀÌiÌÃÊvÕ`i`ÊvÀÊÓääÎ
ÓääÈÊi« >ÃâiÊÌ iÊ«ÀÌ>ViÊvÊ«À>ÀÞÊ«ÀiÛiÌÊ>`ÊÀiµÕÀiÊvÕ`i`ÊÃÌ>ÌiÊ
>`ÊV>Ê«À}À>ÃÊÌÊÜÀÊ>}}ÀiÃÃÛiÞÊÌÊ`iÛi«Ê>`Ê«iiÌÊÌ iÊiViÃÃ>ÀÞÊ
«>ÀÌiÀÃ «Ã]Ê«À}À>ÃÊ>`Ê>VÌÛÌiÃ°Ê
ÊÀiµÕÀiÃÊÌÃÊÃÌ>ÌiÊ>`ÊV>Ê«>ÀÌiÀÃÊ
ÌÊÕ`iÀÌ>iÊ>ÊÃÌÀ>Ìi}VÊ«>}Ê«ÀViÃÃ]ÊÜ V ÊVÕ`iÃÊ}>Ì iÀ}Ê«ÕÌÊvÀÊ
ÕÃ}Ê«ÀviÃÃ>Ã]Ê«i`>ÌÀVÊ i>Ì V>ÀiÊ«ÀÛ`iÀÃ]Ê>`ÛV>VÞÊ}ÀÕ«Ã]Ê«>ÀiÌÃÊvÊ
V `ÀiÊÜÌ ÊiiÛ>Ìi`Ê Ã]Ê>`ÊÌ iÀÃÊÌiÀiÃÌi`ÊÊ«ÀiÛiÌ}Êi>`Ê«Ã}Ê
ÊV `Ài°Ê/ iÃiÊÃÌÀ>Ìi}VÊ«>Ã]Ê`iÛi«i`ÊLÞÊV>Ê«>ÀÌiÀÃÊÌÊÀiÃ«`ÊÌÊV>Ê
V`ÌÃ]Ê`ÀÛiÊ«À>ÀÞÊ«ÀiÛiÌÊ>VÌÛÌiÃÊvÀÊÌ iÊÎÞi>ÀÊ}À>ÌÊVÞVi°Ê
*À}ÀiÃÃÊÌÜ>À`Êi>Ì}ÊV ` `Êi>`Ê«Ã}ÊV>ÊLiÊi>ÃÕÀi`ÊÞÊLÞÊ
}}ÊÃÕÀÛi>ViÊvÊ ÃÊÊV ` `Ê««Õ>ÌÃÊÜ iÀiÊÌ iÊÀÃÊvÀÊiÝ«ÃÕÀiÊ
ÃÊ } ]Ê>ÃÊÜiÊ>ÃÊVÌÕi`ÊÌÀ}ÊvÊ««Õ>ÌL>Ãi`Ê ÃÊÌ ÀÕ} ÊÌ iÊ
>Ì>Êi>Ì Ê>`Ê ÕÌÀÌÊ Ý>>ÌÊ-ÕÀÛiÞ°ÓÊ
½ÃÊÀiÊÊÃÕ««ÀÌ}Ê
ÃÌ>ÌiÊ>`ÊV>ÊivvÀÌÃÊ>`Ê«ÀÛ`}ÊÌiV V>Ê>ÃÃÃÌ>ViÊÌÊ«ÀÛiÊ`>Ì>Ê
>>}iiÌÊ>`ÊÀi«ÀÌ}ÊÃÊiÃÃiÌ>ÊÌÊÌ iÃiÊ>VÌÛÌiÃ°Ê
,iVi`>ÌÃÊÌÊi`iÀ>]Ê-Ì>Ìi]Ê>`ÊV>ÊÛiÀiÌÊ}iViÃ
V iÛ}ÊÌ iÊi>Ì ÞÊ*i«iÊÓä£äÊLiVÌÛiÊÌÊi>ÌiÊV ` `Êi>`Ê«Ã}Ê
ÀiµÕÀiÃÊV>LÀ>ÌÊLÞÊ>ÞÊ`vviÀiÌÊvi`iÀ>]ÊÃÌ>ÌiÊ>`ÊV>Ê>}iViÃ°Ê>ÞÊ
vÊÌ iÊÀiÃÊ>`ÊÀiÃ«ÃLÌiÃÊvÀÊvi`iÀ>Ê«>ÀÌiÀÃÊÊÌ iÊi>ÌÊivvÀÌÊ>ÀiÊ
`iÌ>i`ÊÊÌ iÊÀi«ÀÌÊvÊÌ iÊ*ÀiÃ`iÌ½ÃÊ/>ÃÊÀViÊÊ ÛÀiÌ>Êi>Ì Ê
,ÃÃÊ>`Ê->viÌÞÊ,ÃÃÊÊ `Ài°ÓÊÜiÛiÀ]Ê>ÊiÛiÃÊvÊ}ÛiÀiÌÊÃ >ÀiÊ
ÀiÃ«ÃLÌÞÊvÀÊ«À>ÀÞÊ«ÀiÛiÌÊvÊV ` `Êi>`Ê«Ã}°ÊÛiÀiÌÊ
>}iViÃÊ >ÛiÊÌ iÊ>LÌÞ]ÊÌ ÀÕ} Êi}Ã>ÌÛiÊ>`ÊivÀViiÌÊ>VÌÃÊÌÊÃ«i>À i>`Ê
«ÀiÛiÌÊivvÀÌÃÊ>`Ê>ÀÌVÕ>ÌiÊVi>ÀÊ«ÕLVÊ i>Ì Ê}>ÃÊ>`ÊÃÌÀ>Ìi}VÊ«ÀÀÌiÃÊ>ÌÊ
Ì iÊvi`iÀ>]ÊÃÌ>Ìi]Ê>`ÊV>Ê}ÛiÀiÌÊiÛiÃ°Ê
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£°Ê

iÃÊ>Û>>LiÊiÛ`iViÊÃÕ««ÀÌÊi}>ÌÛiÊ>ÃÃV>ÌÃÊLiÌÜiiÊ i>Ì Ê
`V>ÌÀÃÊ>`ÊV `Ài½ÃÊL`Êi>`ÊiÛiÃÊi>ÃÕÀi`Ê£äÊ}É`¶

Ó°Ê ÀiÊÌ iÊLÃiÀÛi`Ê>ÃÃV>ÌÃÊiÞÊÌÊÀi«ÀiÃiÌÊ>ÊV>ÕÃ>ÊivviVÌÊvÊi>`ÊÊ
i>Ì ¶
/Ê>``ÀiÃÃÊÌ iÃiÊµÕiÃÌÃ]ÊÌ iÊ7ÊiÃÌ>LÃ i`ÊVÀÌiÀ>ÊÃiiÊiÌ `Ã®ÊvÀÊ
«ÕLÃ i`ÊÃÌÕ`iÃÊÌ >ÌÊÜÕ`Ê>``ÀiÃÃÊÌ iÊwÊÀÃÌÊµÕiÃÌ°ÊÊ>``Ì]ÊÌ iÊÜÀÊ
}ÀÕ«Ê`iÌwÊi`ÊÃÃÕiÃÊÀiiÛ>ÌÊÌÊ>}ÊV>ÕÃ>ÊviÀiViÊvÀÊ>ÞÊLÃiÀÛi`Ê
>ÃÃV>ÌÃ°Ê`iÌvÞ}ÊÃÕV ÊÃÃÕiÃÊÃÊ>ÊiÃÃiÌ>ÊÃÌi«ÊÊÌiÀ«ÀiÌ}ÊiÛ`iViÊ
ÀiiÛ>ÌÊÌÊÌ iÊ7ÊV >À}i°ÊÕ>ÊÃÌÕ`iÃÊÌÊ>ÃÃiÃÃÊ«ÌiÌ>Ê i>Ì ÊivviVÌÃÊvÊ
iÛÀiÌ>ÊÌÝV>ÌÃ]ÊÃÕV Ê>ÃÊi>`]Ê>ÀiÊÕÃÕ>ÞÊLÃiÀÛ>Ì>ÊÊ`iÃ}Ê°i°]ÊÌ iÊ
i>Ì ÊÃÌ>ÌÕÃÊvÊ«>ÀÌV«>ÌÃÊÃÊÀi>Ìi`ÊÌÊÃiÊi>ÃÕÀiÊvÊiÝ«ÃÕÀi]Ê`Ãi]ÊÀÊL`ÞÊ
LÕÀ`iÊÌ >ÌÊÛ>ÀiÃÊÊÌ iÊL>ÃÃÊvÊiÛÀiÌ>Êv>VÌÀÃÊ>`ÊÌÊiÝ«iÀiÌ>Ê
>«Õ>ÌÃÊLÞÊÌ iÊÛiÃÌ}>ÌÀ®°ÊÀÊiÌ V>ÊÀi>ÃÃ]ÊÌ iÊÌi`ÊÕLiÀÊvÊ
Õ>ÊiÝ«iÀiÌ>ÊÃÌÕ`iÃÊÌ >ÌÊ >ÛiÊiÛ>Õ>Ìi`ÊV>ÕÃ>ÊÀi>ÌÃÊLiÌÜiiÊÌÝV>ÌÊ
iÝ«ÃÕÀiÃÊ>`Ê i>Ì ÊÕÃÕ>ÞÊ >ÛiÊÛÛi`Ê>ÌÌi«ÌÃÊÌÊÀi`ÕViÊiÝ«ÃÕÀiÊÀÊL`ÞÊ
LÕÀ`iÊ>`Ê>ÃÃiÃÃÊÌ iÊ«>VÌÊÊ i>Ì ÊÃÌ>ÌÕÃ°Ê-ÕV ÊÃÌÕ`iÃÊvÊi>`iÝ«Ãi`Ê
V `ÀiÊ>ÀiÊÀ>Ài]Ê>`ÊÌÊ`>ÌiÊiÊ >ÛiÊvVÕÃi`ÊÊV `ÀiÊÜÌ Ê ÃÊ£äÊ}É`°
"LÃiÀÛ>Ì>ÊÃÌÕ`iÃÊ >ÛiÊ iÀiÌÊÌ>ÌÃpÌÊÃ«iVwÊVÊÌÊÃÌÕ`iÃÊvÊi>`Ê
ÌÝVÌÞpÜÌ ÊÌ iÊ«ÌiÌ>ÊÌÊ«À`ÕViÊL>Ãi`ÊÀiÃÕÌÃ°Ê >ÃiÃÊvÀÊLÃiÀÛ>Ì>Ê
ÃÌÕ`iÃÊV>ÊLÃVÕÀiÊÌÀÕiÊV>ÕÃ>ÊivviVÌÃÊvÊÌÝV>ÌÊiÝ«ÃÕÀiÃÊÀÊ«À`ÕViÊ>ÃÃV>ÌÃÊ
LiÌÜiiÊÌÝV>ÌÊiÝ«ÃÕÀiÃÊ>`Ê i>Ì ÊÃÌ>ÌÕÃÊÜ iÊÊV>ÕÃ>ÊÀi>ÌÊÃÊ«ÀiÃiÌ°Ê
/ ÕÃ]ÊÃÌ>ÌÃÌV>Ê>ÃÃV>ÌÃÊvÀÊ`Û`Õ>ÊLÃiÀÛ>Ì>ÊÃÌÕ`iÃÊÀÊÕÌ«iÊ
ÃÌÕ`iÃÊÃÕLiVÌÊÌÊÃ>ÀÊL>ÃiÃÊV>ÌÊiÃÌ>LÃ ÊV>ÕÃ>ÊÀi>ÌÃ «ÃÆÊ>``Ì>]Ê
ÃÌ>ÌÃÌV>ÊVÀÌiÀ>Ê>ÞÊLiÊÕÃi`ÊÌÊiÛ>Õ>ÌiÊÃÕV ÊiÛ`iVi°ÊÌ Õ} ÊV>ÕÃ>Ê
VÀÌiÀ>Ê >ÛiÊLiiÊÃÌ>Ìi`ÊÊÛ>ÀÕÃÊÜ>ÞÃ]ÊÌ iÊ-ÕÀ}iÊiiÀ>½ÃÊ,i«ÀÌÊÊ-}Ê
>`Êi>Ì Ê1°-°Ê*ÕLVÊi>Ì Ê-iÀÛViÊ£È{®Ê«ÀÛ`iÃÊ>ÊÕÃivÕÊÃiÌÊvÊVÀÌiÀ>°Ê/ iÞÊ
VÕ`i\
UÊ / iÊVÃÃÌiVÞÊvÊÌ iÊ>ÃÃV>Ì°ÊÃÊ>ÊÃ>ÀÊ>ÃÃV>ÌÊLÃiÀÛi`Ê>VÀÃÃÊ
ÃÌÕ`iÃÊÜÌ ÊÛ>ÀÞ}ÊiÌ `ÃÊ>`Ê««Õ>ÌÃ¶
UÊ / iÊÃÌÀi}Ì ÊvÊÌ iÊ>ÃÃV>Ì°Ê/ iÊÃÌÀi}Ì ÊvÊ>Ê>ÃÃV>ÌÊÃÊÌ iÊ
iÝÌiÌÊÌÊÜ V ÊÌ iÊÀÃÊvÊ>Ê`Ãi>ÃiÊÀÊ>Êi>ÃÕÀiÊvÊ i>Ì ÊÃÌ>ÌÕÃÊÛ>ÀiÃÊÊ
{

Ài>ÌÊÌÊiÝ«ÃÕÀiÊ>`ÊV>ÊLiÊiÝ«ÀiÃÃi`]ÊvÀÊiÝ>«i]Ê>ÃÊ>ÊÀi>ÌÛiÊÀÃÊÀÊ
Ài}ÀiÃÃÊVivwÊViÌ°ÊÌÊÃÊ`ÃÌ}ÕÃ i`ÊvÀÊÌ iÊÃÌ>ÌÃÌV>ÊÃ}wÊV>ViÊvÊ>Ê
>ÃÃV>ÌÊÌ >ÌÊÀiyÊiVÌÃÊLÌ ÊÌ iÊÃÌÀi}Ì ÊvÊÌ iÊ>ÃÃV>ÌÊ>`ÊÌ iÊÃ>«iÊ
Ãâi°ÊÊ>``Ì>ÊVÀÌiÀ]ÊÃ«iVwÊVÌÞÊvÊÌ iÊ>ÃÃV>Ì]ÊÃÊVÃiÞÊÀi>Ìi`ÊÌÊ
ÃÌÀi}Ì ÊvÊÌ iÊ>ÃÃV>ÌÊ>`ÊÃÊVÃ`iÀi`ÊiÃÃÊ«ÀÌ>ÌÊÊÌ iÊVÌiÝÌÊvÊ
ÕÌv>VÌÀ>Ê i>Ì ÊV`ÌÃ°
UÊ / iÊÌi«À>ÊÀi>ÌÃ «ÊvÊ>ÃÃV>Ìi`ÊÛ>À>LiÃ°Ê iÃÊÌ iÊ Þ«Ì iÃâi`Ê
V>ÕÃ>ÊiÝ«ÃÕÀiÊVVÕÀÊLivÀiÊÌ iÊ i>Ì ÊÕÌViÊ>ÃÃV>Ìi`ÊÜÌ ÊÌ¶
UÊ

 iÀiViÊvÊÌ iÊ>ÃÃV>Ì°ÊÃÊÌ iÊLÃiÀÛi`Ê>ÃÃV>ÌÊVÃÃÌiÌÊÜÌ Ê
Ì iÀÊÀiiÛ>ÌÊv>VÌÃÊVÕ`}]ÊvÀÊiÝ>«i]ÊiÝ«iÀiÌ>Ê>>ÊÃÌÕ`iÃÊ>`Ê
Ì iÊ`iÃVÀ«ÌÛiÊi«`i}ÞÊvÊÌ iÊ i>Ì ÊV`ÌÊÕ`iÀÊÃÌÕ`Þ¶

/ iÊ>««V>ÌÊvÊÌ iÃiÊVÀÌiÀ>Ê`iÃÊÌÊ«ÀÛ`iÊ>ÊVi>ÀÊ`i>ÀV>ÌÊvÀÊ
VVÕ`}Ê`iwÊÌÛiÊ«ÀvÊvÊV>ÕÃ>ÌÊÛiÀÃÕÃÊ>`iµÕ>ÌiÊiÛ`iVi°Ê,>Ì iÀ]ÊÌ iÊ
ÀiÊÌ iÊ>Û>>LiÊiÛ`iViÊiiÌÃÊÌ iÃiÊVÀÌiÀ>]ÊÌ iÊ}Ài>ÌiÀÊÌ iÊVwÊ`iViÊÊ
V>ÕÃ>ÊviÀiViÊ>LÕÌÊ>Ê>ÃÃV>Ì°Ê ÃÃÌiÌÊÜÌ ÊÌ iÃiÊVÀÌiÀ>]ÊÌ iÊ7Ê
`iÌwÊi`ÊÃiÛiÀ>ÊÃÃÕiÃÊÃ«iVwÊV>ÞÊÀiiÛ>ÌÊÌÊviÀÀ}ÊV>ÕÃ>ÌÞÊvÀÊ>ÃÃV>ÌÃÊ
ÀÊÌ iÊ>VÊvÊ>ÃÃV>ÌÃ®ÊvÊ ÃÊÌÊ i>Ì Êi>ÃÕÀiÃÊLÃiÀÛi`ÊÊÃÌÕ`iÃÊvÊÜ
iÛiÊi>`ÊiÝ«ÃÕÀi°Ê/ iÃiÊ«ÌiÌ>ÊL>ÃiÃÊ>ÀiÊÌÊÕµÕiÊÌÊÃÌÕ`iÃÊvÊV `ÀiÊ
ÜÌ Ê ÃÊ£äÊ}É`Êi°}°]Ê-Ì Ê£n®°ÊÜiÛiÀ]ÊÌ iÊ>À}iÀÊÕLiÀÊvÊ Õ>Ê>`Ê
iÝ«iÀiÌ>Ê>>ÊÃÌÕ`iÃÊVÕ`}Ê«À>ÌiÊÃÌÕ`iÃ®Ê>`ÊÌ iÊ>ÌÕÀiÊvÊLÃiÀÛi`Ê
i>Ì ÊivviVÌÃÊ>ÃÃV>Ìi`ÊÜÌ Ê } iÀÊ ÃÊ >ÛiÊVVÕÃÛiÞÊ`iÃÌÀ>Ìi`ÊÌ iÊ
>`ÛiÀÃiÊ i>Ì ÊivviVÌÃÊvÊi>`°ÊÜiÛiÀ]Êv>ÀÊviÜiÀÊÃÌÕ`iÃÊvÊ«ÃÃLiÊ i>Ì ÊivviVÌÃÊvÊ
ÃÊ£äÊ}É`Ê >ÛiÊLiiÊV`ÕVÌi`]Ê>`ÊÌ iÊÀi>ÌÛiÊ«ÀÌ>ViÊvÊÃiÊÃÕÀViÃÊ
vÊL>ÃÊ>ÞÊLiÊ}Ài>ÌiÀÊ>ÌÊÌ iÃiÊÜiÀÊiÛiÃ°Ê/ iÀivÀi]ÊÌ iÊÜÀÊ}ÀÕ«ÊVÃ`iÀi`Ê
ÃiÛiÀ>ÊÃÃÕiÃÊÊÌiÀ«ÀiÌ}ÊÌ iÊwÊ`}ÃÊvÊ>Û>>LiÊÃÌÕ`iÃÊÃiiÊ ÃVÕÃÃ®°
ÌÊÌ iÊÌiÊvÊÌ iÊ7½ÃÊÀiÛiÜ]Ê>ÊVÃÀÌÕÊvÊÛiÃÌ}>ÌÀÃÊvÀÊÃiÛiÀ>Ê
}ÌÕ`>ÊÃÌÕ`iÃÊvÊi>`ÊiÝ«ÃÕÀiÊ>`ÊV}ÌÛiÊvÕVÌÊÊV `ÀiÊÜiÀiÊV`ÕVÌ
}Ê>ÊÀi>>ÞÃÃÊvÊ`>Ì>Ê«i`ÊvÀÊÌ iÃiÊÃÌÕ`iÃ°Ê/ iÃiÊÃÌÕ`iÃÊVÕ`i`ÊÃiÀ>Ê
i>ÃÕÀiÃÊvÊL`Êi>`ÊiÛi]ÊV}ÌÛiÊvÕVÌ]Ê>`Ê>Ê>À}iÊÕLiÀÊvÊ«ÌiÌ>Ê
VvÕ`iÀÃ]ÊÌ ÕÃÊ«ÀÛ`}ÊÃÌÀ}iÀÊiÛ`iViÊÌ >ÊÃÊ>Û>>LiÊvÀÊVÀÃÃÃiVÌ>Ê
ÃÌÕ`iÃ°ÊÊvVÕÃÊvÊÌ iÊ«i`ÊÀi>>ÞÃÃÊÛÛi`ÊÃÌÕ`Þ}ÊÌ iÊÃ >«iÊvÊÌ iÊ>ÃÃV>
ÌÊLiÌÜiiÊ«ÃÌ>Ì>Êi>`ÊiÝ«ÃÕÀiÊ>ÌÊÜÊiÛiÃÊ>`Êi>ÃÕÀi`Ê+Ê °Ê>« i>À]Ê
«iÀÃ>ÊVÕV>Ì]ÊÓääÎ®°Ê/ iÊ7ÊÀiÛiÜi`Ê«ÕLÃ i`ÊÀi«ÀÌÃÊvÀÊ`Û`Õ
>ÊV ÀÌÊÃÌÕ`iÃÊvÀÊÜ V Ê`>Ì>ÊÜiÀiÊ«i`]ÊLÕÌÊÌ iÊwÊ>ÊÀiÃÕÌÃÊvÊÌ ÃÊ«i`ÊÀi
>>ÞÃÃÊÜiÀiÊÌÊ>Û>>LiÊvÀÊVÕÃÊÊÌ iÊ7ÊÀi«ÀÌ°ÊQ Ìi\Ê,iÃÕÌÃÊvÊÌ iÊ«i`Ê
Ài>ÞÃÃÊÜiÀiÊ«ÕLÃ i`Ê>« i>ÀÊiÌÊ>ÊÓääx®Ê>vÌiÀÊÌ iÊ7ÊwÊÃ i`ÊÌÃÊÀiÛiÜ°R
iV>ÕÃiÊvÊÌ iÊ>ÌÕÀiÊvÊÌÃÊV >À}i]ÊÌ iÊ7Ê``ÊÌÊ`iÛi«Ê«VÞÊ
ÀiVi`>ÌÃÊÀÊ>``ÀiÃÃÊµÕiÃÌÃÊÀiiÛ>ÌÊÌÊÃÕV ÊÀiVi`>ÌÃ°Ê-ÕV Ê
«VÞÊ`iVÃÃÊ>`ÊµÕiÃÌÃÊÜ]ÊvÊ>««À«À>Ìi]ÊLiÊVÃ`iÀi`ÊLÞÊÌ iÊvÕÊ **Ê
>vÌiÀÊÀiÛiÜ}ÊÌ iÊwÊ`}ÃÊvÊÌ ÃÊÀi«ÀÌ°
x

ÀÌiÀ>ÊvÀÊ,iiÛ>ÌÊ-ÌÕ`iÃ
/ iÊ7ÊÌ>ÞÊVÃ`iÀi`]ÊÌ iÊÀiiVÌi`]ÊÌ}ÊÌÃÊÀiÛiÜÊÌÊÃÌÕ`iÃÊvÀÊ
Ü V Ê«ÕLÃ i`ÊÀiÃÕÌÃÊ«ÀÛ`iÊ`ÀiVÌÊV«>ÀÃÃÊLiÌÜiiÊV `ÀiÊÜÌ ÊÛ>ÀÞ}Ê
ÃÊ£äÊ}É`°Ê-ÕV Ê>ÊÀiÛiÜÊÜÕ`ÊVÕ`iÊ>ÊÀi>ÌÛiÞÊÃ>ÊÕLiÀÊvÊÃÌÕ`iÃ°Ê
ÃÌi>`]ÊÌ iÊ}ÀÕ«Ê`iV`i`ÊÌ >ÌÊÌ iÊ>À}iÀÊÕLiÀÊvÊÃÌÕ`iÃÊÌ >ÌÊ >ÛiÊVÕ`i`Ê
+Ê>ÃÊ>ÊÕÌViÊVÕ`]ÊViVÌÛiÞ]Ê`ÀiVÌÞÊÃÕ««ÀÌÊÀÊÀivÕÌiÊÌ iÊiÝÃÌiViÊ
>ÊÌ ÀiÃ `Êi>ÀÊ£äÊ}É`ÊvÀÊÌ iÊL`Êi>`q+Ê>ÃÃV>Ì°Ê/ iÊÀ>Ì>iÊvÀÊ
Ì ÃÊ>««À>V ÊÃÊL>Ãi`ÊÊÌ >ÌÊÕÃi`ÊÊ>ÊÀiÛiÜÊ>`ÊiÌ>Ài}ÀiÃÃÊÀi«ÀÌi`ÊLÞÊ
-V Ü>ÀÌâÊ£{®Ê>`ÊÕÌi`ÊÊÌ iÊvÜ}Ê«>À>}À>« Ã°
-Õ««ÃiÊÌ >Ì]Ê Þ«Ì iÌV>Þ]Ê>ÊÌ ÀiÃ `ÊiÝÃÌÃÊi>ÀÊ£äÊ}É`]Ê>LÛiÊÜ V Ê
i>Ê+Ê`iVÀi>ÃiÃÊi>ÀÞÊÜÌ ÊVÀi>Ã}ÊL`Êi>`]ÊÜÌ Ê>ÊÃ«iÊiµÕ>ÊÌÊÝÊ>`Ê
LiÜÊÜ V Êi>Ê+ÊÃÊÌÊ>ÃÃV>Ìi`ÊÜÌ ÊL`Êi>`£ÊÃiiÊ}ÕÀiÊ£pÞ«Ì iÃâi`Ê
ºÌÀÕi»ÊÀi>ÌÊ®°ÊÊÃÌÕ`iÃÊvÊV `ÀiÊÜ Ê >ÛiÊ ÃÊ£äÊ}É`]ÊiÃÌ>Ìi`Ê
Ã«iÃÊÜÕ`ÊLi]ÊÊÌ iÊ>LÃiViÊvÊÃ>«}ÊiÀÀÀ]ÊiµÕ>ÊÌÊä°ÊÀÊÃÌÕ`iÃÊÊÜ V Ê
>ÊV `ÀiÊ >ÛiÊ ÃÊ>LÛiÊÌ iÊÌ ÀiÃ `]ÊÌ iÊiÃÌ>Ìi`ÊÃ«iÊÜÕ`ÊLi]Ê>}>Ê
}À}ÊÃ>«}ÊiÀÀÀ]ÊiµÕ>ÊÌÊÝ°ÊÀÊÃÌÕ`iÃÊÊÜ V ÊÃiÊV `ÀiÊ >ÛiÊL`Ê
i>`Ê>LÛiÊ>`ÊÌ iÀÃÊLiÜÊÌ iÊÌ ÀiÃ `]ÊiÃÌ>Ìi`ÊÃ«iÃÊÜÊÛ>ÀÞÊLiÌÜiiÊäÊ>`Ê
ÝÊ>ÃÊÃ ÜÊÊ}ÕÀiÊ£°Ê/ ÕÃ]ÊvÊÀi}ÀiÃÃÊVivwÊViÌÃÊiÃÌ>Ì}ÊÌ iÊ+qL`Êi>`Ê
Ã«iÊ>ÀiÊiÃÃÊi}>ÌÛiÊ>««À>V }Êä®ÊÊ««Õ>ÌÃÊÜÌ ÊÜiÀÊi>Ê ÃÊÌ >Ê
Ê««Õ>ÌÃÊÜÌ Ê } iÀÊi>ÊiÛiÃ]Ê>ÊÌ ÀiÃ `Êi>ÀÊ£äÊÜÕ`ÊLiÊÃÕ}}iÃÌi`°Ê
/ iÊ>LÃiViÊvÊÃÕV Ê>ÊÌÀi`ÊÀÊ>ÊVÀi>ÃiÊÊÃ«iÃÊÜÌ Ê`iVÀi>Ã}Êi>ÊL`Ê
i>`ÊiÛiÊvÊÌ iÊ««Õ>ÌÊÃÌÕ`i`ÊÜÕ`Ê«ÀÛ`iÊiÛ`iViÊ>}>ÃÌÊÃÕV Ê>ÊÌ ÀiÃ `Ê
>`ÊÃÌi>`ÊÃÕ««ÀÌÊºÌÀÕi»ÊÀi>ÌÃÊ Ê>`Ê ]ÊÀiÃ«iVÌÛiÞ°Ê/ ÃÊ`i>Ê Þ«Ì iÌV>Ê
V>ÃiÊ«ÀiÃÕiÃÊÌ >ÌÊivviVÌÊÃâiÃÊvÀÊÌ iÊÃÌÕ`iÃÊV«>Ài`Ê>ÀiÊL>Ãi`ÊÊ`iÃÊÌ >ÌÊ
VÀÀiVÌÞÊÃ«iVvÞÊÌ iÊvÀÊvÊÌ iÊ q+ÊÀi>ÌÊ>`ÊÌ >ÌÊv>VÌÀÃÊÌ >ÌÊ} ÌÊ`vÞÊ
Ì iÊÀi>ÌÊ`ÊÌÊÛ>ÀÞÊ>VÀÃÃÊÃÌÕ`iÃ°
iV>ÕÃiÊvÊÌ ÃÊ>««À>V ]ÊÃÌÕ`iÃÊÌ >ÌÊ>ÃÃiÃÃi`ÊÌ iÊ>ÃÃV>ÌÊLiÌÜiiÊL`Ê
i>`Ê>`Êi>ÃÕÀi`Ê+ÊÜiÀiÊVÕ`i`ÊÊÌ ÃÊÀiÛiÜ]ÊiÛiÊvÊÌ iÊ«ÕLÃ i`ÊÀiÃÕÌÃÊ
``ÊÌÊiÝ>iÊL`Êi>`q+Ê>ÃÃV>ÌÃÊÌi`ÊÌÊ ÃÊ£äÊ}É`Ê>ÃÊÜ>ÃÊÌÀÕiÊ
ÊÃÌÊV>ÃiÃ®°ÊÊ>``Ì>ÊÀi>ÃÊvÀÊVÃ`iÀ}ÊÃÌÕ`iÃÊÌ >ÌÊi>ÃÕÀi`Ê+ÊÜ>ÃÊ
Ì iÊÀi>ÌÃ «ÊvÊ+ÊÌÊÌ iÀÊÕÌViÃÊvÊ«VÞÊ>`Ê«ÕLVÊ i>Ì Ê«ÀÌ>ViÊ
VÕ`}Êi`ÕV>Ì>ÊÃÕVViÃÃÊ>`Êi>À}ÃÊ«ÌiÌ>ÊÀÃÃiÊiÌÊ>°ÊÓääÓ®°Ê iV>ÕÃiÊ
Ì iÊV >ÀÌ ÞÊ-V>iÃÊvÊ `Ài½ÃÊLÌÞÊ- ®ÊiiÀ>Ê }ÌÛiÊ`iÝÊ ®Ê
Ü>ÃÊÕÃi`ÊÊ>ÊÕLiÀÊvÊÃÌÕ`iÃÊÌÊi>ÃÕÀiÊV}ÌÛiÊvÕVÌÊÊ«ÀiÃV ÊV `ÀiÊ
>`ÊLiV>ÕÃiÊ Ê>`Ê+ÊÃVÀiÃÊ >ÛiÊÃ>ÀÊ`ÃÌÀLÕÌÃ]ÊÃÌÕ`iÃÊÕÃ}Ê Ê>ÃÊ>Ê
ÕÌViÊÜiÀiÊ>ÃÊVÕ`i`ÊÊÌ ÃÊÀiÛiÜ°Ê

ÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚ

/ iÊVVi«ÌÊvÊ>ÊÌ ÀiÃ `ÊiÝÃÌ}ÊvÀÊÌ iÊ««Õ>ÌÊ>iÃÊÌÌiÊÃiÃiÊÌÝV}V>ÞÊÃViÊiÛiÊvÊ
`Û`Õ>ÊÌ ÀiÃ `ÃÊiÝÃÌ]ÊÌ iÃiÊ>ÀiÊiÞÊÌÊÛ>ÀÞ°Ê iÌ iiÃÃ]ÊÌ iÊÌ ÀiÃ `ÊVVi«ÌÊ«>ÞÃÊ>Ê>ÀÊ
ÀiÊÊÀi}Õ>ÌÀÞÊÌÝV}Þ]Ê>`ÊÌÊÞÊLiViÃÊVi>ÀÊÊV>ÃiÃÊiÊi>`ÊÌ >ÌÊÃÕV ÊVÃÌÀÕVÌÃÊV>ÊLiÊ
} ÞÊ«ÀLi>ÌV°

£

È

/ iÊvÜ}ÊVÀÌiÀ>ÊÜiÀiÊÕÃi`ÊÌÊÃiiVÌÊÀiiÛ>ÌÊÃÌÕ`iÃÊÌÊÀiÛiÜÊvÀÊÌ ÃÊ
Ài«ÀÌ\
£°Ê

`Êi>`ÊiÛiÃÊÜiÀiÊi>ÃÕÀi`ÊÕÃ}Ê}À>« ÌiÊvÕÀ>ViÊ>ÌVÊ>LÃÀ«ÌÊ
Ã«iVÌÀ« ÌiÌÀÞÊ-®ÊÀÊ>`VÊÃÌÀ««}ÊÛÌ>iÌÀÞ°

Ó°Ê / iÊÃÌÕ`ÞÊÜ>ÃÊ«ÕLÃ i`ÊÊ }Ã °
Ê>``Ì]
ÀÊÃÌÕ`iÃÊÊÜ V Ê+ÊÀÊ ÊÜ>ÃÊ>Êi>ÃÕÀi`ÊÕÌVi]ÊÌ i
Ê

ÃÌÕ`ÞÊ>>ÞÃiÃÊVÕ`i`Ê>Ê>ÃÃiÃÃiÌÊvÊÌ iÊ>ÃÃV>ÌÊLiÌÜiiÊ
ÃÊi>ÃÕÀi`ÊÊV `ÀiÊ>`Ê+ÊÀÊ °

ÀÊÃÌÕ`iÃÊÊÜ V Ê+ÊÀÊ ÊÜ>ÃÊÌÊ>Êi>ÃÕÀi`ÊÕÌVi]ÊÌ i
Ê

ÃÌÕ`ÞÊ>>ÞÃiÃÊVÕ`i`Ê>Ê>ÃÃiÃÃiÌÊvÊÌ iÊ>ÃÃV>ÌÊLiÌÜiiÊ
ÃÊ£äÊ}É`Êi>ÃÕÀi`ÊÊV `ÀiÊ>`Ê>Ê i>Ì ÊÕÌVi°Ê/ iÊ
>ÃÃiÃÃiÌÊVÕ`ÊiÌ iÀÊLiÊvÀ>Êi°}°]Êi>ÀÊ`i}]Êi>ÀÊ
`i}ÊÀiÃÌÀVÌi`ÊÌÊ««Õ>ÌÃÊÜÌ Ê>ÊÀÊ>ÌÊi>ÃÌÊx¯ÊvÊV `ÀiÊ
>Û}Ê ÃÊ£äÊ}É`]ÊÃÌ>ÌÃÌV>ÊV«>ÀÃÊvÊÌÜÊÀÊÀiÊÃÕL
}ÀÕ«ÃÊÜÌ Ê ÃÊ£äÊ}É`®ÊÀÊvÀ>Êi°}°]Ê}À>« V>Ê`Ã«>ÞÊvÊ
ÀiÃÕÌÃÊ«iÀÌÌ}ÊÛÃÕ>Ê>ÃÃiÃÃiÌÊvÊL`Êi>`qÕÌViÊÀi>ÌÊÊ
Ì iÊÀ>}iÊ£äÊ}É`®°

ÌiÀ>ÌÕÀiÊ-i>ÀV
/Ê`iÌvÞÊ«ÌiÌ>ÞÊÀiiÛ>ÌÊ>ÀÌViÃ]Ê>ÊV«Ài iÃÛiÊÀi«ÀÌÊ«ÕLÃ i`ÊLÞÊÌ iÊ
}iVÞÊvÀÊ/ÝVÊ-ÕLÃÌ>ViÃÊ>`Ê Ãi>ÃiÊ,i}ÃÌÀÞÊ/- ,Ê£®ÊÜ>ÃÊÀiÛiÜi`ÊwÊÀÃÌÊ
ÌÊ`iÌvÞÊVÌi`Ê>ÀÌViÃÊÌ >ÌÊÀi>Ìi`ÊÌÊÜiÛiÊi>`ÊiÝ«ÃÕÀiÊÊV `Ài°Ê/ iÊÃÌÊ
vÊ«ÌiÌ>ÞÊÀiiÛ>ÌÊVÌ>ÌÃÊ`iÌwÊi`ÊÊÌ iÊ/- ,ÊÀi«ÀÌÊÜ>ÃÊÃÕ««iiÌi`Ê
LÞÊÌ ÀiiÊV«ÕÌiÀâi`ÊÌiÀ>ÌÕÀiÊÃi>ÀV iÃ]ÊÕÃ}Ê >}ÁÊÌÊÃi>ÀV Êi`i]Ê/ÝwÊi]Ê
>`ÊÌ iÀÊLL}À>« VÊ`>Ì>L>ÃiÃ°Ê-i>ÀV ÊÌiÀÃÊÃiiÊ««i`ÝÊ®ÊÜiÀiÊV ÃiÊÌÊ
`iÌvÞÊ>ÀÌViÃÊÀi«ÀÌ}ÊÊL`Êi>`Êi>ÃÕÀiiÌÃÊ>`ÊiÊÀÊÀiÊ`>ÃÊ
vÊ i>Ì ÊÀi>Ìi`ÊÌÊi>`ÊiÝ«ÃÕÀiÊVÕ`}ÊiÕÀ`iÛi«iÌ]ÊV}ÌÛiÊvÕVÌ]Ê
Ìi}iVi]ÊLi >ÛÀ]Ê}ÀÜÌ ÊÀÊÃÌ>ÌÕÀi]Ê i>À}]ÊÀi>ÊvÕVÌ]ÊL`Ê«ÀiÃÃÕÀi]Ê
iiÊÃÞÌ iÃÃ]Ê i>Ì«iÃÃ]Ê>`Ê6Ì>Ê ÊiÌ>LÃ°Ê/ iÊwÊÀÃÌÊÃi>ÀV Ê
Ã«>i`Ê>ÀÌViÃÊ«ÕLÃ i`ÊvÀÊ£xÊÌ ÀÕ} ÊÓääÓÊ>`Ê`iÝi`Ê>ÃÊvÊ-i«ÌiLiÀÊ
ÓääÓ]ÊÌ iÊÌ Ê>`ÊÞi>ÀÊÌ >ÌÊÌ iÊÌ>ÊÃi>ÀV ÊÜ>ÃÊ«iÀvÀi`°Ê/ iÊÃiV`ÊÃi>ÀV Ê
Ü>ÃÊ«iÀvÀi`ÊÊ«ÀÊÓääÎÊ>`ÊÃ«>i`ÊÌ iÊ«iÀ`ÊÓääÓÊÌ ÀÕ} ÊÌ iÊÃi>ÀV Ê`>Ìi°Ê
ÊÌ À`ÊÃi>ÀV ]ÊÃ«>}ÊÌ iÊÞi>ÀÃÊ£äÊÌ ÀÕ} Ê£È]ÊÜ>ÃÊ«iÀvÀi`ÊÜ iÊ>Ê
ÀiiÛ>ÌÊ>ÀÌViÊÌÊVÌi`ÊÊÌ iÊ/- ,ÊÌÝV}V>Ê«ÀwÊiÊÜ>ÃÊ`iÌwÊi`ÊLÞÊiÊvÊ
Ì iÊÜÀÊ}ÀÕ«ÊiLiÀÃ°ÊÊ>``Ì]Ê«ÌiÌ>ÞÊÀiiÛ>ÌÊ>ÀÌViÃÊÜiÀiÊ`iÌwÊi`Ê
LÞÊÜÀÊ}ÀÕ«ÊiLiÀÃÊ>`ÊÌ ÀÕ} ÊVÌ>ÌÃÊÊ>ÀÌViÃÊ`iÌwÊi`Ê«ÀiÛÕÃÞ°Ê
Ç

LÃÌÀ>VÌÃÊÜiÀiÊÀiÛiÜi`ÊÌ>Þ°ÊvÊÌ iÞÊÜiÀiÊ>L}ÕÕÃÊÀÊvÊÌ iÞÊÃÕ}}iÃÌi`Ê
Ì iÊ>ÀÌViÊÜ>ÃÊÀiiÛ>Ì]ÊvÕÊ>ÀÌViÃÊÜiÀiÊV iVi`ÊvÀÊÀiiÛ>Vi°ÊÀÌViÃÊ`iii`Ê
ÀiiÛ>ÌÊÜiÀiÊ>LÃÌÀ>VÌi`ÊvÀÊÌ ÃÊÀi«ÀÌ°Ê««i`ÝÊÊÃÕ>ÀâiÃÊÌ iÊÕLiÀÊvÊ
«ÃÃLÞÊÀiiÛ>ÌÊÀiviÀiViÃÊ`iÌwÊi`]ÊvÕÊ>ÀÌViÃÊV iVi`ÊvÀÊÀiiÛ>Vi]Ê>`Ê
ÀiiÛ>ÌÊ>ÀÌViÃÊ>LÃÌÀ>VÌi`Ê>`ÊVÃ`iÀi`ÊÊÌ iÊÀiÛiÜ°
-ÌÀÕVÌÕÀi`ÊLÃÌÀ>VÌÃ
ÀÊi>V ÊÀiiÛ>ÌÊÃÌÕ`Þ]Ê>ÊÃÌÀÕVÌÕÀi`ÊÃÌÕ`ÞÊ>LÃÌÀ>VÌÊÜ>ÃÊ«iÀvÀi`ÊÌ >ÌÊ
V>«ÌÕÀi`ÊÌ iÊvÜ}ÊvÀ>Ì\ÊÌ iÊÃÌÕ`ÞÊV>Ì]ÊÃ>«iÊÃâi]Ê>}iÊ>ÌÊÜ V Ê
L`Êi>`ÊÜ>ÃÊi>ÃÕÀi`]Ê>}iÊ>ÌÊÜ V ÊÌ iÊÕÌViÊÜ>ÃÊi>ÃÕÀi`]Ê>Û>>LiÊ
vÀ>ÌÊ>LÕÌÊÌ iÊL`Êi>`Ê`ÃÌÀLÕÌÊVÕ`}Êi>ÊÀÊÌ iÀÊi>ÃÕÀiÊ
vÊViÌÀ>ÊÌi`iVÞ]ÊÛ>À>Vi]Ê>`Ê«iÀViÌÊvÊ«>ÀÌV«>ÌÃÊÜÌ Ê ÃÊ£äÊ}É`®]Ê
Ì iÊVÀÕ`iÊ>`Ê>`ÕÃÌi`ÊÀi}ÀiÃÃÊVivwÊViÌÃÊÀi>Ì}ÊL`Êi>`ÊÌÊÕÌViÊvÊ
>Û>>Li®]ÊÌ iÊÌÞ«iÊvÊ`iÊwÊÌÊi>À]Ê}Êi>À]ÊÀÊÌ iÀ®]Ê>`ÊÌ iÊVÛ>À>ÌiÃÊ
VÕ`i`ÊÊÌ iÊ>`ÕÃÌi`Ê`i°ÊvÊÀi}ÀiÃÃÊVivwÊViÌÃÊÜiÀiÊÌÊ>Û>>Li]ÊÌ iÀÊ
i>ÃÕÀiÃÊvÊ>ÃÃV>ÌÊÀi«ÀÌi`Êi°}°]ÊVÀÀi>ÌÊVivwÊViÌÃ®ÊÜiÀiÊÌi`°Ê iV>ÕÃiÊ
ÃiÊÃÌÕ`iÃÊwÊÌÊÕÌ«iÊL`Êi>`ÕÌViÊ`iÃÊi°}°]ÊV ÀÌÊÃÌÕ`iÃÊÜÌ ÊL`Ê
i>`Ê>`Ê+Êi>ÃÕÀi`Ê>ÌÊÕÌ«iÊ>}iÃ®]ÊÀiiÛ>ÌÊvÀ>ÌÊ>LÕÌÊi>V Ê`iÊ
iÃÌ>Ìi`ÊÜ>ÃÊ>LÃÌÀ>VÌi`°ÊÀÊ+ÊÃÌÕ`iÃ]ÊVÛ>À>ÌiÃÊi>ÃÕÀi`Ê>`ÊÌÊVÕ`i`ÊÊ
>`ÕÃÌi`Ê`iÃÊÜiÀiÊÀiVÀ`i`ÊÜ iÊ>Û>>Li°
,iÛiÜÊvÊ  ÀÌÊ-ÌÕ`ÞÊiÌ `Ã
}ÊÀiiÛ>ÌÊ«ÕLÃ i`ÊÀiÃÕÌÃÊÜiÀiÊÌ ÃiÊvÀÊV ÀÌÊÃÌÕ`iÃÊÃ«iVwÊV>ÞÊ
`iÃ}i`Ê>`ÊV`ÕVÌi`ÊÌÊÃÌÕ`ÞÊÌ iÊÀi>ÌÊvÊ ÃÊÌÊV `Ài½ÃÊV}ÌÛiÊ
vÕVÌÊ>`ÊÌ iÀÊ i>Ì ÊÕÌViÃ°Ê iV>ÕÃiÊÌ iÃiÊÃÌÕ`iÃÊ >`ÊÌ iÊÃÌÀ}iÃÌÊ
>`ÊLiÃÌ`VÕiÌi`ÊÃÌÕ`ÞÊ`iÃ}ÃÊvÀÊÌ ÃÊÀiÛiÜ]ÊiÌ `ÃÊÕÃi`ÊvÀÊL`Êi>`Ê
i>ÃÕÀiiÌÊ>`ÊiÕÀ«ÃÞV }V>Ê>ÃÃiÃÃiÌÊÜiÀiÊÃÕ>Àâi`ÊvÀÊÌ iÃiÊ
ÃÌÕ`iÃ°Ê/ ÃÊvÀ>ÌÊÜ>ÃÊViVÌi`ÊvÀÊ«ÕLÃ i`ÊÃÌÕ`iÃÆÊÊÃiÊV>ÃiÃ]ÊÌ iÊ
ÃÌÕ`iÃÊÜiÀiÊÃÕ««iiÌi`ÊLÞÊvÀ>ÌÊ«ÀÛ`i`ÊÌ ÀÕ} ÊVÀÀiÃ«`iViÊÜÌ Ê
Ì iÊÛiÃÌ}>ÌÀÃ°

,iÃÕÌÃ
-ÌÕ`iÃÊ,i>Ì}Ê*ÃÌ>Ì>Êi>`Ê Ý«ÃÕÀiÊÌÊ+ÊÀÊiiÀ>Ê }ÌÛiÊ
`iÝ
-ÌÕ`iÃÊÊÜ V Ê+ÊÀÊ ÊÜiÀiÊi>ÃÕÀi`Ê>ÃÊ>ÊÕÌViÊ>`ÊÌ iÀÊVÀÌiÀ>Ê
ÜiÀiÊiÌÊVÕ`i`ÊÓÎÊ«ÕLÃ i`ÊÀi«ÀÌÃÊvÀÊ£ÈÊÃi«>À>ÌiÊÃÌÕ`ÞÊ««Õ>ÌÃ°Ê,iÃÕÌÃÊ
vÀÊÌ iÃiÊÃÌÕ`iÃÊ>ÀiÊÃÕ>Àâi`ÊÊ/>LiÊÓÊvÕÊÃV>iÊ+Ê>`Ê ®]Ê/>LiÊÎÊ
«iÀvÀ>ViÊ+®]Ê>`Ê/>LiÊ{ÊÛiÀL>Ê+®°Ê7Ì Êi>V ÊÌ>Li]ÊÀiÃÕÌÃÊ>ÀiÊ}ÀÕ«i`Ê
>VVÀ`}ÊÌÊÌ iÊ>}iÊ>ÌÊL`i>`Êi>ÃÕÀiiÌÊ>`Ê>}iÊ>ÌÊÕÌViÊi>ÃÕÀiiÌÆÊ
n

i>V Ê}ÀÕ«}Ê`Ã«>ÞÃÊÀiÃÕÌÃÊÃÀÌi`Ê>VVÀ`}ÊÌÊÌ iÊi>ÃÕÀiÊvÊViÌÀ>ÊÌi`iVÞÊ
vÊÌ iÊL`i>`Ê`ÃÌÀLÕÌ°Ê iV>ÕÃiÊÃiÊÃÌÕ`iÃÊÕÃi`Êi>ÀÊ`iÃÊ ÃÊÜiÀiÊ
ÕÌÀ>ÃvÀi`®Ê>`ÊÃiÊÕÃi`Ê}i>ÀÊ`iÃÊ ÃÊÜiÀiÊ}ÊÌÀ>ÃvÀi`®]Ê
iÃÌ>Ìi`ÊÀi}ÀiÃÃÊVivwÊViÌÃÊÜiÀi]ÊÜ iÊ«ÃÃLi]ÊÕÃi`ÊÌÊV>VÕ>ÌiÊÌ iÊ
iÃÌ>Ìi`ÊV >}iÊÊ+ÊÀÊ ÊVÀÀiÃ«`}ÊÌÊ>ÊL`Êi>`ÊVÀi>ÃiÊvÀÊxÊÌÊ
£xÊ}É`ÊÌÊ>ÜÊvÀÊV«>ÀÃÃÊ>VÀÃÃÊÃÌÕ`iÃ°Ê Û>À>ÌiÃÊVÕ`i`ÊÊ>`ÕÃÌi`Ê
`iÃÊ>ÀiÊ}ÀÕ«i`ÊÌÊÃiÛiÀ>ÊLÀ>`Ê`>ÃÊÌ >ÌÊÜiÀiÊ>``ÀiÃÃi`ÊÊÃÌÊvÊÌ iÊ
«ÕLÃ i`ÊÃÌÕ`iÃ°
}ÊÃÌÕ`iÃÊÌ >ÌÊ«ÀÛ`i`ÊÀiÃÕÌÃÊvÀÊÌ iÊÃâiÊ>`Ê`ÀiVÌÊvÊÌ iÊ>ÃÃV>ÌÃÊ
LiÌÜiiÊ ÃÊ>`ÊÕÊ-V>iÊ+ÊÀÊ ]ÊÀi}>À`iÃÃÊvÊÃÌ>ÌÃÌV>ÊÃ}wÊV>Vi]Ê
>Ê>ÀÌÞÊÀiÛi>i`ÊÌ >ÌÊLÌ ÊVÀÕ`iÊ>`Ê>`ÕÃÌi`Ê>ÃÃV>ÌÃÊÜiÀiÊVÃÃÌiÌÊ
ÜÌ Ê>Ê>`ÛiÀÃiÊivviVÌp+Ê`iVÀi>ÃiÃÊÜÌ ÊVÀi>Ã}ÊiÛiÃÊvÊL`Êi>`°ÊÊÃÌÊ
V>ÃiÃ]ÊVÛ>À>ÌiÊ>`ÕÃÌiÌÊ>ÌÌiÕ>Ìi`]ÊLÕÌÊ``ÊÌÊi>Ìi]ÊÌ iÃiÊiÃÌ>Ìi`Ê
>ÃÃV>ÌÃ°Ê`}ÃÊvÀÊ«iÀvÀ>ViÊ>`ÊÛiÀL>Ê+ÊÜiÀiÊÃ>À]ÊÜÌ ÊÃiÊ
ÃÌÕ`iÃÊÃ Ü}ÊÃÌÀ}iÀÊ>ÃÃV>ÌÃÊvÊi>`ÊÜÌ Ê«iÀvÀ>ViÊ+Ê>`ÊÌ iÀÃÊÜÌ Ê
ÛiÀL>Ê+°
Ì>LiÊiÝVi«ÌÃÊÌÊÌ ÃÊ«>ÌÌiÀ]Ê ÜiÛiÀ]ÊÜiÀiÊvÕ`°Ê,iÃÕÌÃÊvÀÊÌ iÊ
iÛi>`ÊV ÀÌÊ À >ÀÌÊiÌÊ>°Ê£nÇ]Ê£nn]Ê£n®Ê`V>Ìi`Ê>ÊVÀÕ`iÊÛiÀÃiÊ
>ÃÃV>ÌÊLiÌÜiiÊL`Êi>`Ê>`Ê+ÊLÕÌÊÊ>ÃÃV>ÌÊÜÌ ÊVÛ>À>ÌiÊ>`ÕÃÌiÌ°Ê
ÊÌ iÊ V>ÌÊ>`Ê ÃÌÊV ÀÌÊÃÌÕ`iÃ]Ê ÃÊi>ÃÕÀi`Ê>ÌÊÀÊLiÜÊ£ÓÊÌ ÃÊ
vÊ>}iÊÃ Üi`ÊÊ>ÃÃV>ÌÊÀÊ>ÊÃ} ÌÞÊ«ÃÌÛiÊ>ÃÃV>ÌÊÜÌ ÊVÛ>À>Ìi
>`ÕÃÌi`Ê+Ê iÌÀV ÊiÌÊ>°Ê£ÎÆÊ i}iÀÊiÌÊ>°Ê£Ó®°Ê/ Õ} Ê«ÕLÃ i`ÊÀiÃÕÌÃÊ
vÀÊ>ÊV ÀÌÊÃÌÕ`ÞÊÊ ÃÌ>Ê,V>Ê7vÊiÌÊ>°Ê£{®Ê``ÊÌÊ«ÀÛ`iÊÌ iÊÃâiÊ>`Ê
`ÀiVÌÊvÊÌ iÊiÃÌ>Ìi`ÊL`Êi>`q+ÊÃ«i]ÊÕ«ÕLÃ i`ÊÀiÃÕÌÃÊ«ÀÛ`i`ÊÌÊ
Ì iÊ7Ê``ÊÃ ÜÊVÛ>À>Ìi>`ÕÃÌi`Ê+ÊVÀi>Ã}ÊÜÌ Ê Ê °Êâvv]Ê«iÀÃ>Ê
VÕV>ÌÊÓääÎ®°Ê/ iÊiÃÌ>Ìi`Ê q+Ê>ÃÃV>ÌÊÊÌ iÊÃÛÊV ÀÌÊÜ>ÃÊ
ÃÌÀi}Ì ii`ÊÃÕLÃÌ>Ì>ÞÊÜÌ ÊVÛ>À>ÌiÊ>`ÕÃÌiÌÊ7>ÃÃiÀ>ÊiÌÊ>°Ê£Ç®°
ÊÌÀi`ÊÌÜ>À`Ê>ÌÌiÕ>ÌÊvÊÌ iÊ>ÃÃV>ÌÊLiÌÜiiÊL`Êi>`Ê>`Ê+ÊÀÊ
 ®Ê>VÀÃÃÊÃÌÕ`iÃÊÜÌ Ê`iVÀi>Ã}Ê>ÛiÀ>}iÊ ÃÊÃÊiÛ`iÌÊ}ÕÀiÃÊÓÊ>`ÊÎ®°ÊÊ
iÊvÊÌ iÃiÊÃÌÕ`iÃ]Ê>>ÞÃiÃÊÜiÀiÊ«ÀiÃiÌi`ÊÌ >ÌÊ«ÀÛ`iÊÀiÊ`ÀiVÌÊvÀ>ÌÊ
VViÀ}ÊÌ iÊ>ÃÃV>ÌÊLiÌÜiiÊ Ê>`ÊV}ÌÛiÊvÕVÌÊ>ÌÊ ÃÊ£äÊ}É`°Ê
/ iÊÃÌii«iÃÌÊiÃÌ>ÌiÃÊvÊL`Êi>`q+ÊÃ«iÊvÀÊÌ iÊ,V iÃÌiÀÊ >wÊi`ÊiÌÊ>°Ê
ÓääÎ®ÊÃÌÕ`iÃÊÜiÀiÊL>Ãi`ÊÊ>>ÞÃiÃÊÀiÃÌÀVÌi`ÊÌÊV `ÀiÊÜ ÃiÊi>ÃÕÀi`Ê Ê
iÛiÀÊiÝVii`i`Ê£äÊ}É`°Ê/ iÊiÃÌ>Ìi`ÊÃ«iÊÜ>ÃÊÃÕLÃÌ>Ì>ÞÊ>À}iÀÊÌ >ÊÌ ÃiÊ
iÃÌ>Ìi`ÊvÀÊÌ iÊiÌÀiÊÃÌÕ`ÞÊ««Õ>ÌÊ°ÓÊÛiÀÃÕÃÊx°ÎÊ+Ê«ÌÊÀi`ÕVÌÊ
ÊVÛ>À>ÌiÊ>`ÕÃÌi`Ê+ÊvÀÊ ÊVÀi>ÃiÊvÀÊxÊÌÊ£xÊ}É`®°Ê >wÊi`Ê>`Ê ÃÊ
Vi>}ÕiÃÊÓää{®Ê>ÃÊÀi«ÀÌi`Ê>Êi>ÀÊ`iÊÃÕ««ÀÌ}Ê>ÊÃÌii«iÀÊL`Êi>`q
+ÊÃ«iÊ>ÌÊÜiÀÊiÛiÃ°Ê/ Õ} Ê«ÕLÃ i`Ê>ÃÊ>ÊiÌÌiÀÊÌÊÌ iÊi`ÌÀ]ÊÀ>Ì iÀÊÌ >ÊÊ>Ê
«iiÀÀiÛiÜi`Ê>ÀÌViÊ>`ÊÌ iÀivÀiÊÌÊVÕ`i`ÊÊÌ iÊÃÌÀÕVÌÕÀi`ÊÀiÛiÜ®]ÊÃ>ÀÊ
wÊ`}ÃÊÜiÀiÊÀi«ÀÌi`ÊvÀÊ>ÊÀi>>ÞÃÃÊvÊÌ iÊ ÃÌÊV ÀÌ\Ê>ÊÃÌii«iÀÊ q+Ê
Ã«iÊÊÌ iÊ««Õ>ÌÊvÊV `ÀiÊÜ ÃiÊi>ÃÕÀi`Ê ÃÊiÛiÀÊiÝVii`i`Ê£äÊ}É`]Ê
V«>Ài`ÊÜÌ ÊÌ iÊiÌÀiÊÃÌÕ`ÞÊ««Õ>ÌÊ i}iÀÊiÌÊ>°ÊÓääÎ®°
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ÃÌ>ÌÕÃ°ÊÊvÊÌ iÊ«ÕLÃ i`ÊÀiÃÕÌÃÊvÀÊV ÀÌÊÃÌÕ`iÃÊÜiÀiÊ>`ÕÃÌi`ÊvÀÊiÊ
"LÃiÀÛ>ÌÊvÀÊi>ÃÕÀiiÌÊ ÛÀiÌÊ" ®ÊÃVÀiÊ>`ÊLÀÌ ÊÜi} ÌÆÊ>Ê
iÝVi«ÌÊÌ iÊ ÃÌ>Ê,V>ÊV ÀÌÊÜiÀiÊ>`ÕÃÌi`ÊvÀÊ>Êi>ÃÕÀiÊvÊ>ÌiÀ>ÊÌi}iVi°Ê
ÊÀi>>ÞÃÃÊvÊÌ iÊ`>Ì>ÊvÀÊÌ iÊ ÃÌ>Ê,V>ÊV ÀÌÊÜÌ Ê>`ÕÃÌiÌÊvÀÊ>ÌiÀ>Ê
+ÊÜ>ÃÊVÃÃÌiÌÊÜÌ ÊÌ iÊÀ}>ÊwÊ`}ÊvÊ>ÊÃ}wÊV>ÌÊ«ÃÌÛiÊL`Ê
i>`q+ÊÃ«iÊ °Êâvv]Ê«iÀÃ>ÊVÕV>Ì]ÊÓääÎ®°Ê*Ài>Ì>ÊiÝ«ÃÕÀiÊÌÊ
>ÌiÀ>ÊÃ}ÊÜ>ÃÊ>`ÕÃÌi`ÊÊÌ iÊ>ÀÌÞÊvÊÃÌÕ`iÃ]ÊÜ iÀi>ÃÊÞÊÊÌ iÊ*ÀÌÊ
*ÀiÊV ÀÌÊÜ>ÃÊ>Êi>ÃÕÀiÊvÊ«ÃÌ>Ì>ÊiÛÀiÌ>ÊÌL>VVÊÃiÊiÝ«ÃÕÀiÊ
VÕ`i`°ÊÀÊ`iwÊViVÞÊ>i>ÊÜ>ÃÊVÕ`i`Ê>ÃÊ>ÊVÛ>À>ÌiÊÊÀiÃÕÌÃÊvÀÊÌ iÊ
ÃÌ>Ê,V>ÊÃÌÕ`Þ]ÊÜ V ÊvÕ`ÊÊ>ÃÃV>ÌÊvÊi>`Ê>`Ê+ÆÊÌ iÊÛiÀÃiÊL`Ê
i>`q+Ê>ÃÃV>ÌÃÊÊÌ iÊ,V iÃÌiÀÊÃÌÕ`ÞÊ >wÊi`ÊiÌÊ>°ÊÓääÎ®Ê>`ÊÌ iÊ>À>V Ê
ÃÌÕ`ÞÊ,> >ÊiÌÊ>°ÊÓääÓ®ÊÜiÀiÊ>`ÕÃÌi`ÊvÀÊÃiÀÕÊÌÀ>ÃviÀÀÊÃ>ÌÕÀ>ÌÊ>`Ê
i}L]ÊÀiÃ«iVÌÛiÞ°ÊÊ>``Ì]ÊÊÌ iÊÃÛÊÃÌÕ`ÞÊ7>ÃÃiÀ>ÊiÌÊ>°Ê
£Ç®]Ê>ÌiÀ>ÌÛiÊ`iÃÊÜiÀiÊwÊÌÊÜÌ Ê>`ÕÃÌiÌÊvÀÊ i}L]ÊÀiÃÕÌ}ÊÊÊ
>««ÀiV>LiÊV >}iÊÊÌ iÊi>`ÊVivwÊViÌ°
ÌÊ>ÊÃÌÕ`iÃÊÀi«ÀÌi`ÊÀi}ÀiÃÃÊVivwÊViÌÃÊÌ >ÌÊVÕ`ÊLiÊÕÃi`ÊÌÊiÃÌ>ÌiÊÌ iÊ
V >}iÊÊ+Ê>ÃÃV>Ìi`ÊÜÌ Ê>Ê ÊV >}iÊvÊxÊÌÊ£xÊ}É`]Ê>`ÊÌ iÊÛiÀ>Ê«>ÌÌiÀÊ
vÊÀiÃÕÌÃÊÃÕ>Àâi`Ê>LÛiÊ>`ÊÊ}ÕÀiÃÊÓÊ>`ÊÎÊ} ÌÊ >ÛiÊLiiÊ>ÌiÀi`Ê >`Ê
Ài}ÀiÃÃÊVivwÊViÌÃÊLiiÊ>Û>>LiÊvÀÊ>ÊÃÌÕ`iÃ°ÊÀÊiÝ>«i]Ê>ÊiLiÀÊ
vÊÌ iÊ7Ê«ÀÛ`i`ÊÀiÃÕÌÃÊvÊÀi>>ÞÃÃÊvÊÌ iÊ`>Ì>ÊvÀÊÌ iÊ ÃÌ>Ê,V>ÊV ÀÌ]Ê
Ü V ÊÃ Üi`ÊÊiÛ`iViÊvÊ>ÊÛiÀÃiÊÀi>ÌÊvÊ ÊÌÊ+ÊÜÌ Ê>`ÕÃÌiÌÊvÀÊ
>ÌiÀ>Ê+Ê>`ÊÌ iÀÊVÛ>À>ÌiÃÊÕÃi`ÊÊÌ iÊ«ÕLÃ i`ÊÀiÃÕÌÊ7vvÊiÌÊ>°Ê£{ÆÊ
°Êâvv]Ê«iÀÃ>ÊVÕV>Ì]ÊÓääÎ®°
-ÌÕ`iÃÊvÊi>Ì Ê `«ÌÃÊ"Ì iÀÊÌ >Ê+Ê>`Ê 
ÀiÊÃÌÀ}iÌÊVÀÌiÀ>ÊÜiÀiÊÀiµÕÀi`ÊvÀÊVÕÃÊvÊÃÌÕ`iÃÊÊÌ ÃÊÀiÛiÜÊvÊÌ iÞÊ
>ÃÃiÃÃi`Ê i>Ì Êi`«ÌÃÊÌ iÀÊÌ >Ê}iiÀ>ÊÌi}iViÊ>ÃÊi>ÃÕÀi`ÊLÞÊ+ÊÀÊ °Ê
/ iÃiÊÃÌÕ`iÃÊ>ÀiÊÃÕ>Àâi`ÊÊ/>LiÊxÊ>`Ê>ÀiÊ`iÃVÀLi`ÊÊÌ iÊvÜ}Ê«>À>}À>« Ã°
}ÌÛiÊÕVÌ
>« i>ÀÊiÌÊ>°ÊÓäää®Ê>>Þâi`Ê`>Ì>ÊÊ ÃÊÊ«iÀvÀ>ViÊÊÃÌ>`>À`âi`Ê
ÌiÃÌÃÊvÊV}ÌÛiÊvÕVÌÊvÊ{]nxÎÊV `ÀiÊ>}iÊÈÊÌ ÀÕ} Ê£ÈÊÞi>ÀÃÊÜ ÊÜiÀiÊ
iÛ>Õ>Ìi`Ê>ÃÊ«>ÀÌÊvÊÌ iÊ 
-ÊÊÃÕÀÛiÞ]Ê>ÊÕÌ« >ÃVÊ i>Ì ÊÌiÀÛiÜÊ
>`ÊiÝ>>ÌÊÃÕÀÛiÞÊvÊ>ÊÃÌÀ>ÌwÊi`Ê«ÀL>LÌÞÊÃ>«iÊvÊÌ iÊ1°-°Ê««Õ>Ì]Ê
V>ÀÀi`ÊÕÌÊvÀÊ£nnÊÌ ÀÕ} Ê£{°ÊÊÌ ÃÊ««Õ>Ì]ÊÜÌ Ê>Ê}iiÌÀVÊi>Ê
ÊvÊ£°Ê}É`Ê>`Ên¯ÊvÊV `ÀiÊ >Û}Ê ÃÊ£äÊ}É`]ÊÃ}wÊV>ÌÊÛiÀÃiÊ
Ài>ÌÃÊÜiÀiÊvÕ`ÊLiÌÜiiÊ ÃÊ>`ÊÃVÀiÃÊÊÌ iÊ7`iÊ,>}}ÊV iÛiiÌÊ
/iÃÌÊ7,/®Ê>ÀÌ iÌVÊ>`ÊÀi>`}ÊÃVÀiÃÊ>`ÊÊÌ iÊ7- ,ÊLVÊ`iÃ}Ê>`Ê
`}ÌÊÃ«>ÊÃÕLÃV>iÃ°Ê/ iÊÀi>ÌÃ «ÃÊÜiÀiÊÃÌÀi}Ì ii`ÊÌ iÊÃ«iÃÊLiV>iÊÀiÊ
i}>ÌÛi®Ê>ÃÊ>>ÞÃiÃÊÜiÀiÊ«À}ÀiÃÃÛiÞÊÀiÃÌÀVÌi`ÊÌÊV `ÀiÊÜÌ ÊÜiÀÊ Ã°Ê
-ÌiÊiÌÊ>°ÊÓääÎ®ÊÀi>>Þâi`ÊÌ iÊ`>Ì>ÊÕÃi`ÊLÞÊ>« i>ÀÊiÌÊ>°ÊÓäää®°Ê7 iÊÌ iÊ
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ÀiÃÕÌÃÊÌ iÞÊ«ÀiÃiÌÊ>ÀiÊ>À}iÞÊVÃÃÌiÌÊÜÌ ÊÌ iÊwÊ`}ÃÊvÊ>« i>ÀÊiÌÊ>°]Ê
Ì iÞÊ«ÀÛ`i`Ê>ÊVÀÌµÕiÊvÊÌ iÊÛ>`ÌÞÊvÊÌ iÊ 
-ÊÊ`>Ì>ÊvÀÊiÛ>Õ>Ì}Êi>`
Ài>Ìi`Ê«>VÌÃÊÊiÕÀ«ÃÞV }V>Ê`iÛi«iÌÊÊV `Ài°Ê/ iÀÊVÀÌµÕiÊ``Ê
ÌÊ«ÀÛ`iÊÀiÃÕÌÃÊÌ >ÌÊVÕ`ÊLiÊÃÕ>Àâi`ÊÊÌ iÊÃÌÀÕVÌÕÀi`Ê>LÃÌÀ>VÌÊvÀ>ÌÊÕÃi`Ê
ÊÌ ÃÊÀi«ÀÌ]ÊÃÊ>Ê`ÃVÕÃÃÊvÊÌ iÊ-ÌiÊiÌÊ>°ÊVÀÌµÕiÊÃÊvÕ`ÊÊ««i`ÝÊ °
"Ì iÀÊ iÕÀLi >ÛÀ>Êi>ÃÕÀiÃÊ>`Ê6ÃÕ>ÊÕVÌ
/ ÀiiÊÀi«ÀÌÃÊÌ>ÊiÌÊ>°Ê£nÆÊ7>Ü>ÊiÌÊ>°Ê£nÆÊ7iiÊiÌÊ>°Ê£{®Ê
`iÃVÀLiÊÌ iÊÀi>ÌÊvÊL`Êi>`ÊÌÊÃiÛiÀ>ÊiÕÀLi >ÛÀ>Êi>ÃÕÀiÃÊ>`ÊÌÊ
ÛÃÕ>ÊvÕVÌÊ>ÃÃiÃÃi`ÊÊÎn{ÊÃV ÊV `ÀiÊxÊÌÊÇÊÞi>ÀÃÊvÊ>}iÊÊÌ ÀiiÊVÌiÃÊÊ
>ÃÌiÀÊiÀ>Þ°Ê `Êi>`ÊiÛiÃÊÜiÀiÊ}iiÀ>ÞÊÜ]ÊÜÌ Ê>Ê}iiÌÀVÊi>ÊvÊ
{°ÓxÊ}É`Ê>`Êx¯ÊvÊV `ÀiÊ >Û}Ê ÃÊ£äÊ}É`°Ê7>Ü>ÊiÌÊ>°Ê£n®Ê
Ài«ÀÌi`Ê>ÊÃ}wÊV>ÌÊi}>ÌÛiÊ>ÃÃV>ÌÊLiÌÜiiÊ ÃÊ>`Ê7- ÊÛV>LÕ>ÀÞÊ
ÃÕLÃV>iÊÃVÀiÃ°Ê ÌÕÕÃÊ«iÀvÀ>ViÊÌiÃÌÊv>ÃiÊ«ÃÌÛiÊ>`Êv>ÃiÊi}>ÌÛiÊ
ÀiÃ«ÃiÃÊVÀi>Ãi`ÊÜÌ ÊVÀi>Ã}Ê Ã°Ê"Ì iÀÊi>ÃÕÀiÃÊÛiÀÃiÞÊÀi>Ìi`ÊÌÊ
ÊVÕ`i`Ê«iÀvÀ>ViÊÊ>Ê«>ÌÌiÀÊV«>ÀÃÊÌiÃÌ]ÊwÊ}iÀÊÌ>««}ÊÃ«ii`Ê
7iiÊiÌÊ>°Ê£{®]Ê>`ÊÛÃÕ>ÊiÛi`Ê«ÌiÌ>ÊÌiÀ«i>Ê>ÌiVÞÊÌ>ÊiÌÊ
>°Ê£n®°Êi`iÃ Ê>`ÊVi>}ÕiÃÊ£®ÊvÕ`Ê>ÊÈÊ«ÌÊ`iwÊVÌÊÊÌ iÊiÌ>Ê
iÛi«iÌ>Ê`iÝÊ ®ÊvÊÌ iÊ >ÞiÞÊ-V>iÃÊvÊv>ÌÊ iÛi«iÌÊvÀÊV `ÀiÊ
>}i`Ê£ÓÊÌÊÎÈÊÌ ÃÊÜÌ Ê ÃÊ£äÓ{Ê}É`ÊV«>Ài`ÊÜÌ ÊV `ÀiÊÜ Ê >`Ê ÃÊ
£äÊ}É`°ÊÊÃV>ÌÌiÀ«ÌÊvÊVÛ>À>Ìi>`ÕÃÌi`Ê ÊÛiÀÃÕÃÊL`Êi>`ÊÃÕ}}iÃÌÃÊÌ iÊ
>ÃÃV>ÌÊVÌÕiÃÊ>ÌÊ ÃÊ£äÊ}É`°
iÕÀÌÀ>ÃÌÌiÀÊiÌ>LÌiÊiÛiÃ
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Ài>ÌÊvÊL`Êi>`Ê*L ®ÊÌÊ } iÀÊÕÀ>ÀÞÊ Û>VÊ>V`]Ê>ÊiÕÀÌÀ>ÃÌÌiÀÊ
iÌ>LÌi]ÊÜ>ÃÊvÕ`ÊvÀÊÌ iÊÃÕLÃiÌÊvÊV `ÀiÊÜÌ Ê ÃÊxÊ}É`ÊÛ>ÀiâÊiÌiÊ
iÌÊ>°ÊÓääÓ®°
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iÌÊ>°Ê£®]ÊÕÃ}ÊÌ iÊ 
-ÊÊ`>Ì>]ÊvÕ`ÊÌ >ÌÊ ÃÊÜiÀiÊÛiÀÃiÞÊÀi>Ìi`ÊÌÊ
i} ÌÊ>`ÊÌÊ i>`ÊVÀVÕviÀiViÊ>}ÊV `ÀiÊ£ÊÌÊÇÊÞi>ÀÃÊvÊ>}i°ÊÊLÀÌ ÊV ÀÌÊ
vÊV `ÀiÊÊiÝVÊ >`Ê ÃÊ>`Ê i>`ÊVÀVÕviÀiViÊ>ÃÃiÃÃi`ÊiÛiÀÞÊÈÊÌ ÃÊ
vÀÊÈÊÌÊ{nÊÌ ÃÊvÊ>}i]Ê`ÕÀ}ÊÜ V ÊÌiÊÌ iÊi`>Ê ÊÛ>Ài`ÊvÀÊÇÊÌÊ
£äÊ}É`Ê,Ì iLiÀ}ÊiÌÊ>°Ê£®°ÊÃÌÊ«ÃÌ>Ì>ÊL`Êi>`Êi>ÃÕÀiÃÊÜiÀiÊ
ÛiÀÃiÞÊVÀÀi>Ìi`ÊÜÌ ÊVÛ>À>ÌiÊ>`ÕÃÌi`Ê i>`ÊVÀVÕviÀiVi]ÊÜÌ ÊÌ iÊÃÌÀ}iÃÌÊ
Ài>ÌÊvÕ`ÊLiÌÜiiÊL`Êi>`Ê>ÌÊ>}iÊ£ÓÊÌ ÃÊ>`Ê i>`ÊVÀVÕviÀiViÊ>ÌÊÎÈÊ
Ì Ã°Ê>vÕÀÕÊ>`ÊVi>}ÕiÃÊ£Ç®ÊÀi«ÀÌi`Ê>ÊÃ}wÊV>ÌÊi}>ÌÛiÊ>ÃÃV>ÌÊ
LiÌÜiiÊ Ê>`ÊVÛ>À>Ìi>`ÕÃÌi`Ê i>`ÊVÀVÕviÀiViÊ>`Ê i} ÌÊÊ>Ê««Õ>ÌÊ
vÊV `ÀiÊÜÌ Ê>Êi`>Ê ÊvÊ°nÊ}É`]ÊÜÌ Ê>ÊÃV>ÌÌiÀ«ÌÊÃÕ}}iÃÌ}ÊÌ iÊ
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/ÜÊÃÌÕ`iÃ]ÊLÌ ÊL>Ãi`ÊÊ>>ÞÃiÃÊvÊÌ iÊ 
-ÊÊ`>Ì>]ÊvÕ`Ê>Ê
>ÃÃV>ÌÊLiÌÜiiÊ ÃÊ£äÊ}É`Ê>`Ê>ÌiÀÊ«ÕLiÀÌÞÊÊ}ÀÃ°Ê-iiÛ>ÊiÌÊ>°ÊÓääÎ®Ê
vÕ`ÊÌ >ÌÊ ÃÊvÊÎÊ}É`]ÊV«>Ài`ÊÜÌ Ê£Ê}É`]ÊÜiÀiÊ>ÃÃV>Ìi`ÊÜÌ ÊÃ}wÊV>ÌÊ
`i>ÞÃÊÊLÀi>ÃÌÊ>`Ê«ÕLVÊ >ÀÊ`iÛi«iÌÊÊvÀV>ÊiÀV>Ê>`ÊiÝV>Ê
}ÀÃ°Ê/ iÊÌÀi`ÊÜ>ÃÊÃ>À]ÊLÕÌÊÌÊÃ}wÊV>Ì]ÊvÀÊÃ«>VÊÜ ÌiÊ}ÀÃ°Ê}iÊ>ÌÊ
i>ÀV iÊÜ>ÃÊ>ÃÊ`i>Þi`ÊÊÀi>ÌÊÌÊ } iÀÊ Ã]ÊLÕÌÊÌ iÊ>ÃÃV>ÌÊÜ>ÃÊÞÊ
Ã}wÊV>ÌÊvÀÊvÀV>iÀV>Ê}ÀÃ°Ê7ÕÊiÌÊ>°ÊÓääÎ®ÊÀi«ÀÌi`ÊÃ>ÀÊwÊ`}ÃÊ
vÀÊ}ÀÃÊÊÌ iÊ 
-ÊÊ««Õ>ÌÊLÕÌÊ``ÊÌÊÃÌÀ>ÌvÞÊÌ iÊ>>ÞÃÃÊLÞÊÀ>V>É
iÌ VÊ}ÀÕ«°Ê «>Ài`ÊÜÌ Ê ÃÊÓ°äÊ}É`Ê>`ÊLiÜ]Ê ÃÊvÊÓ°£q{°Ê}É`ÊÜiÀiÊ
>ÃÃV>Ìi`ÊÜÌ ÊÃ}wÊV>ÌÞÊÜiÀÊ``ÃÊvÊ>ÌÌ>}Ê/>iÀÊÓÊÃÌ>}iÊ«ÕLVÊ >ÀÊ>`Ê
i>ÀV iÆÊÜ iÀi>ÃÊÊÛiÀ>Ê>ÃÃV>ÌÊÜÌ ÊLÀi>ÃÌÊ`iÛi«iÌÊÜ>ÃÊÌi`°
iÌ>Ê >ÀiÃ
ÊÌ iÊ 
-ÊÊ««Õ>Ì]ÊÌ iÊ``ÃÊvÊ >Û}Ê`iÌ>ÊV>ÀiÃ]ÊV«>À}Ê
V `ÀiÊ>}iÃÊxq£ÇÊÞi>ÀÃÊÊÌ iÊ``iÊÌiÀÌiÊvÊÌ iÊ Ê`ÃÌÀLÕÌÊÀ>}iÊvÊ
ÃÊ£°Çq{°£Ê}É`®ÊÜÌ ÊÌ ÃiÊÊÌ iÊÜiÃÌÊÌiÀÌi]ÊÜ>ÃÊÃ}wÊV>ÌÞÊiiÛ>Ìi`Ê
``ÃÊÀ>Ìr£°ÎÈ]Êx¯ÊVwÊ`iViÊÌiÀÛ>Ê£°ä£q£°nÎ®ÊÃÃÊiÌÊ>°Ê£®°ÊiiÊ
iÌÊ>°ÊÓääÓ®ÊiÛ>Õ>Ìi`ÊÌ iÊ>ÃÃV>ÌÊLiÌÜiiÊ ÃÊ>`ÊV>ÀiÃÊÊÈq£äÊÞi>ÀÊ`Ê
V `ÀiÊvÀÊÕÀL>ÊVÕÌiÃÊÊi>ÃÌiÀÊ>ÃÃ>V ÕÃiÌÌÃÊi>Ê rÓ°Ê}É`®Ê
>`Ê>ÊÀÕÀ>ÊVÕÌÞÊi>Ê r£°ÇÊ}É`®ÊÊ>i°Ê/ iÞÊvÕ`Ê>ÊÃ}wÊV>ÌÊ
`ÀiVÌÊÀi>ÌÊvÊ ÊÌÊV>ÀiÃÊÊÌ iÊvÀiÀ]ÊLÕÌÊÌÊÌ iÊ>ÌÌiÀÊ««Õ>ÌÊÊÜ V Ê
>ÊÃ}wÊV>ÌÊ`iVÀi>ÃiÊÊV>ÀiÃ½ÊvÀiµÕiVÞÊÜ>ÃÊLÃiÀÛi`ÊÜÌ ÊVÀi>Ã}ÊL`Ê
i>`°ÊÊÌ iÊÕÀL>Ê««Õ>Ì]ÊÌ iÊÌÀi`ÊvÊVÀi>Ã}ÊV>ÀiÃÊÜÌ Ê*L ÊiÛiÊÜ>ÃÊ
iÛ`iÌÊV«>À}ÊV `ÀiÊÜÌ Ê ÃÊvÊ£]ÊÓ]Ê>`ÊÎÊ}É`°
`Ê«ÀiÃÃÕÀiÊ>`ÊÀi>ÊvÕVÌ
}ÊÈÈÌ `ÊV `ÀiÊÊÃÛ]Ê>Ê}À>« Ê`i«VÌ}Ê>`ÕÃÌi`Êi>Ê
ÃÞÃÌVÊ>`Ê`>ÃÌVÊL`Ê«ÀiÃÃÕÀiÊÛiÀÃÕÃÊ ÊÃ Üi`ÊÊVÃÃÌiÌÊÌÀi`Ê>VÀÃÃÊ
{Ê}ÀÕ«ÃÊvÊV `ÀiÊ>««ÀÝ>ÌiÞÊÓnÊ«iÀÊ}ÀÕ«®ÊÜÌ Ê ÃÊÃ«>}Ê>ÊÀ>}iÊvÀÊ
>««ÀÝ>ÌiÞÊxÊÌÊ£äÊ}É`Ê>VÌÀÊÌÛ>ÊiÌÊ>°Ê£È®°ÊÊ>Ê««Õ>ÌÊvÊ£ÓÊÌÊ
£xÞi>À`ÊV `ÀiÊÛ}Êi>ÀÊ>Êi>`ÊÃiÌiÀÊ>`Ê>ÊVÌÀÊ}ÀÕ«]ÊÕÀ>ÀÞÊÀiÌ>Ê
L`}Ê«ÀÌiÊ1, *®ÊÜ>ÃÊvÕ`ÊÌÊLiÊÃ}wÊV>ÌÞÊ>ÃÃV>Ìi`ÊÜÌ Ê ÊÊ>Ê
ÃÌi«ÜÃiÊÀi}ÀiÃÃ°Ê7 iÊÕÀ>ÀÞÊ, *ÊiÝVÀiÌÊÜ>ÃÊiÝ>i`ÊLÞÊ ÊÌiÀÌiÃ]Ê
Ã}wÊV>ÌÞÊÜiÀÊ1, *ÊÜ>ÃÊÃiiÊÊÌ iÊ}ÀÕ«ÊÜÌ Ê ÊÊn°È{Ê}É`ÊV«>Ài`Ê
ÜÌ Ê ÃÊn°È{q£Ó°ÎÊ}É`°
iiÊÃÞÌ iÃÃÊL>ÀiÀÃ
,iÃÊiÌÊ>°Ê£nÇ®ÊÃÌÕ`i`ÊÌ iÊÀi>ÌÃÊvÊ*L ÊÌÊ iiÊÃÞÌ iÃÃÊL>ÀiÀÃÊ
>`ÊÀi«ÀÌi`ÊÊiÛ`iÌÊÌ ÀiÃ `ÊvÀÊ LÌÊvÊ>iÛÕVÊ>V`Ê`i Þ`À>Ì>ÃiÊ
ÃÞÌ iÃÃÊ>ÌÊ*L Ê>ÃÊÜÊ>ÃÊnq£äÊ}É`]ÊÜ iÊÌ iÊÌ ÀiÃ `ÊvÀÊVÀi>Ã}ÊiÀÞÌ ÀVÞÌiÊ
£Ó

«ÀÌ«À« ÞÀÊiÛiÃÊÜ>ÃÊiÛ`iÌÊÊÌ iÊÀ>}iÊvÊ£xqÓäÊ}É`]ÊVÃÃÌiÌÊÜÌ ÊÌ iÀÊ
ÃÌÕ`iÃ]ÊVÕ`}ÊÌÜÊiiÌ}ÊVÀÌiÀ>ÊvÀÊVÕÃÊÊÌ ÃÊÀi«ÀÌÊ,>LÜÌâÊiÌÊ>°Ê
£nÈÆÊ>`ÊiÌÊ>°Ê£nx®°

ÃVÕÃÃ
+ÕiÃÌÊ£\Ê iÃÊ>Û>>LiÊiÛ`iViÊÃÕ««ÀÌÊ>ÊÛiÀÃiÊ>ÃÃV>ÌÊLiÌÜiiÊ
V `Ài½ÃÊL`Êi>`ÊiÛiÃÊ£äÊ}É`Ê>`ÊV `Ài½ÃÊ i>Ì ¶
/ iÊÜi} ÌÊvÊ>Û>>LiÊiÛ`iVi]ÊLÌ Ê`ÀiVÌÊ>`Ê`ÀiVÌ]ÊVi>ÀÞÊv>ÛÀÃÊ>Ê
ÛiÀÃiÊ>ÃÃV>ÌÊLiÌÜiiÊÌ iÃiÊ ÃÊ>`ÊV}ÌÛiÊvÕVÌÊ>}ÊV `Ài°Ê
/ iÊ`ÀiVÌÊiÛ`iViÊViÃÊvÀÊÌ iÊ}Ài>ÌÊ>ÀÌÞÊvÊÃÌÕ`iÃÊÌ >ÌÊ >ÛiÊiÝ>i`Ê
ÃÊÊÀi>ÌÊÌÊÃÌ>`>À`âi`Êi>ÃÕÀiÃÊvÊÛiÀ>ÊV}ÌÛiÊvÕVÌÆÊÌ iÃiÊ
ÃÌÕ`iÃÊÀiÛi>Ê>ÊÛiÀÃiÊÀi>ÌÃ «Ê>`ÊÊÌÀi`ÊÌÜ>À`ÊÜi>iÀÊ>ÃÃV>ÌÃÊ
Ê««Õ>ÌÃÊÜÌ ÊÜiÀÊ Ê`ÃÌÀLÕÌÃ°ÊÀiÊ`ÀiVÌÊiÛ`iViÊvÊÃÕV Ê>Ê
>ÃÃV>ÌÊViÃÊvÀÊ>ÊÀiViÌÊ>>ÞÃÃÊvÊ`>Ì>ÊvÀÊ>ÊV ÀÌÊ`iÃ}i`ÊvÀÊÌ iÊ
ÃÌ>ÀÌÊÌÊÃÌÕ`ÞÊÌ iÊÀi>ÌÊvÊL`Êi>`ÊÌÊV `Ê`iÛi«iÌÊ >wÊi`ÊiÌÊ>°ÊÓääÎ®°Ê
/ ÃÊÃÌÕ`ÞÊ`iÃÌÀ>Ìi`ÊÌ >ÌÊÌ iÊÛiÀÃiÊÀi>ÌÊLiÌÜiiÊ Ê>`ÊV}ÌÛiÊ
vÕVÌÊiÝÃÌÃÊ>`ÊÃÊÃÌÀ}iÀÊ>ÌÊ ÃÊ£äÊ}É`ÊV«>Ài`ÊÜÌ Ê } iÀÊ ÃÆÊÌÊ
>ÃÊ`iÃÊÌÊÃ ÜÊ>ÊÌ ÀiÃ `ÊÜÌ ÊÌ iÊÀ>}iÊvÊÀÕÌiÞÊi>ÃÕÀi`Ê ÃÊLiÜÊ
Ü V ÊÊ>ÃÃV>ÌÊÜ>ÃÊ«ÀiÃiÌ°ÊÊÀiViÌÊiÌÌiÀÊÌÊÌ iÊi`ÌÀÊ`iÃVÀLi`Ê>ÊÀi>>ÞÃÃÊ
vÊÌ iÊ ÃÌÊV ÀÌÊ`>Ì>Ê i}iÀÊiÌÊ>°ÊÓääÎ®ÊÜÌ ÊwÊ`}ÃÊVÃÃÌiÌÊÜÌ Ê
>wÊi`ÊiÌÊ>ÊÓääÎ®°Ê-iÛiÀ>ÊÀiViÌÊ>>ÞÃiÃÊvÊ`>Ì>ÊvÀÊÌ iÊ 
-ÊÊ>`Ê
Ì iÀÊ««Õ>ÌÃÊ>ÃÊ«ÀÛ`iÊ`ÀiVÌÊiÛ`iViÊvÊ>ÃÃV>ÌÃÊÌ >ÌÊ«ÞÊ>`ÛiÀÃiÊ
«>VÌÃÊvÊi>`ÊÊ`V>ÌÀÃÊvÊV `Ài½ÃÊiÕÀV}ÌÛiÊ`iÛi«iÌ]ÊÃÌ>ÌÕÀi]Ê
i>`ÊVÀVÕviÀiVi]Ê`iÌ>ÊV>ÀiÃ]Ê>`ÊÃiÝÕ>Ê>ÌÕÀ>ÌÊÊ}ÀÃ]ÊVVÕÀÀ}Ê>ÌÊ
i>ÃÕÀi`Ê ÃÊ£äÊ}É`°Ê/ Õ} ÊÌ iÊÕLiÀÊvÊÃÌÕ`iÃÊ«ÀÛ`}Ê`ÀiVÌÊiÛ`iViÊ
vÊ>ÃÃV>ÌÃÊ>ÌÊ ÃÊ£äÊ}É`ÊÃÊÌi`Ê>`ÊÃÌÊ>ÀiÊVÀÃÃÃiVÌ>]ÊÌ iÞÊ
«ÀÛ`iÊÃÕ««ÀÌ}ÊiÛ`iViÊvÊ>Ê>ÃÃV>ÌÊÊÌ iÊVÌiÝÌÊvÊÌ iÊÕV Ê>À}iÀÊ
ÕLiÀÊvÊÃÌÕ`iÃÊÌ >ÌÊÀi>ÌiÊÃ} ÌÞÊ } iÀÊiÛiÃÊvÊi>`ÊÊL`ÊÌÊ«>ÀiÌÃÊ
vÊV `Ài½ÃÊ i>Ì °
+ÕiÃÌÊÓ\ÊÀiÊÌ iÊLÃiÀÛi`Ê>ÃÃV>ÌÃÊiÞÊÌÊLiÊV>ÕÃ>¶
/ Õ} ÊÌ iÊÜi} ÌÊvÊiÛ`iViÊv>ÛÀÃÊ>Ê>ÃÃV>ÌÊLiÌÜiiÊV `Ài½ÃÊ ÃÊ
£äÊ}É`Ê>`Ê i>Ì Ê>`]Ê`ii`]ÊÃÕ}}iÃÌÃÊÌ >ÌÊÃÕV ÊÀi>ÌÃ «ÃÊLiViÊÃÌii«iÀÊ
>ÃÊ ÃÊ`iVÀi>Ãi]ÊÌ iÊ7ÊVÃ`iÀi`Ê>ÊÕLiÀÊvÊVViÀÃÊÌ >ÌÊÕÃÌÊLiÊ>``ÀiÃÃi`Ê
ÊÕ`}}ÊÜ iÌ iÀÊÃÕV Ê>ÃÃV>ÌÃÊ>ÀiÊiÞÊÌÊLiÊV>ÕÃ>°Ê/ iÊÜÀÊ}ÀÕ«Ê
VVÕ`i`ÊÌ >ÌÊViVÌÛiÞ]ÊÌ iÃiÊVViÀÃÊ>`ÊÌ>ÌÃÊvÊÌ iÊ>Û>>LiÊiÛ`iViÊ
«ÀiVÕ`iÊ`iwÊÌÛiÊVVÕÃÃÊ>LÕÌÊV>ÕÃ>ÌÊ>`Êi>ÛiÊVÃ`iÀ>LiÊÕViÀÌ>ÌÞÊ
VViÀ}ÊÌ iÊ>}ÌÕ`iÊ>`ÊvÀÊvÊV>ÕÃ>ÊÀi>ÌÃÊÌ >ÌÊ>ÞÊÕ`iÀiÊÌ iÃiÊ
>ÃÃV>ÌÃ°ÊÌÊÌ iÊÃ>iÊÌi]Ê>Û>>LiÊiÛ`iViÊ`iÃÊÌÊÀivÕÌiÊÌ iÊÌiÀ«ÀiÌ>ÌÊ
Ì >ÌÊÌ iÃiÊ>ÃÃV>ÌÃÊ>Ài]Ê>ÌÊi>ÃÌÊÊ«>ÀÌ]ÊV>ÕÃ>°Ê/ iÃiÊÃÃÕiÃÊ>ÀiÊ`ÃVÕÃÃi`Ê
`Û`Õ>ÞÊÊÌ iÊvÜ}ÊÌiÝÌ]ÊvÜi`ÊLÞÊÛiÀ>ÊVVÕÃÃ°
£Î

}VÊ*>ÕÃLÌÞ
Û`iViÊvÀÊiÝ«iÀiÌ>Ê>>Ê>`ÊÊÛÌÀÊÃÌÕ`iÃ]ÊÜ V Ê>ÀiÊÌÊÃÕLiVÌÊ
ÌÊVvÕ`}ÊyÊÕiViÃÊvÊVViÀÊÊ Õ>ÊLÃiÀÛ>Ì>ÊÃÌÕ`iÃ]ÊV>ÊiÃÌ>LÃ Ê
V>ÕÃ>ÌÊ>`Ê`iÌvÞÊiV >ÃÃÊÌ >ÌÊ} ÌÊLiÊ«iÀ>ÌÛiÊÊ Õ>ÃÊ>ÃÃÕ}Ê
>ÊÃÕÌ>LiÊ>>Ê`i°Ê/ ÕÃ]ÊiÛ`iViÊvÀÊiÝ«iÀiÌ>Ê>>Ê>`ÊÊÛÌÀÊ
ÃÌÕ`iÃÊV>Ê i«ÊÌÊ>ÃÃiÃÃÊ«ÌiÌ>Ê`ÃiqÀiÃ«ÃiÊÀi>ÌÃ «ÃÊ>`ÊÌ ÀiÃ `ÃÊ
ÜÌ ÊÌ iÊVÌiÝÌÊvÊ>ÞÊÕViÀÌ>ÌÞÊ>``i`Ê`ÕiÊÌÊÌiÀÃ«iViÃÊiÝÌÀ>«>Ì°Ê
/ iÀivÀi]Ê>Ê«ÀÌ>ÌÊVÃ`iÀ>ÌÊÊÕ`}}ÊÜ iÌ iÀÊ>ÃÃV>ÌÃÊLiÌÜiiÊ
ÃÊ£äÊ}É`Ê>`Ê i>Ì ÊÕÌViÃÊ>ÀiÊiÞÊÌÊÀi«ÀiÃiÌÊV>ÕÃ>ÊÀi>ÌÃ «ÃÊÃÊ
Ü iÌ iÀÊÃÕV ÊÀi>ÌÃ «ÃÊ>ÀiÊL}V>ÞÊ«>ÕÃLiÊÊÌ iÊL>ÃÃÊvÊiÝ«iÀiÌ>Ê
>>Ê>`ÊÊÛÌÀÊÃÌÕ`iÃ°Ê/ iÃiÊÃÌÕ`iÃÊV>Ê>ÃÊ i«ÊÌÊ>ÃÃiÃÃÊ«ÌiÌ>Ê`Ãiq
ÀiÃ«ÃiÊÀi>ÌÃ «ÃÊ>`ÊÌ ÀiÃ `Ã]ÊLÕÌÊiÝÌÀ>«>ÌÊvÀÊÊÛÌÀÊ>`Ê>>Ê
`iÃÊÌÊ Õ>Ê i>Ì ÊÀÃÊ>``ÃÊ>``Ì>ÊÕViÀÌ>ÌÞ°
i>`ÊÃÊÌ iÊÃÌÊiÝÌiÃÛiÞÊÃÌÕ`i`ÊiÛÀiÌ>ÊiÕÀÌÝV>Ì°Ê>Ê
>`ÊÊÛÌÀÊÃÌÕ`iÃÊ >ÛiÊ«ÀÛ`i`Ê>LÕ`>ÌÊvÀ>ÌÊVViÀ}ÊLV iV>Ê
>`Ê« ÞÃ}VÊV >}iÃÊV>ÕÃi`ÊLÞÊi>`°Ê}ÊÜÌ ÊVV>Ê>`Êi«`i}VÊ
`>Ì>]ÊÌ ÃÊiÛ`iViÊ >ÃÊVi>ÀÞÊiÃÌ>LÃ i`ÊÌ >ÌÊi>`ÊÃÊÌÝVÊÌÊÌ iÊ`iÛi«}Ê>`Ê
>ÌÕÀiÊiÀÛÕÃÊÃÞÃÌi°Ê/ iÃiÊ`>Ì>Ê >ÛiÊLiiÊiÝÌiÃÛiÞÊÀiÛiÜi`ÊiÃiÜ iÀiÊ
1- *Ê£nÈÆÊ/- ,Ê£ÆÊ7"Ê£xÆÊ >ÛÃÊiÌÊ>°Ê£ä®Ê>`Ê>ÀiÊÌÊiÝ >ÕÃÌÛiÞÊ
ÀiÛiÜi`Ê iÀi°Ê,>Ì iÀ]ÊÌ ÃÊ`ÃVÕÃÃÊ } } ÌÃÊiÛ`iViÊVViÀ}Ê«ÌiÌ>Ê
iV >ÃÃÊvÊi>`ÊÌÝVÌÞÊ>`Ê`>Ì>ÊvÀÊ>>ÊÃÌÕ`iÃÊÌ >ÌÊ>ÀiÊÀiiÛ>ÌÊÌÊÌ iÊ
L}VÊ«>ÕÃLÌÞÊvÊÌ iÊÌÝVÌÞÊvÊi>`]ÊiÃ«iV>ÞÊÌÊÌ iÊ`iÛi«}ÊiÀÛÕÃÊ
ÃÞÃÌiÃÊvÊV `ÀiÊiÝ«Ãi`Ê>ÌÊ ÃÊ£äÊ}É`°
Ì Õ} ÊÌ iÊ«ÀiVÃiÊiV >ÃÃÊvÊ>VÌÊ>`ÊÌ iÀÊÀi>ÌÛiÊ«ÀÌ>ViÊÊ
`vviÀiÌÊ>viÃÌ>ÌÃÊvÊi>`ÊÌÝVÌÞÊ>ÀiÊÌÊÜÊ`iwÊÌÛiÞ]ÊÊÛÌÀÊÃÌÕ`iÃÊ
`iÃÌÀ>ÌiÊÌ >ÌÊi>`ÊV>ÊÌiÀviÀiÊÜÌ ÊvÕ`>iÌ>ÊLV iV>Ê«ÀViÃÃiÃ°ÊÌÊÌ iÊ
ÃÌÊL>ÃVÊiÛi]Ê>ÞÊvÊÌ iÊ«À«Ãi`ÊiV >ÃÃÊvÊi>`ÊÌÝVÌÞÊÛÛiÊL`}Ê
ÌÊ«ÀÌiÃÊ>`ÉÀÊÌiÀviÀiViÊÜÌ ÊV>VÕÊ`i«i`iÌÊ«ÀViÃÃiÃÊ`ÃÌiÊ£Î®°
ÀÊÃiÊvÊÌ iÊ>`ÛiÀÃiÊ i>Ì ÊivviVÌÃÊvÊi>`Êi°}°]Ê>i>®]ÊÌ iÊi>`>ÃÃV>Ìi`Ê
LV iV>ÊV >}iÃÊÌ >ÌÊVÌÀLÕÌiÊÌÊÌ iÊivviVÌÊÊ Õ>ÃÊ>ÀiÊÜiÊÕ`iÀÃÌ`°Ê
i>`ÊÌiÀviÀiÃÊÜÌ Ê iiÊÃÞÌ iÃÃÊÊ«>ÀÌÊLÞÊL`}ÊÌÊÃÕv Þ`ÀÞÊ}ÀÕ«ÃÊÊÌ iÊ
iâÞiÊ>ÊiÛÕVÊ>V`Ê`i Þ`À>Ì>ÃiÊ ®Ê/- ,Ê£®]ÊÜ V ÊÃÊiÃ«iV>ÞÊ
ÃiÃÌÛiÊÌÊ LÌÊLÞÊi>`ÊiÃÃÊÌ >Êä°xÊVÀiÃÊ«iÀÊÌiÀÊÊÛÌÀ®ÊÕÃiÊ
iÌÊ>°Ê£ÇnÆÊ ÀiÃiÀÊiÌÊ>°Ê£nÓ®°Ê/ ÃÊ LÌÊV>ÕÃiÃÊ`iÌ>Ê>ÊiÛÕVÊ>V`]Ê
>Ê«ÌiÌ>ÊiÕÀÌÝVÊ>}iÌ]ÊÌÊ>VVÕÕ>Ìi°Êi>`Ê>ÃÊ LÌÃÊviÀÀV i>Ì>Ãi]Ê>Ê
iâÞiÊV>Ì>Þâ}ÊÌ iÊVÀ«À>ÌÊvÊÀÊÌÊ«ÀÌ«À« ÞÀÊÌÊvÀÊ ii°Ê/ ÃÊ
 LÌÊ>ÃÊ>ÞÊÛÛiÊi>`ÊL`}ÊÌÊ«ÀÌiÊÃÕv Þ`ÀÞÊ}ÀÕ«Ã°
Ì Õ} Ê>i>Ê>`Ê>VVÕÕ>ÌÊvÊ«ÀÌ«À« ÞÀÊ8ÊÊiÀÞÌ ÀVÞÌiÃÊ>ÀiÊÌ iÊ
ÃÌÊLÛÕÃÊVÃiµÕiViÊvÊ«>Ài`Ê iiÊÃÞÌ iÃÃ]ÊÌ ÃÊ«>Ì Ü>ÞÊVÕ`Ê«>ÞÊ>Ê
ÀiÊÊi>`Ài>Ìi`Ê«>ÀiÌÊvÊViÕ>ÀÊvÕVÌÊÌ ÀÕ} ÕÌÊÌ iÊL`ÞÊ1- *Ê
£{

£nÈ®°Ê ÞÊÌiÀviÀ}ÊÜÌ Ê iiÊÃÞÌ iÃÃÊ>`Ê«iÀ >«ÃÊLÞÊ`ÕV}ÊiâÞiÃÊÌ >ÌÊ
>VÌÛ>ÌiÊ ii]Êi>`ÊV>Ê`iVÀi>ÃiÊÌ iÊiÛiÃÊvÊ iiÊÊL`ÞÊÌÃÃÕiÃÊÜiÀÊiÌÊ>°Ê
£nä®°ÊÊÀi`ÕVÌÊÊÌ iÊL`ÞÊ iiÊ«Ê>ÞÊ«>ÀÊ ii`i«i`iÌÊLV iV>Ê
«ÀViÃÃiÃ]ÊÃÕV Ê>ÃÊViÕ>ÀÊÀiÃ«À>Ì]ÊiiÀ}ÞÊ«À`ÕVÌ]Ê>`ÊÌ iÊvÕVÌÊvÊÌ iÊ
VÞÌV ÀiÊ«{xäÊÝÞ}i>ÃiÊÃÞÃÌiÊÛÛi`ÊÊ`iÌÝwÊV>ÌÊvÊÝiLÌVÃÊ
>`ÊÊÌÀ>ÃvÀ>ÌÊvÊi`}iÕÃÊV«Õ`ÃÊÃÕV Ê>ÃÊÛÌ>Ê Ê«ÀiVÕÀÃÀÃÊ
1- *Ê£nÈ®°
ÀÊÌ iÀÊÀiÊV«iÝÊ i>Ì ÊivviVÌÃÊvÊi>`]ÊÃÕV Ê>ÃÊ«>Ài`ÊiÕÀV}ÌÛiÊ
`iÛi«iÌÊ>`ÊLi >ÛÀ>ÊV >}i]Ê>ÊÕLiÀÊvÊ«>ÕÃLiÊiV >ÃÃÊ >ÛiÊ
LiiÊ`iÃÌÀ>Ìi`ÊÊ>>Ê>`ÊÊÛÌÀÊÃÞÃÌiÃ°Êi>`½ÃÊ«>VÌÊÊiÊÀÊ
ÀiÊLV iV>ÊÃÞÃÌiÃÊii`i`ÊvÀÊÀ>ÊLÀ>Ê`iÛi«iÌÊ>`ÊvÕVÌÊ
VÕ`Ê>VVÕÌÊvÀÊÌ iÊiÕÀLi >ÛÀ>ÊivviVÌÃÊLÃiÀÛi`Ê>ÌÊÜÊiÛiÃÊvÊiÝ«ÃÕÀi°Ê
Ã«iV>ÞÊÃiÃÌÛiÊÌÊi>`ÊÊÛÌÀÊÃÊÌ iÊ>VÌÛ>ÌÊvÊ«ÀÌiÊ>ÃiÊ Ê* ®]Ê>Ê
V>VÕÊ`i«i`iÌÊiâÞi°Êi>`ÊL`ÃÊÀiÊ>Û`ÞÊÌÊ* ÊÌ >ÊÌÃÊ« ÞÃ}VÊ
}>`]ÊV>VÕ]ÊV>ÕÃ}Ê>VÌÛ>ÌÊ>ÌÊ«V>ÀÊVViÌÀ>ÌÃÊÊÛÌÀ°Ê>ÀÛ>VÊ
>`Ê`ÃÌiÊ£nn®°Ê/ iÊÌiÀ>VÌÃÊLiÌÜiiÊi>`ÊiÝ«ÃÕÀiÊ>`Ê* Ê>VÌÛÌÞÊÊ
Ì iÊLÀ>Ê>ÀiÊV«iÝÆÊV ÀVÊi>`ÊiÝ«ÃÕÀiÊ>ÞÊÀi`ÕViÊ>VÌÛÌÞÊvÊ* Ê>ÃÃV>Ìi`Ê
ÜÌ ÊViÊiLÀ>iÃÊÜ iÊVÀi>Ã}ÊVÞÌÃVÊ* Ê>VÌÛÌÞ°Êi>`ÊivviVÌÃÊÊ* Ê
>VÌÛÌÞÊ >ÛiÊLiiÊ«À«Ãi`ÊÌÊi`>ÌiÊ«ÌiÌ>Ê«>VÌÃÊvÊi>`ÊÊViÊ}ÀÜÌ Ê>`Ê
`vviÀiÌ>Ì]ÊVÕ`}ÊÌ >ÌÊvÊiÕÀ>ÊViÃÊ i}Ê>`Ê*ÀiÌâÊÓääÓ®]ÊÌ iÊL`
LÀ>ÊL>ÀÀiÀ]Ê>`Ê}ÌiÀÊ«ÌiÌ>ÌÊ>Ê«ÀViÃÃÊÀi>Ìi`ÊÌÊiÀÞ®ÊÕÃÃ>ÊiÌÊ
>°ÊÓäää®°Êi>`Ê>ÃÊÌiÀviÀiÃÊÜÌ ÊV>VÕ`i«i`iÌÊVÌÀÊvÊiÕÀÌÀ>ÃÌÌiÀÊ
Àii>ÃiÊ>ÌÊ«ÀiÃÞ>«ÌVÊiÀÛiÊÌiÀ>ÃÆÊÌÊ>ÞÊÌ iÀiLÞÊÌiÀviÀiÊÜÌ ÊÃ}>}Ê
LiÌÜiiÊiÕÀÃÊ>`Ê«ÃÃLÞÊÜÌ Ê`iÛi«iÌÊvÊiÕÀ>ÊiÌÜÀÃ°ÊÊLÌ Ê>>Ê
>`ÊÊÛÌÀÊÃÌÕ`iÃ]Êi>`Ê >ÃÊLiiÊ`iÃÌÀ>Ìi`ÊÌÊÌiÀviÀiÊÜÌ ÊiÕÀÌÀ>ÃÌÌiÀÊ
ÃÞÃÌiÃ]ÊVÕ`}ÊÌiÀviÀ}ÊÜÌ Ê`«>iÊL`}Ê>`ÊÌ iÊ LÌÊvÊ
iÌ Þ >Ã«>ÀÌ>ÌiÊ  ®ÊÀiVi«ÌÀÊ>VÌÛÌÞ°
/ iÊ>À}iÊL`ÞÊvÊiÛ`iViÊvÀÊ>>ÊÃÌÕ`iÃÊvÊi>`ÊiÝ«ÃÕÀiÊ>`Ê
iÕÀ`iÛi«iÌÊÃÕ««ÀÌÃÊ>ÊV>ÕÃ>ÊivviVÌÊÌ >ÌÊÃÊ«iÀÃÃÌiÌÊvÜ}ÊiÝ«ÃÕÀiÊ
i>ÀÞÊÊviÊ>`ÊÌ >ÌÊ}iiÀ>ÞÊ«>À>iÃÊ Õ>ÊÃÌÕ`iÃÊÊÌiÀÃÊvÊÌ iÊ`>ÃÊvÊ
vÕVÌÊÌ >ÌÊ>ÀiÊ«>Ài`Ê7"Ê£x®°Ê ViÀ}ÊL`Êi>`qivviVÌÊÀi>ÌÃ «Ã]Ê
`ÀiVÌÊVÀÃÃÃ«iViÃÊV«>ÀÃÃÊvÊ ÃÊV>ÌÊLiÊ>`iÊ >ÛÃÊiÌÊ>°Ê£ä®]Ê>`Ê
ÃÌÊ>>ÊÃÌÕ`iÃÊ`iÃÌÀ>Ì}Êi>`Ài>Ìi`Ê`iÛi«iÌ>ÊiÕÀÌÝVÌÞÊ
ÛÛi`Ê`ÃiÃÊÌ >ÌÊ«À`ÕVi`Ê ÃÊÜiÊ>LÛiÊ£äÊ}É`°ÊÜiÛiÀ]Ê>Û>>LiÊÃÌÕ`iÃÊ
«ÀÛ`iÊÃÌÀ}ÊiÛ`iViÊvÊ>`ÛiÀÃiÊivviVÌÃÊÊ>>ÃÊÜÌ Ê ÃÊi>ÀÊ£äÊ}É`°ÊÌÊ
Ã Õ`ÊLiÊÌi`ÊÌ >ÌÊ ÃÊVÌi`ÊÊ>>ÊÃÌÕ`iÃÊ}iiÀ>ÞÊÛÛiÊi>ÊiÛiÃÊ
>V iÛi`ÊÊiÝ«iÀiÌ>Ê}ÀÕ«ÃÊÜÌ Ê`Û`Õ>Ê>>ÃÊÛ>ÀÞ}]ÊÃiÌiÃÊ
ÃÕLÃÌ>Ì>Þ]Ê>ÀÕ`ÊÌ >ÌÊi>°
 Õ>Ê«À>ÌiÃÊiÝ«iÀiÌ>ÞÊiÝ«Ãi`ÊÌÊi>`Êi>ÀÞÊÊviÊ`iÃÌÀ>ÌiÊ
`ÃiÊÀi>Ìi`Ê«>ÀiÌÃÊÊi>À}Ê>`ÊLi >ÛÀÊ ÕÃ iÊ>`Ê Ü>Ê£ÇÆÊ
,ViÊ£nxÆÊiÛÊ>`Ê >Ê£nÈ®°Ê"iÊÃÌÕ`Þ]ÊÛÛ}ÊiÞÃÊ`Ãi`Ê`ÕÀ}Ê
Ì iÊwÊÀÃÌÊÓääÊ`>ÞÃÊvÊviÊÜÌ Ê£ääÊ}É}É`>ÞÊi>`ÊÀÊxäÊ}É}É`>ÞÊi>`ÊÀiÃÕÌ}Ê
£x

Ê>ÛiÀ>}iÊ«i>Ê ÃÊvÊÓxÊ>`Ê£xÊ}É`ÊÀiÃ«iVÌÛiÞ]ÊÃ Üi`Ê`iwÊVÌÃÊÀi>ÌÛiÊ
ÌÊVÌÀÊiÞÃÊ`Ãirä}É}É`>ÞÊi>`ÆÊ>ÛiÀ>}iÊ«i>Ê rÎÊ}É`®Ê>ÌÊ>}iÊÎÊ
Þi>ÀÃÊÊº`ÃVÀ>ÌÊÀiÛiÀÃ>»ÊÌ>ÃÃÊÌ iÊ>>ÃÊ>ÀiÊÌ>Õ} ÌÊÌÊÀiÃ«`ÊÌÊ>Ê
VÕiÊ>`ÊÌ iÊÌ iÊVÕiÊÃÊV >}i`Ê>`ÊÌ iÊ>LÌÞÊÌÊi>ÀÊÌ iÊiÜÊVÕi]ÊÜÌ Ê>`Ê
ÜÌ ÕÌÊÀÀiiÛ>ÌÊVÕiÃ]ÊÃÊi>ÃÕÀi`®°ÊÌÊÌ iÊÌiÊvÊÌiÃÌ}]Êi>Ê ÃÊÊÌ iÊ
iÝ«Ãi`Ê}ÀÕ«ÃÊ >`Êv>iÊÌÊ£ÎÊ>`Ê££Ê}É`]ÊÀiÃ«iVÌÛiÞ°Ê Ì ÊiÝ«ÃÕÀiÊ}ÀÕ«ÃÊ
Ã Üi`Ê`iwÊVÌÃ]ÊLÕÌÊ`iwÊVÌÃÊÊÌ iÊÜiÀÊiÝ«Ãi`Ê}ÀÕ«ÊÜiÀiÊiÛ`iÌÊÞÊÜÌ Ê
ÀiÊV«iÝÊÌ>ÃÃÊi°}°]ÊVÕ`}ÊÀÀiiÛ>ÌÊVÕiÃ®Ê,ViÊ£nx®°Ê/ iÊÃ>iÊiÞÃÊ
Ã Üi`Ê«iÀÃÃÌiÌÊ«>ÀiÌÃÊ>ÌÊÊÌÊ£äÊÞi>ÀÃÊvÊ>}iÊLiÀÌÊ>`Ê,ViÊ£nÇ®°Ê
Ý«iÀiÌ>ÊÃÌÕ`iÃÊÊÀ>ÌÃÊ >ÛiÊ`iÃÌÀ>Ìi`ÊLi >ÛÀ>ÊivviVÌÃÊ>ÌÊi>Ê ÃÊÊ
vÊ£äqÓäÊ}É`Ê ÀÞ-iV Ì>ÊiÌÊ>°Ê£nxÆÊ ÀViÊ>`Ê ÀÞ-iV Ì>Ê£n®°
/ iÀiÊÃÊÕViÀÌ>ÌÞÊ>LÕÌÊÌ iÊÀi>ÌÃ «ÊvÊÌ iÊÌÃÃÕiÊÀÊViÕ>ÀÊiÛiÃÊvÊi>`Ê
i`ÊÌÊ« ÞÃ}VÊV >}iÃÊÊ>>Ê>`ÊÊÛÌÀÊÃÌÕ`iÃÊÌÊÌ iÊVÀÀiÃ«`}Ê
Õ>ÊL`Êi>`ÊiÛiÊÀiµÕÀi`ÊÌÊ«À`ÕViÊÃÕV ÊiÛiÃÊ>ÌÊÌ>À}iÌÊÃÌiÃ°ÊÌ Õ} Ê
ÃÌÊäÊÌÊ¯®Êi>`ÊÊÜ iÊL`ÊÃÊÊÀi`ÊViÃ]Ê«>Ã>Êi>`ÊiÛiÊiÞÊLiÌÌiÀÊ
ÀiyÊiVÌÃÊi>`ÊÌÀ>ÃviÀÀi`ÊvÀÊLiÊÃÌÀiÃÊ>`Ê>Û>>LiÊvÀÊÌÀ>ÃviÀÊÌÊÌ>À}iÌÊ
ÌÃÃÕiÃÊ >iÊiÌÊ>°Ê£È®°Ê iV>ÕÃiÊÀi`ÊViÃÊ >ÛiÊÌi`ÊV>«>VÌÞÊÌÊ>VVÕÕ>ÌiÊ
i>`]ÊÌ iÊÀi>ÌÊvÊL`Êi>`ÊÌÊ«>Ã>ÊÀÊÃiÀÕÊi>`ÊÃÊi>ÀÊÜÌ ÊÃiÀÕÊ
i>`ÊVÀi>Ã}ÊÀiÊÀ>«`ÞÊ>ÌÊ } iÀÊ ÃÊi}}iÌÌÊ£Î®°ÊÊÃÕLiVÌÃÊÜÌ Ê>Ê
i>Ê ÊvÊ££°Ê}É`]Ê«>Ã>Êi>`ÊiÛiÃÊÀ>}i`ÊvÀÊä°ÎÊÌÊä°Ç¯ÊvÊÜ iÊ ÃÊ
iÀ>`iâÛ>ÊiÌÊ>°Ê£n®°Ê/ iÊÀi>ÌÊvÊ«>Ã>ÊÃiÀÕÊiÛiÃÊÊÌ>VÌÊ>>ÃÊ
ÌÊÌÃÃÕiÊiÛiÃÊi>ÃÕÀi`ÊÊÊÛÌÀÊ`iÃÊÃÊ«ÀL>LÞÊÀiÊV«iÝ°ÊÌÊÃÊ>ÃÊ
ÕViÀÌ>ÊÜ iÌ iÀÊÊÛÌÀÊÃÌÕ`iÃÊ`iÃÌÀ>Ì}Ê«ÃÃLiÊiV >ÃÃÊvÀÊÜiÛiÊ
i>`ÊÌÝVÌÞÊÀiyÊiVÌÊiV >ÃÃÊ«iÀ>ÌÛiÊÊÌ iÊÌ>VÌÊ>>°ÊÀÊiÝ>«i]Ê< >Ê
iÌÊ>°Ê£n®ÊvÕ`ÊÌ >ÌÊi>`ÊÌiÀviÀi`ÊÜÌ Ê* ÊÊV À`Ê«iÝÕÃÊi`Ì i>ÊViÃÊ
Ê>Ê`ÃiÊ`i«i`iÌÊv>Ã ÊÛiÀÊÌ iÊVViÌÀ>ÌÊÀ>}iÊvÊä°££äÊVÀ>À°Ê
ÜiÛiÀ]ÊÊivviVÌÊÊV À`Ê«iÝÕÃÊ* Ê>VÌÛÌÞÊÜ>ÃÊÃiiÊÊ>ÊÊÛÛÊ`i°
VÕÃÃ\Ê/ iÊvÕ`>iÌ>Ê>ÌÕÀiÊvÊLV iV>Ê>`Ê« ÞÃ}VÊV >}iÃÊ
i`ÊÌÊi>`ÊÊÊÛÌÀÊ>`ÊiÝ«iÀiÌ>Ê>>ÊÃÌÕ`iÃÊÕÃÌÀ>ÌiÃÊ«ÌiÌ>Ê
iV >ÃÃÊvÀÊi>`ÊÌÝVÌÞÊÌ >ÌÊ} ÌÊLiÊ«iÀ>ÌÛiÊÊ Õ>ÃÊ>ÌÊÛiÀÞÊÜÊ
iÝ«ÃÕÀiÊiÛiÃ°Ê Ý«iÀiÌ>Ê>>ÊÃÌÕ`iÃÊÃÕ««ÀÌÊÌ iÊL}VÊ«>ÕÃLÌÞÊvÊ
>`ÛiÀÃiÊ i>Ì ÊivviVÌÃÊvÊi>`ÊÊV `ÀiÊ>ÌÊ ÃÊi>ÀÊ£äÊ}É`°ÊÜiÛiÀ]Ê`iwÊÌiÊ
VVÕÃÃÊVViÀ}ÊÌ iÊÀi>ÌÃ «ÊvÊ i>Ì ÊÃÌ>ÌÕÃÊvÊV `ÀiÊ>`Ê ÃÊ£äÊ
}É`ÊV>ÌÊLiÊ`À>ÜÊvÀÊÌ iÃiÊÃÌÕ`iÃÊLiV>ÕÃiÊvÊÌ>ÌÃÊvÊiÝÌÀ>«>Ì}Ê
vÀÊÊÛÌÀÊÃÞÃÌiÃÊÌÊÌ>VÌÊ>>ÃÊ>`ÊvÀÊ>>ÃÊÌÊ Õ>ÃÊ>`ÊLiV>ÕÃiÊ
vÊÌ iÊÌi`Ê>ÕÌÊvÊ`>Ì>Ê>Û>>LiÊvÀÊÃÌÕ`iÃÊvÊ>>ÃÊ`Ãi`ÊÌÊ«À`ÕViÊ>Ê
À>}iÊvÊ ÃÊiÃÃÊÌ >Ê£äÊ}É`°Ê >Ì>ÊvÀÊ«À>ÌiÃ]ÊÜ V ÊV>ÊÃÌÊÀi>`ÞÊLiÊ
iÝÌÀ>«>Ìi`ÊÌÊ Õ>Ã]Ê>ÀiÊiÃ«iV>ÞÊÌi`°
"ÊÌ iÊÌ iÀÊ >`]Ê}ÛiÊÌ iÊÕViÀÌ>ÌÞÊÊiÝÌÀ>«>Ì}Ê>VÀÃÃÊÃ«iViÃ]ÊÌ iÊ
v>VÌÊÌ >ÌÊ>>ÊÌiÃÌÊÃÞÃÌiÃÊV>ÌÊ>ÌV ÊÌ iÊV«iÝÌÞÊvÊi>À}ÊÌ>ÃÃÊv>Vi`Ê
LÞÊÞÕ}ÊV `Ài]Ê>`ÊÌ iÊÀi>ÌÛiÞÊÃ>ÊÀi>ÌÛiÊ`vviÀiViÊÊ ÃÊÃ ÜÊÌÊLiÊ
>ÀvÕÊÊ>>ÃÊ>`ÊÌ ÃiÊ>ÌÊÃÃÕiÊÊV `Ài]Ê>`ÛiÀÃiÊ i>Ì ÊivviVÌÃÊÊV `ÀiÊ
>ÌÊ ÃÊ£äÊ}É`Ê>ÀiÊL}V>ÞÊ«>ÕÃLi°
£È

`Êi>`Êi>ÃÕÀiiÌ
/ iÊ«ÀiVÃÊ>`Ê>VVÕÀ>VÞÊvÊL`i>`Êi>ÃÕÀiiÌÃÊ«iÀvÀi`ÊÊ>Ê
i«`i}VÊÃÌÕ`ÞÊ«>VÌÃÊLÃiÀÛi`ÊÀiÃÕÌÃ°ÊvÊ ÃÊ>ÀiÊÃÞÃÌi>ÌV>ÞÊÛiÀÊÀÊ
Õ`iÀiÃÌ>Ìi`]ÊL>ÃiÃÊÊiÃÌ>Ìi`ÊL`Êi>`ÊÀiÃ«ÃiÊÀi>ÌÃ «ÃÊ>`ÉÀÊÊ
ivviVÌÊÌ ÀiÃ `ÃÊÜÊÀiÃÕÌ°ÊÊL`Êi>`Êi>ÃÕÀiiÌÃÊÛÛiÊÃiÊÀ>`Ê
iÀÀÀ]ÊÜ V ]ÊvÊ>ÊÌÀÕiÊ>ÃÃV>ÌÊLiÌÜiiÊL`Êi>`Ê>`Ê i>Ì ÊiÝÃÌÃ]ÊÜÊÌi`ÊÌÊ
L>ÃÊiÃÌ>ÌiÃÊvÊÌ iÊÀi>ÌÊÌÜ>À`ÊÌ iÊÕÊ°i°]ÊÊivviVÌ®ÊÛ>Õi°Ê/ iÊµÕ>ÌÞÊvÊ
L`Êi>`Êi>ÃÕÀiiÌÃÊÛ>ÀiÃÊLiÌÜiiÊ>LÀ>ÌÀiÃ]ÊLiÌÜiiÊ`vviÀiÌÊ>>ÞÌV>Ê
ÌiV }iÃ]Ê>`ÊLiÌÜiiÊ`vviÀiÌÊÃ«iViÊViVÌÊÌiV µÕiÃ°ÊÊ>``Ì]Ê
>LÀ>ÌÀÞÊ«iÀvÀ>ViÊvÀÊL`Êi>`Ê >ÃÊ«ÀÛi`Ê>Ài`ÞÊÛiÀÊÌ iÊ>ÃÌÊÌ ÀiiÊ
`iV>`iÃÊ>`ÊVÌÕiÃÊÌÊ«ÀÛiÊ>ÃÊiÜÊ>>ÞÌV>ÊÌiV }iÃÊ>ÀiÊ`iÛi«i`°Ê
>V ÊvÊÌ iÃiÊv>VÌÀÃÊLiViÃÊ«ÀÌ>ÌÊÊ>ÃÃiÃÃ}ÊÌ iÊµÕ>ÌÞÊvÊL`i>`Ê
i>ÃÕÀiiÌÃÊÕÃi`ÊÊ«ÕLÃ i`ÊÃÌÕ`iÃ°ÊÊÌ ÃÊÃiVÌ]ÊÃ«iViÊViVÌÊ>`Ê
>LÀ>ÌÀÞÊv>VÌÀÃÊÌ >ÌÊV>Ê>vviVÌÊL`i>`Ê«ÀiVÃÊ>`Ê>VVÕÀ>VÞÊ>ÀiÊVÃ`iÀi`°
/ iÊÜ`iÃ«Ài>`Ê`ÕÃÌÀ>ÊÕÃiÊ>`Ê`Ã«iÀÃ>ÊvÊi>`]Ê«>ÀÌVÕ>ÀÞÊ`ÕÀ}ÊÌ iÊ
>ÃÌÊViÌÕÀÞ]Ê >ÃÊiÃÕÀi`ÊÌ >ÌÊÌÊÃÊ>ÊÕLµÕÌÕÃÊVÌ>>Ì°Ê/ iÀivÀi]ÊÌÊ«ÀiÛiÌÊ
v>Ãi«ÃÌÛiÊÀiÃÕÌÃ]ÊÃÌÀ}iÌÊ«ÀVi`ÕÀiÃÊ>ÀiÊiViÃÃ>ÀÞÊÌÊÀi`ÕViÊiÛÀiÌ>Ê
VÌ>>ÌÊvÊL`ÊViVÌÊ`iÛViÃÊ>`ÊÃÕ««iÃ°Ê ÃiµÕiÌÞ]ÊÛiÕÃÊL`Ê
ViVÌi`ÊÕÃ}ÊiÛ>VÕ>Ìi`ÊÌÕLiÃÊ>`Êii`iÃÊViÀÌwÊi`Ê>ÃÊºi>`vÀii»ÊÃÊVÃ`iÀi`Ê
Ì iÊÃÌÊ>««À«À>ÌiÊÃ«iViÊvÀÊL`Êi>`Êi>ÃÕÀiiÌÃÊ
-ÊÓää£®°Ê
ÜiÛiÀ]ÊViVÌÊvÊÛiÕÃÊL`ÊvÀÊ«i`>ÌÀVÊÃÕLiVÌÃÊÃÊÃiÌiÃÊ`vwÊVÕÌÆÊ
Ì ÕÃ]ÊV>«>ÀÞÊL`ÊvÀÊ>ÊwÊ}iÀÊ«ÕVÌÕÀiÊÃÊÕÃi`ÊÜ`iÞÊvÀÊÃVÀii}Ê«ÕÀ«ÃiÃ°Ê
*ÕLÃ i`ÊÃÌÕ`iÃÊ >ÛiÊV«>Ài`ÊÌ iÊµÕ>ÌÞÊvÊL`Êi>`ÊÀiÃÕÌÃÊvÀÊV>«>ÀÞÊ>`Ê
ÛiÕÃÊÃ«iViÃÊ`À>ÜÊÃÕÌ>iÕÃÞÊ-V iiÀÊiÌÊ>°Ê£{ÆÊ-V vi`ÊiÌÊ>°Ê
£{ÆÊ*>ÀÃÃÊiÌÊ>°Ê£Ç®°Ê7Ì ÊÃÌÀ}iÌÊ«ÀiV>ÕÌÃ]Ê«>ÀÌVÕ>ÀÞÊÀ}ÀÕÃÊ >`Ê
Ü>Ã }]ÊVÌ>>ÌÊiÀÀÀÃÊV>ÊLiÊ i`ÊÌÊ{¯Ê*>ÀÃÃÊiÌÊ>°Ê£Ç®°Ê/ iÀivÀi]Ê
>Ì Õ} ÊÛiÕÃÊL`ÊÃÊ«ÀiviÀ>LiÊvÀÊi«`i}VÊÃÌÕ`iÃÊvÊiÛÀiÌ>Êi>`Ê
iÝ«ÃÕÀi]ÊÕÃiÊvÊV>«>ÀÞÊL`ÊÃÊ>VVi«Ì>LiÊvÊViVÌi`ÊLÞÊÃÌ>vvÊÃ«iV>ÞÊÌÀ>i`Ê
ÊÌ iÊÌiV µÕiÊÕÃ}Ê`iÛViÃÊViÀÌwÊi`Ê>ÃÊºi>`vÀii°»Ê >Ì>ÊÃ Õ`ÊLiÊ«ÀÛ`i`Ê
Ã Ü}Ê>Ê>VVi«Ì>LÞÊÜÊÀ>ÌiÊvÊVÌ>>ÌÊiÀÀÀÃÊ>`ÊÜÊi>ÊL>ÃÊÊÌ iÊ
V>«>ÀÞÊ ÃÊ>ÃÊViVÌi`ÊÕÃ}ÊÌ iÊÃÌÕ`ÞÊ«ÀÌV°
ÕÀÀiÌÞ]ÊÌ ÀiiÊ>>ÞÌV>Ê>««À>V iÃÊÌÊL`Êi>`Êi>ÃÕÀiiÌÊ>ÀiÊÕÃi`\Ê
>ÌVÊ>LÃÀ«ÌÊÃ«iVÌÀiÌÀÞÊ-®ÆÊ>`VÊÃÌÀ««}ÊÛÌ>iÌÀÞÊ-6®]Ê>`Ê
`ÕVÌÛiÞÊVÕ«i`Ê«>Ã>Ê>ÃÃÊÃ«iVÌÀiÌÀÞÊ *-®°ÊÊÌ ÀÕ} Ê`ÃVÕÃÃÊ
vÊÌ iÃiÊ>>ÞÌV>ÊÌiV µÕiÃÊÃÊLiÞ`ÊÌ iÊÃV«iÊvÊÌ ÃÊÀi«ÀÌÆÊ ÜiÛiÀ]Ê>Ê
V«Ài iÃÛiÊ>ÃÃiÃÃiÌÊ >ÃÊLiiÊ«ÕLÃ i`ÊLÞÊÌ iÊ >Ì>Ê ÌÌiiÊvÀÊ
V>Ê>LÀ>ÌÀÞÊ-Ì>`>À`ÃÊ
-ÊÓää£®°Ê ÀiyÊÞ]ÊÌ iÊ`iÀÊyÊ>iÊ>Ìâ>ÌÊ
-ÊiÌ `Ã]ÊÜ V ÊVÕ`iÊ iÝÌÀ>VÌÊ>`Ê iÛiÃÊVÕ«]Ê>ÀiÊiÃÃÊ«ÀiVÃi]Ê
ÜÌ Ê>Ê`iÌiVÌÊÌÊi>ÀÊxÊ}É`ÊvÀÊ iÛiÃÊVÕ«Ê*>ÀÃÃÊ>`Ê->Û°Ê£Î®°Ê
/ ÕÃ]ÊÌ iÞÊ>ÀiÊÌÊÜiÊÃÕÌi`ÊvÀÊiÝ>}ÊÀi>ÌÃ «ÃÊLiÌÜiiÊ ÃÊ£äÊ}É
`Ê>`Ê i>Ì °Ê/ iÊiiVÌÀÌ iÀ>Ê>Ìâ>ÌÊÌiV µÕiÃÊL>Ãi`ÊÊÌ iÊ}À>« ÌiÊ
vÕÀ>ViÊ /-®Ê>ÀiÊÀiÊ«ÀiVÃiÊ>`ÊÀiÊÃiÃÌÛiÊ>`]ÊÌ iÀivÀi]Ê >ÛiÊLiÌÌiÀÊ
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`iÌiVÌÊÌÃ]ÊÌÞ«V>ÞÊ>ÀÕ`Ê£°äÊ}É`°ÊÊ`ÀiVÌÊV«>ÀÃÊLiÌÜiiÊ-6Ê>`Ê
/-ÊÌiV µÕiÃÊ >ÊiÌÊ>°ÊÓää£®ÊÃ ÜÃÊÌ >ÌÊÌ iÊ>ÌÌiÀÊ >ÃÊLiÌÌiÀÊ«ÀiVÃÊ
>`ÊLiÌÌiÀÊ>VVÕÀ>VÞ°Ê iÌ iiÃÃ]ÊÜ iÊ«iÀ>Ìi`ÊÊiÝ«iÀiVi`Ê >`ÃÊ>`ÊÜÌ Ê
>ÊÃÌÀ}iÌÊµÕ>ÌÞÊ>ÃÃÕÀ>ViÉµÕ>ÌÞÊVÌÀÊ+É+ ®Ê«À}À>ÊÌ >ÌÊVÕ`iÃÊ
V>LÀ>ÌÊÃÌ>`>À`ÃÊÌÀ>Vi>LiÊÌÊÌ iÊiÊÛ>ÊÃÌ«iÊ`ÕÌÊ>ÃÃÊÃ«iVÌÀiÌÀÞÊ
 -®]Ê-6ÊV>Ê`iÛiÀÊL`i>`Êi>ÃÕÀiiÌÃÊÜÌ Ê>VVÕÀ>VÞÊ>`Ê«ÀiVÃÊ
ÃÕvwÊViÌÊÌÊiÝ>iÊ i>Ì ÊivviVÌÃÊ>ÌÊ ÃÊ£äÊ}É`Ê,`>ÊiÌÊ>°Ê£nn®°
ÊÀ`iÀÊÌÊ>ÃÃiÃÃÊÌ iÊ>VVÕÀ>VÞÊ>`Ê«ÀiVÃÊvÊL`i>`Êi>ÃÕÀiiÌÃÊ>`iÊ
vÀÊÀiÃi>ÀV Ê«ÕÀ«ÃiÃ]ÊÛiÃÌ}>ÌÀÃÊÃ Õ`Ê«ÀÛ`iÊvÀ>ÌÊÊÌ iÊ>LÀ>ÌÀÞ½ÃÊ
«iÀvÀ>ViÊÊi>ÃÕÀ}ÊiÝÌiÀ>ÊµÕ>ÌÞÊVÌÀÊÃ>«iÃÊ>`ÊÊÌ iÊLiÌÜiiÀÕÊ
ÃÌ>`>À`Ê`iÛ>ÌÊvÀÊÀÕÌiÊµÕ>ÌÞÊVÌÀÊÃ>«iÃÊÌ >ÌÊÃ«>ÊÌ iÊÀiiÛ>ÌÊL`Ê
i>`ÊÀ>}iÊvÀÊ>Ê}ÛiÊÃÌÕ`Þ°
VÕÃÃ\Ê/ iÊiÞÊVÃ`iÀ>ÌÃÊÀiiÛ>ÌÊÌÊÕ`}}ÊÌ iÊ>VVÕÀ>VÞÊ>`Ê
«ÀiVÃÊvÊL`Êi>`Êi>ÃÕÀiiÌÃÊÊ«ÕLÃ i`ÊÃÌÕ`iÃÊVÕ`iÊÌ iÊÌÞ«iÊ>`Ê
µÕ>ÌÞÊvÊL`ÊÃ«iViÊViVÌi`]Ê>>ÞÌV>ÊiÌ `}ÞÊÕÃi`ÊLÞÊÌ iÊ>LÀ>ÌÀÞ]Ê
>`ÊÌiÀ>Ê>`ÊiÝÌiÀ>Ê+É+ Ê«ÀVi`ÕÀiÃÊÊ«>Vi°ÊÀÊÌ iÊ«ÕÀ«ÃiÊvÊÃÌÕ`Þ}Ê
Ì iÊÀi>ÌÃ «ÊLiÌÜiiÊ ÃÊ£äÊ}É`Ê>`Ê i>Ì Êi`«ÌÃÊÛiÕÃÊÃ>«iÃÊ>ÀiÊ
«ÀiviÀÀi`Ê>`ÊV>«>ÀÞÊÃ>«iÃÊ>ÀiÊ>VVi«Ì>LiÊÜÌ ÊiÛ`iViÊvÊ>ÊÀ}ÀÕÃÊ«ÀÌVÊ
ÌÊVÌÀÊVÌ>>ÌÊiÀÀÀÃ°ÊVVi«Ì>LiÊ>>ÞÌVÊiÌ `ÃÊVÕ`iÊiiVÌÀÌ iÀ>Ê
-]Ê-6]Ê>`Ê *-°ÊvÀ>ÌÊÊ>LÀ>ÌÀÞÊ«iÀvÀ>ViÊ°i°]Ê>VVÕÀ>VÞÊ>`Ê
«ÀiVÃ®ÊvÀÊiÝÌiÀ>Ê>`ÊÌiÀ>ÊµÕ>ÌÞÊVÌÀÊ`>Ì>ÊÃ Õ`ÊLiÊ«ÀÛ`i`°
/ÊLiÊVÕ`i`ÊÊÌ ÃÊÀiÛiÜ]ÊÃÌÕ`iÃÊÜiÀiÊÀiµÕÀi`ÊÌÊ >ÛiÊi«Þi`ÊÃÕÌ>LiÊ
i>ÃÕÀiiÌÊiÌ `Ã°ÊÊ>``Ì]ÊÛiÕÃÊÃ>«iÃÊÜiÀiÊÕÃi`ÊvÀÊÃÌÊ«ÃÌ>Ì>Ê
L`Êi>`Êi>ÃÕÀiiÌÃÊÊÌ iÊÀiiÛ>ÌÊV ÀÌÊÃÌÕ`iÃÊ/>LiÊÈ®Ê>`ÊÌ iÀÃÊVÌi`Ê
ÊÌ ÃÊÀi«ÀÌ°ÊÛiÊÌ ÃÊ>`ÊÌ iÊL`Êi>`ÊµÕ>ÌÞÊVÌÀÊ«ÀVi`ÕÀiÃÊÀi«ÀÌi`Ê
ÊÌ iÊÃÌÊvÀ>ÌÛiÊÃÌÕ`iÃ]ÊÌÊÃÊ } ÞÊÕiÞÊÌ >ÌÊÃÞÃÌi>ÌVÊiÀÀÀÃÊÊ
i>ÃÕÀiiÌÊÊÌ iÊÀiiÛ>ÌÊÃÌÕ`iÃÊÜiÀiÊÃÕvwÊViÌÊÌÊL>ÃÊÌ iÊLÃiÀÛi`ÊL`Ê
i>`Ê`ÃÌÀLÕÌÃÊiÕ} ÊÌ >ÌÊ>ÃÃV>ÌÃÊLÃiÀÛi`Ê£äÊ}É`ÊÜiÀiÊ>ÌÌÀLÕÌ>LiÊ
ÌÊ ÃÊ>LÛiÊÌ >ÌÊÌ ÀiÃ `°Ê,>`ÊÛ>À>ÌÊÊ ÃÊ>`ÊÀ>`ÊiÀÀÀÊÊ
Êi>ÃÕÀiiÌÊÜÕ`Ê>iÊÌÊ`vwÊVÕÌÊÌÊViVÌÊÃÕvwÊViÌÊ`>Ì>ÊÌÊ`iÌvÞÊ>Ê
Ì ÀiÃ `]ÊvÊiÊÜiÀiÊÌÊiÝÃÌ°
`Êi>`Ê}iÊ/Ài`]Ê/À>V}]Ê>`ÊviÀiViÊ ViÀ}Ê `Êi>`Ê
pÊ vviVÌÊ,i>ÌÃÊÊ `Ài
}iÀi>Ìi`ÊV >}iÃÊÊV `Ài½ÃÊ ÃÊ>`ÊÜÌ V `ÊVÀÀi>ÌÊvÊL`Êi>`Ê
i>ÃÕÀi`Ê>ÌÊ`vviÀiÌÊ>}iÃÊ>ÞÊyÊÕiViÊLÃiÀÛi`Ê>ÃÃV>ÌÃÊLiÌÜiiÊ Ê>`Ê
i>Ì Ê>ÌÊ>Ê}ÛiÊ>}i°ÊÊ>``Ì]ÊÌ iÊL}VÊ«>VÌÊvÊi>`ÊÊV `ÀiÊÃÊiÞÊ
`iÌiÀi`ÊÌÊÞÊÌÊÌ iÊ Êi>ÃÕÀi`Ê>ÌÊ>ÞÊiÊÌiÊLÕÌ]Ê>Ã]ÊÌ iÊ>}iÃÊ>ÌÊ
Ü V Ê>Ê}ÛiÊiÛiÊVVÕÀÃÊ>`ÊÌ iÊ`ÕÀ>ÌÊvÊiÝ«ÃÕÀi°
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1`iÀÊÃÌÊiÝ«ÃÕÀiÊÃVi>ÀÃ]ÊV `Ài½ÃÊ ÃÊÃ ÜÊ>ÊV >À>VÌiÀÃÌVÊ>}iÊÌÀi`°Ê
ÊiÜLÀ½ÃÊ ÊÜÊ>À}iÞÊÀiyÊiVÌÊÌ iÊ ÊvÊÌÃÊÌ iÀ°Ê iV>ÕÃiÊ>`ÕÌÊÜiÊ
Ìi`ÊÌÊ >ÛiÊÜiÀÊ ÃÊÌ >ÊÞÕ}ÊV `Ài]ÊÕLV>ÊVÀ`Ê ÃÊ>ÀiÊ}iiÀ>ÞÊ
ÜiÀÊÌ >Ê ÃÊ`ÕÀ}ÊV ` `°Ê ÕÀ}ÊÌ iÊ>ÌÌiÀÊ >vÊvÊÌ iÊwÊÀÃÌÊÞi>ÀÊvÊvi]Ê
ÜiÛiÀ]ÊV `Ài½ÃÊ ÃÊLi}ÊÌÊVÀi>ÃiÊ>ÃÊÌ iÊv>ÌÊLiViÃÊÀiÊ>VÌÛi]Ê
Li]Ê>`ÊiÝ«Ãi`ÊÌÊ>LiÌÊi>`°Ê/ iÊÃiÌÊvÊ>LÕ>ÌÊ`ÕÀ}ÊÌ ÃÊ«iÀ`ÊÃÊ
iÞÊÌÊLiÊ«ÀÌ>Ì]Ê>ÃÊ>ÀiÊ«>ÞÊ«>ÌÌiÀÃÊÌ >ÌÊLÀ}ÊÌ iÊV `ÊÌÊVÌ>VÌÊÜÌ Ê
iÛÀiÌ>Êi`>ÊÃÕV Ê>ÃÊi>`VÌ>>Ìi`Ê`ÕÃÌÊ>`ÊÃÃ°Ê"Ì iÀÊv>VÌÀÃÊÌ >ÌÊ
>vviVÌÊiÝ«ÃÕÀiÊVÕ`iÊÌ iÊVÀi>Ãi`Ê >`ÌÕÌ Ê>VÌÛÌÞÊvÊV `Ài]ÊVÕ`}Ê
Ì iÊ«À>VÌViÊvÊi>Ì}ÊºÊ«>Vi]»Ê°i°]ÊÊ«>ÞÊ>Ài>Ã°Ê* ÞÃ}VÊv>VÌÀÃ]ÊÃÕV Ê>ÃÊÀiÊ
ivwÊViÌÊ>LÃÀ«ÌÊvÊ}iÃÌi`Êi>`ÊÊV `ÀiÊV«>Ài`ÊÜÌ Ê>`ÕÌÃ]Ê>`ÊÌ iÀÊ
}Ài>ÌiÀÊv`Ê>`Ê>ÀÊÌ>iÊÊ>ÊL`ÞÊÜi} ÌÊL>ÃÃÊ} ÌÊ>ÃÊVÌÀLÕÌiÊÌÊÌ iÊi>ÀÞÊ
«ÃÌ>Ì>ÊÀÃiÊÊ °
/ iÊi>Ê ÊÜÌ Ê>ÊÃÌÕ`ÞÊÃ>«iÊ}iiÀ>ÞÊ«i>ÃÊ`ÕÀ}Ê£nÊÌÊÎÈÊÌ ÃÊ
vÊ>}i]Ê>`ÊÃÜÞÊ`iViÃÊÛiÀÊÌ iÊiÝÌÊviÜÊÞi>ÀÃ°Ê/ ÃÊL`Êi>`Ê«ÀwÊiÊÃÊÃiiÊ
>}ÊiVV>ÞÊ`Ã>`Û>Ì>}i`ÊÕÀL>ÊÀÌÞÊV `ÀiÊ iÌÀV ÊiÌÊ>°ÊÓää£®Ê
>`Ê>}ÊV `ÀiÊÛ}Êi>ÀÊi>`ÊÃiÌiÀÃÊ}ÕÀiÊ{®Ê/}ÊiÌÊ>°Ê£È®°ÊÊ
V ÀÌÃÊÜÌ ÊiÝÌÀiiÞÊ } ÊiÝ«ÃÕÀiÃ]ÊÌ iÊL`Êi>`Ê`iViÊ} ÌÊLiÊÛiÀÞÊ}À>`Õ>Ê
i°}°]Ê7>ÃÃiÀ>ÊiÌÊ>°Ê£Ç®°ÊÊÌ iÊ V>ÌÊ-ÌÕ`Þ]ÊÌ iÊÃ>iÊ}iiÀ>Ê«ÀwÊiÊ
Ü>ÃÊiÛ`iÌÊÊi>V ÊvÊvÕÀÊÃÌÀ>Ì>Ê`iwÊi`ÊLÞÊ>ÛiÀ>}iÊviÌiÊ ]ÊÃÕ}}iÃÌ}ÊÌ >ÌÊ
ÌÊÃ]ÊÌÊÃiÊiÝÌiÌ]Ê`i«i`iÌÊvÊÌ iÊÛiÀ>ÊiÛiÊvÊiÝ«ÃÕÀi°Ê/ ÃÊL`Êi>`Ê
«ÀwÊiÊ >ÃÊÌÊLiiÊLÃiÀÛi`ÊÊ>ÊÃÌÕ`ÞÊV ÀÌÃ]Ê ÜiÛiÀ°ÊÊÌ iÊ ÃÌÊ-ÌÕ`Þ]ÊvÀÊ
iÝ>«i]Êi>Ê ÊÛ>Ài`Ê>Þ]ÊvÀÊÈ°ÓÊÌÊÇ°ÈÊ}É`]ÊvÀÊLÀÌ ÊÌ ÀÕ} ÊxÊ
Þi>ÀÃÊvÊ>}iÊ,>LÜÌâÊiÌÊ>°Ê£n{ÆÊ i}iÀÊiÌÊ>°Ê££®°
"iÊ«V>ÌÊvÊÌ iÊÌÞ«V>Ê«ÀwÊiÊÃÊÌ >ÌÊ>ÝÕÊiÛiÊÃÊvÌiÊ>ÃÃV>Ìi`Ê
ÜÌ Ê>}i]ÊVÃÌÌÕÌ}Ê>ÊLÃÌ>ViÊÌÊ>ÊivvÀÌÊÌÊ`iÌvÞÊ>}iÃ«iVwÊVÊÛÕiÀ>LÌÞÊ
ÌÊi>`ÊÌÝVÌÞ°Ê «Õ`}ÊÌ ÃÊV >i}iÊÃÊÌ >Ì]ÊÕ`iÀÊ>ÞÊiÝ«ÃÕÀiÊÃVi>ÀÃÊ
«>ÀÌVÕ>ÀÞÊÌ ÃiÊÛÛ}Ê } iÀÊiÝ«ÃÕÀiÃ®]ÊÌÀ>`Û`Õ>ÊÃÌ>LÌÞÊvÊ Ê
Ìi`ÃÊÌÊLiÊÃÕLÃÌ>Ì>°Ê/ >ÌÊÃ]Ê ÊÌi`ÃÊÌÊºÌÀ>V]»ÊÃÊÌ >ÌÊv]Ê>ÌÊÌiÊ£]ÊV `ÊÊ
>ÃÊ>Ê } iÀÊ ÊÌ >ÊV `Ê ]ÊV `ÊÊÃÊiÞÊÌÊ >ÛiÊ>Ê } iÀÊ ÊÌ >ÊV `Ê Ê
>ÌÊÌiÊÓÊ>ÃÊÜi°Ê/ ÕÃ]ÊV `Ài½ÃÊÀ>ÊÀ`iÀ}ÊÌi`ÃÊÌÊLiÊÃ>ÀÊÛiÀÊÌiÊiÛiÊ
Ì Õ} ]ÊÊ>LÃÕÌiÊÛ>Õi]Ê ÊÀÃiÃÊ>`Êv>ÃÊÛiÀÊÌ iÊVÕÀÃiÊvÊV ` `°Ê}>]Ê
ÜiÛiÀ]ÊÌ iÊ`i}ÀiiÊvÊÌÀ>`Û`Õ>ÊÃÌ>LÌÞÊÛ>ÀiÃÊvÀÊV ÀÌÊÌÊV ÀÌ°ÊÊ
Ì iÊ ÃÌÊ-ÌÕ`ÞÊV ÀÌ]ÊvÀÊÃÌ>Vi]ÊÌ iÊiÝÌiÌÊÜ>ÃÊÌi`ÆÊÌ ÃÊÃÌ>LÌÞÊÃÊiÞÊ
>ÌÌÀLÕÌ>LiÊÌÊÌ iÊ}iiÀ>ÞÊÜÊ ÃÊvÊÌ iÊÃÌÕ`ÞÊ««Õ>ÌÊ,>LÜÌâÊiÌÊ>°Ê
£n{®°
Ê Êi>ÃÕÀi`Ê>vÌiÀÊÎÈÊÌ ÃÊvÊ>}iÊÜ]ÊÊ>ÛiÀ>}i]ÊLiÊÜiÀÊÌ >ÊÌ iÊ Ê
Ì >ÌÊÜÕ`Ê >ÛiÊLiiÊi>ÃÕÀi`ÊvÊ>ÊV `½ÃÊL`ÊLiiÊÃ>«i`ÊÃiÌiÊ`ÕÀ}Ê
Ì iÊ£nÊÌÊÎÈÊÌ Ê«iÀ`°Ê-Õ««Ãi]Ê ÜiÛiÀ]ÊÌ >ÌÊÌ iÊVÀÌV>Ê«iÀ`ÊÜÌ ÊÀi}>À`ÊÌÊ
«À`ÕV}Ê>Ê>`ÛiÀÃiÊ i>Ì ÊÕÌViÊÃÊÌ iÊ£nÊÌÊÎÈÊÌ Ê«iÀ`]Ê>`ÊÌ >Ì]ÊÊ>Ê
ÃÌÕ`ÞÊV`ÕVÌi`Ê«ÃÌÎÈÊÌ Ã]Ê>ÊÛiÀÃiÊ>ÃÃV>ÌÊÃÊÌi`ÊLiÌÜiiÊVVÕÀÀiÌÊ
Ê>`Ê>Ê i>Ì Êi`«Ì°ÊvÊÌ iÊVVÕÀÀiÌÊ ÊÃÊÌ iÊÞÊ`iÝÊvÊi>`ÊiÝ«ÃÕÀiÊ
£

ÃÌÀÞÊ>Û>>Li]ÊL>Ã}Ê>Ê`ÃiqivviVÌÊ>ÃÃiÃÃiÌÊÊÌÊÜ]ÊÌÊÌ iÊiÝÌiÌÊÌ >ÌÊÌ iÊ
>ÌÕÀ>Ê ÃÌÀÞÊvÊ ÃÊÊÌ iÊÃÌÕ`ÞÊV ÀÌÊvÜÃÊÌ iÊV>V>ÊvÀÊÕÃÌÀ>Ìi`Ê
>LÛi]ÊÀiÃÕÌÊÊ>ÊÕ`iÀiÃÌ>ÌiÊvÊÌ iÊ ÊÀiÃ«ÃLiÊvÀÊ>ÞÊ>`ÛiÀÃiÊ i>Ì Ê
ivviVÌÃÊÌi`Ê>ÌÊÌ iÊÌiÊvÊÀÊÃÕLÃiµÕiÌÊÌÊL`ÊÃ>«}°ÊÊÌ iÀÊÜÀ`Ã]ÊiÊ
ÜÊVVÕ`iÊÌ >ÌÊ>`ÛiÀÃiÊ i>Ì ÊivviVÌÃÊVVÕÀÊ>ÌÊÜiÀÊ ÃÊÌ >ÊÃÊÌ iÊV>Ãi°ÊÀÊ
ÃÌ>Vi]Ê>ÃÃÕiÊÌ >ÌÊÌ iÊÛiÀÃiÊ>ÃÃV>ÌÊÃ ÜÊÊ}ÕÀiÊxÊ `ÃÊLiÌÜiiÊ+Ê
>`ÊVVÕÀÀiÌÊL`Êi>`ÊÊ>ÊVÀÃÃÃiVÌ>ÊÃÌÕ`ÞÊvÊÈÊÞi>ÀÊ`Ã°
v]Ê ÜiÛiÀ]ÊÌ iÊ ÊvÊi>V ÊV `ÊÜ>Ã]ÊÊ>ÛiÀ>}i]ÊxÊ}É`Ê}Ài>ÌiÀÊ>ÌÊ>}iÊÓÊÌ >Ê
>ÌÊ>}iÊÈ]Ê>`Ê>}iÊÓÊÃÊÌ iÊÌiÊvÊ}Ài>ÌiÃÌÊÌÝV}VÊÃ}wÊV>ViÊ°i°]ÊÌÊÃÊ>}iÊ>ÌÊ
Ü V Êi>`ÊiÝ«ÃÕÀiÊ«À`ÕVi`ÊÌ iÊ+Ê`iwÊVÌÊLÃiÀÛi`Ê>ÌÊ>}iÊÈ®]ÊÌ iÊÌ iÊ`ÃiqivviVÌÊ
Ài>ÌÃ «ÊÌ >ÌÊÕ`iÀiÃÊÌ iÊ>ÃÃV>ÌÊÃiiÊ>ÌÊ>}iÊÈÊÜÕ`ÊLiÊÀiÊ>VVÕÀ>ÌiÞÊ
`iÃVÀLi`Ê>ÃÊÊ}ÕÀiÊÈ°
/ ÃÊ`>Ì>ÃiÌÊÜÕ`ÊÌ ÕÃÊÌÊLiÊvÀ>ÌÛiÊÜÌ ÊÀiÃ«iVÌÊÌÊÌ iÊvÕVÌ>ÊvÀÊvÊ
Ì iÊ`ÃiqivviVÌÊÀi>ÌÃ «Ê>ÌÊiÛiÃÊLiÜÊ£äÊ}É`ÊÃv>ÀÊ>ÃÊ Þ«Ì iÌV>Þ®Ê>Ê
V `ÀiÊ >`Ê>Ê Ê}Ài>ÌiÀÊÌ >Ê£äÊ}É`Ê>ÌÊ>}iÊÓ°
"Ì iÀÊÕViÀÌ>ÌiÃÊ>««ÞÊÌÊÌiÀ«ÀiÌ}ÊL`Êi>`q i>Ì Ê>ÃÃV>ÌÃÊÀÊ
>VÊvÊ>ÃÃV>ÌÃ®ÊLÃiÀÛi`Ê>ÌÊ>ÞÊ«ÌÊÊÌi°ÊÀÃÌ]ÊÌ iÊÀi>ÌÊvÊ>}iÊÌÊ
ÛÕiÀ>LÌÞÊÌÊi>`ÊÌÝVÌÞÊÃÊÌÊÜiÊÕ`iÀÃÌ`°ÊÃÊ Ê`ÕÀ}ÊÌ iÊ>}iÊ«iÀ`Ê
£nÊÌÊÎÈÊÌ ÃÊÀiÊÌÝV}V>ÞÊVÀÌV>ÊÌ >Ê>Êi>ÃÕÀiÊvÊVÕÕ>ÌÛiÊviÌiÊ
iÝ«ÃÕÀi]ÊÃÕV Ê>ÃÊÌ iÊ>Ài>ÊÕ`iÀÊÌ iÊVÕÀÛiÊÀÊÃiÊÌ iÀÊiÝ«ÃÕÀiÊ`iÝ¶ÊÃ]ÊÌÊÃÊ
«ÃÃLiÊÌ >ÌÊÌ iÊVÀÌV>Ê>}iÊÛ>ÀiÃÊÜÌ Ê`Ãi]Ê i>Ì Êi`«Ì]ÊÀÊÃV`i}À>« VÊ
v>VÌÀÃ°ÊÛ>>LiÊÃÌÕ`iÃÊ`ÊÌÊ«ÀÛ`iÊVÃÃÌiÌÊ>ÃÜiÀÃÊÌÊÌ iÃiÊµÕiÃÌÃ°Ê
ÀÊiÝ>«i]ÊÊÌ iÊ ÃÌÊV ÀÌ]ÊL`Êi>`Ê>ÌÊ>}iÊÓ{ÊÌ ÃÊÜ>ÃÊÃÌÊÃÌÀ}ÞÊ
Ài>Ìi`ÊÌÊ+Ê>ÌÊ>}iÊ£äÊÞi>ÀÃÊ i}iÀÊiÌÊ>°Ê£Ó®]ÊÜ iÀi>ÃÊÊÌ iÊ*ÀÌÊ*ÀiÊ
 ÀÌ]ÊÌ iÊviÌiÊ>ÛiÀ>}iÊ ÊÌ ÀÕ} Ê>}iÊxÊÞi>ÀÃÊÜ>ÃÊÃÌÊ«Ài`VÌÛiÊvÊ+Ê>ÌÊ
>}iÊ££ÊÌÊ£ÎÊÞi>ÀÃ°
vÊ£nÊÌÊÎÈÊÌ ÃÊÃÊÌ iÊVÀÌV>Ê>}iÊvÊiÝ«ÃÕÀi]ÊÌ iÀiÌV>Þ]ÊÌÊÃÊ«ÃÃLiÊÌÊ
º>`ÕÃÌ»Ê>ÊLÃiÀÛi`ÊL`Êi>`Ê`ÃÌÀLÕÌÊi>ÃÕÀi`Ê>ÌÊ>}iÊÈÊLÞÊÃiÊvÕVÌÊ
ÌÊÀiyÊiVÌÊÌ iÊ`ÜÜ>À`ÊÌÀi`ÊÊ ÊÜÌ Ê>}iÊ>`ÊiÃÌ>ÌiÊÌ iÊL`Êi>`Ê
`ÃÌÀLÕÌÊ>ÌÊ>Ê`vviÀiÌÊ>}i]Êi°}°]Ê>}iÊÓÊÞi>ÀÃ®°ÊÜiÛiÀ]Ê>ÊºiÊÃâiÊwÊÌÃÊ>»Ê
>`ÕÃÌiÌÊiÞÊÃÊÌÊ>««À«À>ÌiÊvÀÊ>ÊV `Ài°ÊÀiÛiÀ]ÊÌ iÊ>««À«À>ÌiÊ
>`ÕÃÌiÌÊÃÊiÞÊÌÊLiÊÃÌÕ`ÞÃÌiÃ«iVwÊVÊ°i°]Ê`i«i`ÊÊÌ iÊiÞÊiÝ«ÃÕÀiÊ
ÃÕÀViÃÊ>`Ê«>Ì Ü>ÞÃÊvÊ>Ê«>ÀÌVÕ>ÀÊÃÌÕ`ÞÊV ÀÌ®°
ÌÊÜÕ`ÊLiÊ«ÃÃLiÊÌÊ}iÌÊ>Ê}iiÀ>ÊÃiÃiÊvÊ ÜÊ>VVÕÀ>ÌiÞÊ«>ÃÌÊ«i>ÊiÝ«ÃÕÀiÊV>Ê
LiÊiÃÌ>Ìi`ÊvÀÊV `ÀiÊÊVÀÃÃÃiVÌ>ÊÃÌÕ`iÃÊLÞÊÕÃ}Ê`>Ì>ÊViVÌi`ÊÊ«ÀÃ«iVÌÛiÊ
ÃÌÕ`iÃÊÊÜ V ÊL`Êi>`ÊÜ>ÃÊi>ÃÕÀi`ÊvÀiµÕiÌÞÊ`ÕÀ}ÊÌ iÊ«iÀ`ÊÃ«>}ÊLÀÌ ÊÌÊ
ÃV >}i°Ê Ý>}ÊÌ iÊ`ÃÌÀLÕÌÊvÊÌ iÊ`vviÀiViÃÊLiÌÜiiÊ ÃÊi>ÃÕÀi`Ê>ÌÊ>}iÃÊ
£nÊÌÊÎÈÊÌ ÃÊ>`Ê>ÌÊ>}iÊÈÊÜÕ`ÊÃÕ}}iÃÌÊÌ iÊ>ÕÌÊvÊiÝ«ÃÕÀiÊÃV>ÃÃwÊV>ÌÊÌ >ÌÊ
ÜÕ`ÊÀiÃÕÌÊvÀÊ>««Þ}Ê>ÊVÃÌ>ÌÊ>`ÕÃÌiÌÊv>VÌÀ°

Óä

VÕÃÃ\Ê iV>ÕÃiÊvÊ>}iÊÌÀi`ÃÊÊL`Êi>`Ê>`ÊÌ iÊÌi`iVÞÊvÊ ÃÊ
ÌÊºÌÀ>V»ÊÜÌ Ê`Û`Õ>ÊV `Ài]ÊviÀiViÃÊ`À>ÜÊvÀÊVÀÃÃÃiVÌ>Ê
>ÃÃV>ÌÃÊLiÌÜiiÊL`Êi>`Ê>`Ê i>Ì Ê>ÌÊ>Ê}ÛiÊ>}iÊÃ Õ`ÊLiÊÌiÀ«ÀiÌi`Ê
V>ÕÌÕÃÞÊLiV>ÕÃiÊvÊÌ iÊyÊÕiViÊvÊiÞÊ } iÀÊ ÃÊVVÕÀÀ}Êi>ÀiÀÊÊvi°ÊÌÊ
>ÞÊLiÊ«ÃÃLiÊÌÊ>««ÞÊ`>Ì>ÊÊ>}iÊÌÀi`ÃÊ>`ÊÜÌ ÃÕLiVÌÊVÀÀi>ÌÊvÊL`Ê
i>`ÊÌÊiÃÌ>Ìi]ÊvÀÊ>ÊLÃiÀÛi`ÊL`Êi>`q i>Ì Ê>ÃÃV>Ì]ÊÌ iÊ>««ÀÝ>ÌiÊ
Ài>ÌÊÌÊ ÃÊ>ÌÊ>Êi>ÀiÀÊ>}i°ÊÜiÛiÀ]ÊLiV>ÕÃiÊ>}iÊÌÀi`ÃÊ>`ÊÌ iÊiÝÌiÌÊvÊ
ºÌÀ>V}»ÊvÊL`Êi>`ÊiÛiÃÊÛ>ÀÞÊvÀÊiÊ««Õ>ÌÊÌÊ>Ì iÀ]ÊÌÊÃÊÌÊ«ÃÃLiÊ
ÌÊiÃÌ>ÌiÊÜÌ ÊVwÊ`iViÊÌ iÊ`ÃÌÀLÕÌÊvÊL`Êi>`ÊiÛiÃÊi>ÀiÀÊÊviÊvÀÊ>ÞÊ
}ÛiÊ««Õ>ÌÊÜ ÃiÊL`Êi>`ÊiÛiÃÊÜiÀiÊÞÊi>ÃÕÀi`Ê>ÌÊiÊ«ÌÊÊÌi°ÊvÊ
Ì iÊÞÊÀiiÛ>ÌÊÃÌÕ`iÃÊ>Û>>LiÊ>ÀiÊL>Ãi`ÊÊVÀÃÃÃiVÌ>Ê`>Ì>Êi°}°]Ê`>Ì>ÊvÀÊ

-Ê®]Ê>}iÊÌÀi`ÃÊ>`ÊºÌÀ>V}»ÊvÊ ÃÊÜÕ`ÊÀi«ÀiÃiÌÊ>ÊÃÕLÃÌ>Ì>Ê
V >i}iÊÌÊviÀÀ}Ê>ÊV>ÕÃ>ÊÊLiÌÜiiÊ ÃÊ£äÊ}É`Ê>`Ê>`ÛiÀÃiÊ i>Ì Ê
«>VÌÃ°ÊÜiÛiÀ]ÊÀiViÌÞÊ«ÕLÃ i`ÊÀiÃÕÌÃÊvÀÊÌÜÊV ÀÌÊÃÌÕ`iÃÊ >wÊi`ÊiÌÊ
>°ÊÓääÎÆÊ i}iÀÊiÌÊ>°ÊÓääÎ®ÊÃ Üi`ÊÛiÀÃiÊ>ÃÃV>ÌÃÊLiÌÜiiÊ ÃÊi>ÃÕÀi`Ê
i>ÀÞÊÊviÊÈÊÌÊÓ{ÊÌ ÃÊ>`ÊÓ{ÊÌ Ã]ÊiÌV°®Ê>`Ê+Êi>ÃÕÀi`Ê>ÌÊ`iÀÊ
>}iÃÊ>}ÊV `ÀiÊÜ ÃiÊi>ÃÕÀi`Ê ÃÊ``ÊÌÊiÝVii`Ê£äÊ}É`°Ê/ iÀivÀi]Ê
>ÃÃV>ÌÃÊLÃiÀÛi`ÊÊVÀÃÃÃiVÌ>ÊÃÌÕ`iÃÊVÌi`ÊÊÌ ÃÊÀi«ÀÌÊiÞÊ`ÊÌÊ
iÝVÕÃÛiÞÊÀiÃÕÌÊvÀÊÌ iÊ«>VÌÊvÊ } iÀÊ ÃÊiÝ«iÀiVi`Êi>ÀiÀÊÊvi°
+Õ>ÌÞÊvÊ iÕÀLi >ÛÀ>ÊÃÃiÃÃiÌÃ
ÃÊÜÌ ÊL`Êi>`ÊiÝ«ÃÕÀi®Êi>ÃÕÀiiÌÃ]ÊÌ iÊ>VVÕÀ>VÞ]Ê«ÀiVÃ]Ê>`Ê
VÃÃÌiVÞÊvÊiÕÀLi >ÛÀ>Ê>ÃÃiÃÃiÌÃÊV>ÊyÊÕiViÊLÃiÀÛi`ÊL`Êi>`
ÕÌViÊÀi>ÌÃ°ÊÊÀ`iÀÊÌÊÕ`}iÊÜ iÌ iÀÊÌ iÊ`>Ì>ÊvÀÊ>ÊÃÌÕ`ÞÊÃ Õ`ÊLiÊ
VÃ`iÀi`ÊÊV >À>VÌiÀâ}ÊÌ iÊvÕVÌ>ÊvÀÊvÊÌ iÊ`ÃiqivviVÌÊÀi>ÌÃ «Ê>ÌÊ
ÃÊ£äÊ}É`]ÊiÊÜÕ`ÊiÊÌÊ >ÛiÊ>VViÃÃÊÌÊÌ iÊvÜ}ÊvÀ>ÌÊ>LÕÌÊ
Ì iÊV`ÕVÌÊvÊÌ iÊiÕÀLi >ÛÀ>Ê>ÃÃiÃÃiÌÃ\
UÊ ÃÃÕÀ>ViÊÌ >ÌÊiÝ>iÀÃÊÜiÀiÊL`i`ÊÌÊ>Ê>Ã«iVÌÃÊvÊV `Ài½ÃÊi>`Ê
iÝ«ÃÕÀiÊ ÃÌÀiÃ°
UÊ / iÊ>ÃÃiÃÃiÌÊÃiÌÌ}°ÊÃÃiÃÃiÌÃÊV>ÊLiÊÃÌ>`>À`âi`ÊÜ iÊV>ÀÀi`ÊÕÌÊ
Ê>Ê Ã«Ì>]Êi} LÀ `Ê i>Ì ÊViÌiÀ]ÊÀÊVÕÌÞÊViÌiÀ]ÊLÕÌÊ>ÞÊLiÊ
`vwÊVÕÌÊÌÊÃÌ>`>À`âiÊÊ>Ê«>ÀÌV«>Ì½ÃÊ i°
UÊ

ÃÃiÌ>ÃÊvÊÌ iÊ«ÀViÃÃÊLÞÊÜ V Ê>ÊiÝ>iÀÊÜ>ÃÊÌÀ>i`]ÊVÕ`}ÊÌ iÊ
VÀÌiÀÊÕÃi`ÊÌÊViÀÌvÞÊ>ÊiÝ>iÀÊi°}°]Ê«iÀViÌÊ>}ÀiiiÌÊÊ>ÊÌiLÞ
ÌiÊL>ÃÃÊÜÌ ÊÃiÊ}`ÊÃÌ>`>À`]Ê>ÛiÀ>}iÊ`vviÀiViÊÊÃVÀiÃÊ>ÃÃ}i`Ê
V«>Ài`ÊÜÌ Ê}`ÊÃÌ>`>À`]ÊVÀÀi>ÌÊÜÌ Ê}`ÊÃÌ>`>À`ÊÊÌiÀÃÊvÊ
ÃVÀiÃÊ>ÃÃ}i`®°

UÊ / iÊ«>Ê«iiÌi`ÊvÀÊÃÕ«iÀÛÃÊvÊÌiÃÌÊ>`ÃÌÀ>ÌÊÛiÀÊÌ iÊ
VÕÀÃiÊvÊ`>Ì>ÊViVÌÊi°}°]Ê«iÀ`VÊLÃiÀÛ>ÌÊvÊÌiÃÌÊÃiÃÃÃ]ÊÛiÊÀÊLÞÊ
Û`iÌ>«i®°
Ó£

UÊ / iÊ«>Ê«iiÌi`ÊvÀÊÃÕ«iÀÛÃÊvÊÌiÃÌÊÃVÀ}ÊÛiÀÊÌ iÊVÕÀÃiÊvÊ`>Ì>Ê
ViVÌÊi°}°]Ê`ÕLiÊÃVÀ}ÊvÊ>ÊÃ>«iÊvÊ«ÀÌVÃ®°
UÊ / iÊÕLiÀÊvÊiÕÀLi >ÛÀ>ÊiÝ>iÀÃÊÕÃi`ÊÛiÀÊÌ iÊVÕÀÃiÊvÊ`>Ì>Ê
ViVÌ°
UÊ vÊÀiÊÌ >ÊiÊ>ÃÃiÃÃÀÊÜ>ÃÊÕÃi`]ÊÜ iÌ iÀÊÌ iÊ`>Ì>Ê>>ÞÃÃÊ«>ÊVÕ`i`Ê
iÛ>Õ>ÌÊvÊ>Êº>ÃÃiÃÃÀ»ÊivviVÌÊ°i°]Ê>ÃÊ>Ê>ÊivviVÌÊ>`Ê>ÃÊ>Ê`wÊiÀÊvÊ
i>`½ÃÊ>ÃÃV>ÌÊÜÌ Êi`«ÌÃ®°
7 iÊÃiÊ >ÛiÊ>À}Õi`ÊÌ >ÌÊiÕÀLi >ÛÀ>ÊiÝ>iÀÃÊÃ Õ`Ê >ÛiÊ
«ÀviÃÃ>ÊµÕ>wÊV>ÌÃÊi°}°]Ê>Õv>ÊÓää£ÊVÌiÃÊÌ iÊii`ÊvÀÊ>ÊVV>ÊÜÌ Ê
}À>`Õ>ÌiiÛiÊÌÀ>}ÊÊ«ÃÞV iÌÀVÃ]ÊiÕÀ«ÃÞV }Þ]ÊiÌV°®]ÊÌ iÊ*À>VÌViÊ
ÌÌiiÊvÊÌ iÊiÀV>ÊV>`iÞÊvÊ V>Ê iÕÀ«ÃÞV }ÞÊÃÕ««ÀÌÃÊÌ iÊ
Ü`iÃ«Ài>`Ê«À>VÌViÊvÊÕÃ}Ê`VÌÀ>ÊiÛiÊ«iÀÃi]ÊÜÌ Ê>««À«À>ÌiÊÌÀ>}Ê
>`ÊÃÕ«iÀÛÃÊLÞÊ>Ê`VÌÀ>iÛiÊ«ÃÞV }ÃÌ]ÊÊÌ iÊ>`ÃÌÀ>ÌÊ>`ÊÃVÀ}Ê
vÊVV>ÊiÕÀ«ÃÞV }V>ÊiÛ>Õ>ÌÃÊ À>`ÌÊiÌÊ>°Ê£®°
ÃÃÕ}ÊiÝ>iÀÃÊ>ÀiÊL`i`ÊÀi}>À`}Ê Ã]ÊÃÌÊ«ÀLiÃÊÜÌ ÊµÕ>ÌÞÊ
vÊiÕÀLi >ÛÀ>Ê>ÃÃiÃÃiÌÊÜÕ`ÊLiÊiÝ«iVÌi`ÊÌÊ>ÃÊÀÊÕ`iÀiÃÌ>ÌiÊÌÀÕiÊ
>ÃÃV>ÌÃÊÀ>Ì iÀÊÌ >ÊVÀi>ÌiÊÃ«ÕÀÕÃÊiÃ°ÊÌÊÃÊ«ÃÃLi]ÊvÀÊiÝ>«i]ÊÌ >ÌÊ
ÕÃiÊvÊ«ÀviÃÃ>ÊiÝ>iÀÃÊ} ÌÊÌÀ`ÕViÊÃiÊÌÊÌ iÊ`>Ì>]Ê>Ã}Ê
>Ê>ÃÃV>ÌÊLiÌÜiiÊÌÝV>ÌÊiÝ«ÃÕÀiÊ>`Ê«iÀvÀ>Vi°ÊÊiÊÃÌÕ`ÞÊvÊ
iÌ ÞiÀVÕÀÞÊi}®ÊiÝ«ÃÕÀiÊÀ>`i>ÊiÌÊ>°Ê£Ç®]Êi}ÊÜ>ÃÊÛiÀÃiÞÊ
>ÃÃV>Ìi`ÊÜÌ ÊV `Ài½ÃÊÃVÀiÃÊÊÌ iÊ->ÀÌiÃÊÃÕLÌiÃÌÊvÊÌ iÊ7- Ê
>}ÊV `ÀiÊÌiÃÌi`ÊLÞÊÌ iÊÃÕ«iÀÛÃ}Ê`VÌÀ>iÛiÊÃÌÕ`ÞÊiÝ>iÀ°ÊÃÃÕ}Ê
Ì >ÌÊL`}ÊÜ>ÃÊ«ÀiÃiÀÛi`]ÊÕÃiÊvÊ«ÀviÃÃ>ÊiÝ>iÀÃÊiÞÊÜÕ`ÊÌÊ
ÌÀ`ÕViÊ>Ê«ÃÌÛiÊL>ÃÊÊivviVÌÊiÃÌ>ÌiÃ°
i>ÃÕÀiiÌÊµÕ>ÌÞÊ«ÀLiÃÊV>ÕÃ}ÊL>ÃÊvÊ>ÃÃV>ÌÃÊ>Ü>ÞÊvÀÊÌ iÊÕ]Ê
ÜÌ ÕÌÊÃÃÊvÊL`}]Ê>ÀiÊÌ iÀiÌV>ÞÊ«ÃÃLi°ÊÀÊiÝ>«i]ÊvÊiÊiÝ>iÀÊ
VÃÃÌiÌÞÊÞi`ÃÊÜiÀÊÃVÀiÃÊÌ >Ê>Ì iÀÊ>`ÊÌ >ÌÊiÝ>iÀ]ÊÜÌ ÕÌÊÜi`}iÊ
vÊ Ã]ÊÃÊ>ÃÃ}i`ÊÌÊ>ÃÃiÃÃiÌÃÊvÊ>ÊÃi}iÌÊvÊÌ iÊÃÌÕ`ÞÊ««Õ>ÌÊ>ÌÊ } iÀÊ
ÀÃÊvÀÊi>`ÊiÝ«ÃÕÀi]Ê>ÊÃ«ÕÀÕÃÊÛiÀÃiÊ>ÃÃV>ÌÊVÕ`ÊLiÊVÀi>Ìi`ÊLiÌÜiiÊi>`Ê
iÛiÊ>`ÊiÕÀ«ÃÞV }V>ÊÌiÃÌÊÃVÀiÃ°
VÕÃÃ\Ê/ iÊiÞÊVÃ`iÀ>ÌÃÊÊÕ`}}ÊÌ iÊµÕ>ÌÞÊvÊiÕÀLi >ÛÀ>Ê
>ÃÃiÃÃiÌÃÊÊÌ iÊÀiÃi>ÀV ÊÃiÌÌ}Ê>ÀiÊÌ iÊL`}ÊvÊiÝ>iÀÃÊÌÊi>`
iÝ«ÃÕÀiÊ ÃÌÀÞ]ÊÌ iÊÌÀ>}Ê>`ÊÃÕ«iÀÛÃÊvÊiÝ>iÀÃ]Ê>`ÊÌ iÊÃiÌÌ}Ê
vÀÊiÝ>>ÌÃ°ÊvÊiÝ>iÀÃÊ>ÀiÊÌÀÕÞÊL`i`]ÊÌ iÀÊ`>Ì>ÊµÕ>ÌÞÊ«ÀLiÃÊ
}iiÀ>ÞÊÜÊL>ÃÊiÃÌ>Ìi`ÊÀi>ÌÃ «ÃÊLiÌÜiiÊL`Êi>`Ê>`ÊÕÌViÃÊ
ÌÜ>À`ÊÌ iÊÕ°Ê/ iÀivÀi]Ê}ÛiÊÌ >ÌÊiÝ>iÀÃÊÜiÀiÊL`i`ÊÌÊ ÃÊÊV ÀÌÊ
ÃÌÕ`iÃÊ`iÃÌÀ>Ì}Ê>ÃÃV>ÌÃÊ/>LiÊÈ®Ê>`ÊÌ iÊ 
-ÊÊÃÕÀÛiÞ]ÊiÀÀÀÃÊÊ
i>ÃÕÀiiÌÊvÊiÕÀ«ÃÞV }V>ÊvÕVÌÊiÞÊ``ÊÌÊVÌÀLÕÌiÊÌÊLÃiÀÛi`Ê
>ÃÃV>ÌÃÊÜÌ Ê ÃÊ£äÊ}É`°
ÓÓ

*ÌiÌ>Ê vÕ`}Ê>VÌÀÃ
-V>Ê>VÌÀÃ
-ViVVÊv>VÌÀÃÊyÊÕiViÊLÌ Êi>`ÊiÝ«ÃÕÀiÊ>`Ê>ÞÊ i>Ì ÊÕÌViÃ]Ê
VÕ`}ÊÌiiVÌÕ>Ê`iÛi«iÌ]Ê}ÀÜÌ ]Ê>`Ê>ÊÕLiÀÊvÊV ÀVÊV`ÌÃ]Ê
VÀi>Ì}ÊÌ iÊ«ÌiÌ>ÊvÀÊÃV>Êv>VÌÀÃÊÌÊVvÕ`Ê>ÃÃV>ÌÃÊLiÌÜiiÊV `Ài½ÃÊ
i>`ÊiÝ«ÃÕÀiÊ>`Ê i>Ì ÊÊLÃiÀÛ>Ì>ÊÃÌÕ`iÃ°Ê iV>ÕÃiÊV}ÌÛiÊvÕVÌÊ
>ÃÊÀiyÊiVÌi`ÊÊi>ÃÕÀi`ÊÌi}iViÊÃÊÃÌÀ}ÞÊ>ÃÃV>Ìi`ÊÜÌ ÊÃViVVÊ
ÃÌ>ÌÕÃÊ- -®Ê>`ÊLiV>ÕÃiÊV}ÌÛiÊvÕVÌÊÊV `ÀiÊÃÊÌ iÊÃÌÊÃÌÕ`i`Ê i>Ì Ê
i`«ÌÊÊÃÌÕ`iÃÊvÊi>`iÝ«Ãi`ÊV `Ài]ÊÌ ÃÊ`ÃVÕÃÃÊÃÊvVÕÃi`ÊÊ«ÃÃLiÊ
- -ÊVvÕ`}ÊvÊ>ÃÃV>ÌÃÊLiÌÜiiÊ Ê>`Êi>ÃÕÀi`ÊÌi}iVi°Ê/ iÊ
«ÌiÌ>ÊvÀÊÀi«ÀÌi`ÊÃÕLÌiÊivviVÌÃÊvÊi>`ÊÊ+Ê>`ÊÀi>Ìi`Êi>ÃÕÀiÃÊvÊÌiiVÌÊ
ÌÊLiÊ>ÌÌÀLÕÌ>LiÊÌÊVvÕ`}ÊLÞÊÃViVVÊv>VÌÀÃÊÜ>ÀÀ>ÌÃÊÃiÀÕÃÊ
VÃ`iÀ>ÌÊ i}iÀÊiÌÊ>°Ê£n®°ÊiÞÊÀi>ÌÃÊÀiµÕÀi`ÊvÀÊVvÕ`}ÊÌÊ
VVÕÀÊ>ÀiÊ>ÃÌÊViÀÌ>ÞÊ«ÀiÃiÌp- -Ê >ÃÊLiiÊÃ ÜÊÌÊLiÊÀi>Ìi`ÊÌÊ Ã]Ê
«ÀiÃÕ>LÞÊLiV>ÕÃiÊÌ iÊi} LÀ `ÃÊ>`Ê iÃÊÊÜ V Êv>iÃÊvÊÜiÀÊ
ViÊÀiÃ`iÊ>ÀiÊ>ÃÃV>Ìi`ÊÜÌ Ê } iÀÊiÛiÃÊvÊi>`ÊÊÃÊ>`ÊÀiÃ`iViÃ°Ê
-ViVVÊÃÌ>ÌÕÃÊ>ÃÊÃÊVi>ÀÞÊÀi>Ìi`ÊÌÊi>ÃÕÀiÃÊvÊÌi}iVi]ÊÜ iÌ iÀÊ
Ì ÀÕ} Ê«>ÀiÌ>ÊÃÌÕ>Ì]ÊÕÌÀÌ]ÊÀÊÀiÃÕÀViÃÊ>Û>>LiÊÊÌ iÊ i°Ê7Ì Ê>Ê
ÛiÀÃiÊÀi>ÌÃ «ÊLiÌÜiiÊÃViVVÊv>VÌÀÃÊ>`Êi>`ÊiÛiÃÊ°i°]Ê } iÀÊ- -Ê
«Ài`VÌÛiÊvÊÜiÀÊi>`ÊiÛiÃ®Ê>`Ê>Ê«ÃÌÛiÊÀi>ÌÃ «ÊLiÌÜiiÊÃViVVÊ
v>VÌÀÃÊ>`Êi>ÃÕÀiÃÊvÊÌi}iViÊ } iÀÊ- -Ê«Ài`VÌÛiÊvÊ } iÀÊÌi}iViÊ
ÌiÃÌÊÃVÀiÃ®]Êv>ÕÀiÊÌÊ>`ÕÃÌÊvÀÊÌ iÊVvÕ`}ÊivviVÌÊvÊÃViVVÊv>VÌÀÃÊÜÊ
ÀiÃÕÌÊÊVvÕ`}ÊÌ >ÌÊÛiÀÃÌ>ÌiÃÊÌ iÊ >ÀvÕÊivviVÌÊvÊi>`ÊÊ+ÊLiV>ÕÃiÊÌ iÊ
ÃViVVÊivviVÌÊÜÊLiÊÝi`ÊÜÌ Ê>ÞÊÌÀÕiÊivviVÌÊvÊi>`ÊiÝ«ÃÕÀi°ÊÊ>``Ì]Ê
VvÕ`}ÊLÞÊÃV>Êv>VÌÀÃÊ>ÞÊLiÊ>ÊVViÀÊvÀÊÃiÊÌ iÀÊi>`>ÃÃV>Ìi`Ê
i>Ì Êi>ÃÕÀiÃÊÜÌ ÊÃV>Ê}À>`iÌÃÊÃÕV Ê>ÃÊ i} ÌÊ-ÛiÌiÊÓääÎ®°
>Ì>Ê«ÀiÃiÌi`ÊvÀÊÃÌÊvÊÌ iÊiÞÊÃÌÕ`iÃÊVÕ`i`ÊÊÌ ÃÊÀiÛiÜÊÃÌÀ}ÞÊ
ÃÕ}}iÃÌÊÌ >ÌÊÃÕLÃÌ>Ì>ÊVvÕ`}ÊLÞÊÃViVVÊv>VÌÀÃÊVVÕÀÃ°Ê ÛiÊ
ÜÌ Ê>`ÕÃÌiÌÊvÀÊVÀÕ`iÊi>ÃÕÀiÃÊi°}°]Ê«>ÀiÌ>Êi`ÕV>ÌÊ>`Ê ÕÃi `Ê
ViÊ®Ê>« i>ÀÊiÌÊ>°ÊÓäää®]ÊÌ iÊ>««>ÀiÌÊi>`ÊivviVÌÊÊV}ÌÛiÊvÕVÌÊÃÊ
}Ài>ÌÞÊÀi`ÕVi`°Ê-ÕV Ê>Ê«>ÌÌiÀÊÊÜ V Ê>`ÕÃÌiÌÊvÀÊ>ÊVÀÕ`iÊ«ÀÝÞÊÀiÃÕÌÃÊ
Ê>ÊÃÕLÃÌ>Ì>Ê`iVÀiiÌÊÊÌ iÊ>}ÌÕ`iÊvÊ>ÃÃV>ÌÊÜÕ`ÊÃÕ}}iÃÌÊÌ >ÌÊ
ºÀiÃ`Õ>ÊVvÕ`}»Ê>ÞÊLiÊ«ÀiÃiÌÊÊÌ iÊ>`ÕÃÌi`ÊiÃÌ>ÌiÊvÊivviVÌ°ÊvÊÀiÃ`Õ>Ê
VvÕ`}ÊÃÊ`ii`Ê«ÀiÃiÌ]ÊÌ iÊÌ} ÌiÀÊVÌÀÊvÀÊVvÕ`}ÊÜÌ ÊÀiÊ
ÀiwÊi`Êi>ÃÕÀiÃÊvÊÌ iÊÃV>ÊiÛÀiÌÊ>ÞÊvÕÀÌ iÀÊ>ÌÌiÕ>ÌiÊÀÊi>ÌiÊÌ iÊ
>««>ÀiÌÊivviVÌÊ->ÛÌâÊiÌÊ>°Ê£n®°
/ iÊvÜ}Êv>VÌÀÃÊV«V>ÌiÊÌ ÃÊÃVi>À\
£°Ê -ViVVÊÃÌ>ÌÕÃÊÃÊ>ÊÛiÀÞÊiÕÃÛiÊVÃÌÀÕVÌÊÌÊvÕÞÊV>«ÌÕÀiÆÊÌÊÃÊv>ÀÊÀiÊ
V«iÝÊÌ >ÊÃÊÀiyÊiVÌi`ÊÊ«>ÀiÌ>Êi`ÕV>ÌÊÀÊVi°Ê-ViVVÊ
ÃÌ>ÌÕÃÊVÕ`iÃÊ>ÞÊ>Ã«iVÌÃÊvÊiVVÊi>ÃÊ>`Ê>ÃÃV>Ìi`ÊviÃÌÞi]Ê
ÓÎ

ÃÊÌ >ÌÊ>`ÕÃÌiÌÊvÀÊ«iÀ>Ì>Êi>ÃÕÀiÃ]ÊÃÕV Ê>ÃÊi`ÕV>ÌÊÀÊVi]Ê
ÜÊ>Ü>ÞÃÊLiÊV«iÌi°Ê`ÕÃÌiÌÊvÀÊ>Ê«iÀviVÌÊ«ÀÝÞÊi>ÃÕÀiÊvÊ>Ê
VvÕ`iÀÊÀiÃÕÌÃÊÊÀiÃ`Õ>ÊVvÕ`}ÊÀii>`ÊiÌÊ>°Ê£nxÆÊ->ÛÌâÊiÌÊ
>°Ê£n®°
Ó°Ê }ÌiÀÊi>`ÊiÝ«ÃÕÀiÊÃÊ«iÀviVÌÞÊÀiyÊiVÌi`ÊÊ>ÊVÕÀÀiÌÊL`Êi>`Ê
i>ÃÕÀiÊÀÊÌÊÃiÊiÝÌiÌ]ÊiÛiÊvÀÊ>ÊÃiÀiÃÊvÊL`Êi>`Êi>ÃÕÀiÃÊÃiiÊ
`Êi>`Ê/À>V}®Ê i}iÀÊiÌÊ>°Ê£n®°Ê7 >ÌiÛiÀÊ« ÞÃ}VÊivviVÌÊi>`Ê
} ÌÊ«À`ÕVi]Ê>Û>>LiÊiÛ`iViÊÃÕ}}iÃÌÃÊÌ >ÌÊÌ iÊ«>VÌÊÃÊV ÀVÊ>`Ê
VÕÕ>ÌÛi°Ê iÞ`ÊÜ >ÌÊÃÊÀiyÊiVÌi`ÊÊ>ÊL`i>`Êi>ÃÕÀi]Ê- -Ê>ÞÊLiÊ
`V>ÌÛiÊvÊ ÃÌÀV>ÊiÝ«ÃÕÀiÆÊÌ ÕÃ]ÊÌ iÊLÃiÀÛi`ÊivviVÌÊvÊÃViVVÊ
ÃÌ>ÌÕÃÊÜÕ`Ê«>ÀÌÞÊÀiyÊiVÌÊ>ÊivviVÌÊvÊi>`ÊiÝ«ÃÕÀiÊ>LÛiÊ>`ÊLiÞ`ÊÌ iÊ
L`i>`Êi>ÃÕÀi°
/ iÊ>ÌÕÀiÊ>`Ê>}ÌÕ`iÊvÊÌ iÃiÊ>ÃÃV>ÌÃÊÃÊiÃÃÊVi>ÀÊÜ iÊvVÕÃ}ÊÊ
ÃÊ£äÊ}É`°Êi>ÃÕÀiÃÊvÊÃV>Ê>`Û>Ì>}i]ÊVÕ`}ÊViÊ>`Ê«>ÀiÌ>Ê
i`ÕV>Ì]Ê>ÀiÊ>ÃÃV>Ìi`ÊÜÌ Ê ÃÊ£äÊ}É`Êi°}°]Ê>« i>ÀÊiÌÊ>°ÊÓäää®°Ê
ÜiÛiÀ]ÊÌ iÊÀi>ÌÛiÊ«ÀÌ>ViÊvÊ`vviÀiÌÊ>Ã«iVÌÃÊvÊÃViVVÊÃÌ>ÌÕÃÊ
>`ÊÌ iÊ«>Ì Ü>ÞÃÊLÞÊÜ V ÊÌ iÞÊ>vviVÌÊi>`ÊiÝ«ÃÕÀiÊ>ÀiÊÌÊiÌÀiÞÊVi>À°Ê/ iÊ
>ÃÃV>ÌÊLiÌÜiiÊÜiÀÊViÊ>`Ê`iÌiÀÀ>ÌÊvÊ«>ÌÊÊ`iÀÊ ÕÃ}Ê
VÌÀLÕÌiÃÊÌÊÛ>À>ÌÊÊ Ã]ÊiÛiÊ ÃÊ£äÊ}É`°Ê/ iÊVÀi>ÃiÊÊ}iiÌÀVÊ
i>ÊL`Êi>`Ê>ÃÃV>Ìi`ÊÜÌ ÊÛ}ÊÊ>Ê`iÀÊ iÊÃÊ}Ài>ÌiÀÊvÀÊV `ÀiÊvÀÊ
ÜViÊv>iÃÊÌ >ÊvÀÊÌ ÃiÊvÀÊ``iÊViÊv>iÃÊ*ÀiÊiÌÊ>°Ê£n®°Ê
iÌ iiÃÃ]ÊÜÌ ÊÌ iÊi>ÌÊvÊi>`ÊÊ}>ÃiÊ>`ÊÌ iÊVÌÕi`Ê`iViÊ
ÊÌ iÊ«À«ÀÌÊvÊ iÃÊÜÌ Êi>`i`Ê«>ÌÊ>VLÃÊiÌÊ>°ÊÓääÓ®]ÊÌ iÊÀi>ÌÛiÊ
«ÀÌ>ViÊvÊi>`ÊiÝ«ÃÕÀiÊÃÕÀViÃÊ«ÃÃLÞÊÃÊV >}}°ÊÌÊÃÊ>ÃÊ«ÃÃLiÊÌ >ÌÊ
Ì iÊ>ÃÃV>ÌÊvÊÃV>Êv>VÌÀÃÊÜÌ Êi>`ÊiÝ«ÃÕÀiÊÃÊ`vviÀiÌÊvÀÊ««Õ>ÌÃÊÜÌ Ê
ÃÊ£äÊ}É`ÊÌ >ÊvÀÊÌ ÃiÊ>LÛiÊÌ >ÌÊiÛi°
-iÛiÀ>ÊÃÌÀ>Ìi}iÃÊ >ÛiÊLiiÊ>««i`ÊÌÊ>``ÀiÃÃÊÌ iÊÀiÊvÊÃViVVÊv>VÌÀÃÊ
>`ÊÃ>ÌiÊ>ÊÃ«iVwÊVÊivviVÌÊvÊÃViVVÊv>VÌÀÃÊÊ+ÊvÀÊ>ÊivviVÌÊvÊ
i>`ÊiÝ«ÃÕÀi°ÊÀÃÌ]Ê««Õ>ÌÃÊV>ÊLiÊÃÕ} ÌÊÀÊiÛiÊVÃÌÀÕVÌi`ÊÊÜ V ÊL`Ê
i>`ÊÃÊÌÊVÃiÞÊ>ÃÃV>Ìi`ÊÜÌ Ê- -Ê>ÃÊ`iÃÌÀ>Ìi`ÊÃÌÊVi>ÀÞÊÊÌ iÊ ÃÌÊ
V ÀÌÊ i}iÀÊiÌÊ>°Ê£nÇ®°ÊÊÌ >ÌÊ««Õ>Ì]Ê>ÊÊ>ÊÀi>ÌÛiÞÊÜÊL`Êi>`Ê
À>}iÊvÀÊÌ >ÌÊÌiÊ>`ÊÌ iÊ}Ài>ÌÊ>ÀÌÞÊvÊÀi>ÌÛiÞÊ>`Û>Ì>}i`Ê- -]ÊÌ iÀiÊÜ>ÃÊ
>ÊÜi>Ê«ÃÌÛiÊ}À>`iÌÊLiÌÜiiÊÃViVVÊÃÌ>ÌÕÃÊ>`Êi>`°Ê/ iÊÃÛÊV ÀÌÊ
7>ÃÃiÀ>ÊiÌÊ>°Ê£Ç®Ê>ÃÊ`i«>ÀÌi`ÊvÀÊÌ iÊÕÃÕ>ÊÌÀi`ÊÊÌ >ÌÊÌ iÊÀiÊ- -Ê
>`Û>Ì>}i`ÊvÊÌ iÊÌÜÊVÕÌiÃÊÃÌÕ`i`ÊÜ>ÃÊÌ iÊÃÌiÊvÊ>Êi>`ÊÃiÌiÀ°ÊÃÊ>Ê
ÀiÃÕÌ]Ê>`ÕÃÌiÌÊvÀÊÃV>Ê>`ÊÌ iÀÊVÛ>À>ÌiÃÊ>VÌÕ>ÞÊÃÌÀi}Ì ii`ÊÌ iÊÛiÀÃiÊ
Ài>ÌÊvÊL`Êi>`ÊÌÊ+ÊÊÌ >ÌÊ««Õ>Ì°
-iV`]Ê«ÀÛi`Êi>ÃÕÀiÃÊvÊÃViVVÊv>VÌÀÃÊ >ÛiÊLiiÊ>««i`ÊÌÊLiÌÌiÀÊ
VÌÀÊvÀÊÃ«iVwÊVÊivviVÌÃ°Ê/ >ÌÊÃ]ÊLÞÊÀiwÊ}Ê>`Ê`iV«Ã}ÊÌ iÊVÃÌÀÕVÌÊ
vÊÃViVVÊÃÌ>ÌÕÃ]ÊÌÊÃÊ«ÃÃLiÊÌÊ>`ÕÃÌÊÀiÊvÕÞÊvÀÊÌ iÊVvÕ`}Ê
`iÃÃÊÃÕV Ê>ÃÊÕÌÀÌ]Ê«>ÀiÌ>ÊÃÌÕ>Ì]Ê>ÌÌÌÕ`iÃÊÌÜ>À`ÃÊ>V iÛiiÌ]Ê
Ó{

iÌV°]Ê>`ÊÌÊ>`ÕÃÌÊvÀÊÌ iÊ>Ã«iVÌÃÊÌ >ÌÊ«À>ÀÞÊÃiÀÛiÊ>ÃÊ>Ê«ÀÝÞÊvÀÊi>`ÊiÝ«ÃÕÀi]Ê
ÃÕV Ê>ÃÊ>}iÊvÊ ÕÃ}Ê>`Êi} LÀ `°Ê"iÊiÝ>«iÊ>}Ê«ÕLÃ i`ÊÀiÃi>ÀV Ê
vÊÀiwÊ}Ê>`Ê`iV«Ã}ÊÌ iÊVÃÌÀÕVÌÊvÊÃViVVÊÃÌ>ÌÕÃÊ >ÃÊLiiÊÌ iÊÕÃiÊ
vÊÌ iÊ" ÊÃV>iÃÊÌÊ>`ÕÃÌÊvÀÊÃÌÕ>ÌÊ«ÀÛ`i`ÊLÞÊV>Ài}ÛiÀÃ°Ê1ÃiÊvÊ" Ê
ÃV>iÃÊ >ÃÊÊÃiÊV>ÃiÃÊvÕÀÌ iÀÊ>ÌÌiÕ>Ìi`ÊLÕÌÊÌÊi>Ìi`Ê>««>ÀiÌÊi>`q+Ê
>ÃÃV>ÌÃ°
ÊÌ À`Ê>««À>V ÊÌÊiÝ>iÊÌ iÊ«ÃÃLÌÞÊvÊVvÕ`}ÊvÊÌ iÊL`Êi>`q+Ê
Ài>ÌÊ>ÌÊÜÊiÛiÃÊÜÕ`ÊLiÊÌÊV`ÕVÌÊ>ÊvÀ>ÊÃÌ>ÌÃÌV>Ê>ÃÃiÃÃiÌÊvÊÌ iÊ
iÝÌiÌÊÌÊÜ V ÊÌ iÊÃÌÀi}Ì ÊvÊÌ iÊLÃiÀÛi`Ê>ÃÃV>ÌÊ>VÀÃÃÊÃÌÕ`iÃÊÛ>ÀiÃÊÊ
Ài>ÌÊÌÊVÌÀÊvÀÊÀiiÛ>ÌÊVvÕ`iÀÃ]ÊÕÃ}ÊiÌ>Ài}ÀiÃÃ]Ê>ÃÊÜ>ÃÊ>««i`Ê
LÞÊ-V Ü>ÀÌâÊ£{®°Ê/ ÃÊ>««À>V ÊVÕ`ÊLiÊÀiwÊi`ÊÌÊ>ÃÃiÃÃÊ«ÃÃLiÊÀiÃ`Õ>Ê
VvÕ`}°Ê"iÊV >i}iÊÊ«iÀvÀ}ÊÃÕV Ê>Ê>>ÞÃÃÊÕÃ}Ê«ÕLÃ i`Ê
ÃÕ>ÀÞÊ`>Ì>ÊÃÊÌ iÊ`vwÊVÕÌÞÊÊ«iÀ>Ì>â}Êi>ÃÕÀiÃÊvÊÌ iÊÌ} ÌiÃÃÊvÊ- -Ê
>`ÕÃÌiÌÊÜ iÊVÌÀ}ÊvÀÊÌ iÀÊ>Ã«iVÌÃÊvÊÃÌÕ`ÞÊ`iÃ}ÊÌ >ÌÊ} ÌÊyÊÕiViÊ
L`Êi>`q+ÊÃ«iÃ°ÊÊ>ÌiÀ>ÌÛiÊ>««À>V ÊÃÊ`ÃVÕÃÃi`Ê>ÌiÀÊÊÌ ÃÊÀi«ÀÌÊÃiiÊ
,iÃi>ÀV Ê ii`Ã®°
VÕÃÃ\Ê"ÊÌ iÊL>ÃÃÊvÊ>Û>>LiÊiÛ`iViÊÌ iÊLÃiÀÛi`Ê>ÃÃV>ÌÃÊ
LiÌÜiiÊL`Êi>`ÊLiÜÊ£äÊ}É`Ê>`ÊV}ÌÛiÊvÕVÌÊiÞÊ`ÊÌÊiÌÀiÞÊ
ÀiÃÕÌÊvÀÊVvÕ`}°Ê/ ÃÊVVÕÃÊÃÊÃÕ««ÀÌi`ÊLÞÊÌ iÊvÜ}ÊiÛ`iVi\
UÊ / iÊÃÌÕ`iÃÊÃ Ü}ÊÌ iÊÃÌÀ}iÃÌÊÀi>ÌÃ «Ê >wÊi`ÊiÌÊ>°ÊÓääÎÆÊ
i}iÀÊiÌÊ>°ÊÓääÎ®Ê>ÌÊÜÊiÛiÃÊi«Þi`ÊÌ iÊ" ÊÃV>iÊvÀÊ>`ÕÃÌiÌ]Ê
Ü V ÊÃÊÌ iÊLiÃÌÊ>Û>>LiÊi>ÃÕÀiÊvÀÊ>ÃÃiÃÃ}ÊÌ iÊ«>VÌÊvÊÌ iÊ iÊ
iÛÀiÌÊÊV `Ê`iÛi«iÌ°
UÊ /ÜÊV ÀÌÃ]ÊÃÛÊ>`Ê ÃÌ]ÊÊÜ V ÊÃÌÀ}Ê>ÃÃV>ÌÃÊÜiÀiÊvÕ`Ê
LiÌÜiiÊL`Êi>`Ê>`Ê+]ÊÜiÀiÊV >À>VÌiÀâi`ÊLÞÊ>Ê`ÀiVÌ]ÊÀ>Ì iÀÊÌ >Ê
ÛiÀÃi]ÊVÀÀi>ÌÊvÊL`Êi>`ÊÜÌ ÊÃV>Ê>`Û>Ì>}i°
UÊ ÃÃV>ÌÃÊvÊV `Ài½ÃÊL`Êi>`ÊVÃiÊÌÊ£äÊ}É`Ê>`ÊÌi}iViÊ >ÛiÊ
LiiÊÃiiÊÊ`ÛiÀÃiÊ}i}À>« VÊ>`ÊÃV>ÊÃiÌÌ}Ã°
UÊ >Ê`>Ì>Ê >ÛiÊ`iÃÌÀ>Ìi`ÊivviVÌÃÊvÊi>`Ê>ÌÊ ÃÊi>ÀÊ£äÊ}É`°
"ÊÌ iÊÌ iÀÊ >`]ÊÌ iÊ>LÌÞÊÌÊ`iÌiVÌÊVvÕ`}ÊLÞÊÌÌi`ÊVÛ>À>ÌiÃÊLÞÊ
V«>ÀÃÃÊ>VÀÃÃÊÃÌÕ`iÃÊÃÊÌi`ÊLiV>ÕÃi]ÊvÀÊÃÌÊVÛ>À>ÌiÃÊvÊ«ÌiÌ>Ê
ÌiÀiÃÌ]ÊÌ iÊÕLiÀÊvÊÀiiÛ>ÌÊÃÌÕ`iÃÊÊiÊ}ÀÕ«ÊLi}ÊV«>Ài`ÊÃÊÌi`°Ê
ÊÌ iÀÊÜÀ`Ã]ÊvÀÊ>Ê}ÛiÊVÛ>À>Ìi]ÊiÌ iÀÊviÜÊÃÌÕ`iÃÊVÕ`i`ÊÌÊi°}°]Ê«ÃÌ>Ì>Ê
/-ÊiÝ«ÃÕÀi®ÊÀÊviÜÊiÝVÕ`i`ÊÌÊi°}°]Ê- -®°ÊÌÊÌ ÃÊ«Ì]ÊÌ iÊV>ÃiÊvÀÊÀiÃ`Õ>Ê
VvÕ`}ÊLÞÊÃV>ÊiÛÀiÌÊÃÊÃ«iVÕ>ÌÛi]ÊLÕÌÊ>Û>>LiÊÃÌÕ`iÃÊÀi>Ì}Ê
L`Êi>`ÊÌÊV}ÌÛiÊvÕVÌÊÊV `ÀiÊV>ÌÊiÌÀiÞÊiÝVÕ`iÊÌ iÊ«ÃÃLÌÞÊ
Ì >ÌÊLÃiÀÛi`Ê>ÃÃV>ÌÃÊ>ÀiÊ>ÌÊi>ÃÌÊ«>ÀÌÞÊyÊÕiVi`ÊLÞÊÌ°Ê-ÕV Ê>Ê«ÃÃLÌÞÊ
`iÃÊVÀi>ÃiÊÕViÀÌ>ÌÞÊ>LÕÌÊÌ iÊ>VÌÕ>ÊÃÌÀi}Ì Ê>`ÊÃ >«iÊvÊL`Êi>`Ê
Ài>ÌÃ «ÃÊ>ÌÊ ÃÊiÃÃÊÌ >Ê£äÊ}É`°

Óx

ÀÊ-Ì>ÌÕÃ
ÕÌÀÌ>Êv>VÌÀÃ]ÊÃÕV Ê>ÃÊÀÊ>`ÊâVÊÌ>i]ÊÌ >ÌÊ} ÌÊLiÊVÀÀi>Ìi`ÊÜÌ Ê
i>`ÊÕ«Ì>iÊ>`Ê} ÌÊyÊÕiViÊV `Ài½ÃÊ i>Ì ]ÊVÕ`ÊVvÕ`Ê>ÃÃV>ÌÃÊ
LiÌÜiiÊ ÃÊ>`Ê i>Ì ÊvÀÊLÃiÀÛ>Ì>ÊÃÌÕ`iÃ°Ê/ iÊ«ÌiÌ>ÊvÀÊÀÊ
`iwÊViVÞÊÌÊVvÕ`ÊÌ iÊ>ÃÃV>ÌÊLiÌÜiiÊL`Êi>`Ê>`ÊiÕÀ`iÛi«iÌ>Ê
ÃÌ>ÌÕÃÊ >ÃÊLiiÊvÊÃÌÊVViÀÊ>`ÊÃÊÌ iÊvVÕÃÊvÊÌ ÃÊ`ÃVÕÃÃ°Ê/ iÊi `Ê
vÊÃÕV ÊL>ÃÊÃÊ`i«i`iÌÊÕ«ÊÌ iÊiÝÌiÌÊÌÊÜ V ÊÀÊÃÌ>ÌÕÃÊÜ>ÃÊVÌÀi`ÊÊ
>Ê}ÛiÊÃÌÕ`ÞÊ>`ÊÌ iÊ«ÀiÛ>iViÊvÊÀÊ`iwÊViVÞÊÊ>ÊÃÌÕ`ÞÊ««Õ>Ì°ÊÀÊ
`iwÊViVÞÊ>ÞÊ«>ÀÊiÕÀ`iÛi«iÌÊÊ>Ê>iÀÊÃ>ÀÊÌÊÜiÛiÊi>`Ê
iÝ«ÃÕÀiÊ>`ÊÌ iÊ««Õ>ÌÃÊ>ÌÊVÀi>Ãi`ÊÀÃÊvÀÊÀÊ`iwÊViVÞÊ>`Êi>`ÊÌÝVÌÞÊ
>ÞÊÛiÀ>«ÊâvvÊiÌÊ>°Ê££ÆÊ7>ÃÃiÀ>ÊiÌÊ>°Ê£®°ÊÜiÛiÀ]ÊÌ iÊ>ÃÃV>ÌÊ
LiÌÜiiÊÀÊ`iwÊViVÞÊ>`ÊL`Êi>`ÊÃÊÌÊVÃÃÌiÌÊ>VÀÃÃÊ««Õ>ÌÃÊ
Ê
ÓääÓ®°Ê/ iÀivÀi]ÊÌ iÊ«ÌiÌ>ÊvÀÊÀÊÌÊVvÕ`Ê>Ê>ÃÃV>ÌÊvÊL`Êi>`ÊÜÌ Ê
iÕÀ`iÛi«iÌ>ÊÃÌ>ÌÕÃÊÜÊÛ>ÀÞÊ>VÀÃÃÊ««Õ>ÌÃ]Ê`i«i`}ÊÊLÌ ÊÌ iÊ
«ÀiÛ>iViÊvÊÀÊ`iwÊViVÞÊ>`ÊÌÃÊ>ÃÃV>ÌÊÜÌ ÊL`Êi>`ÊiÛi°
ÀÊÀiÃi>ÀV Ê«ÕÀ«ÃiÃÊ>`iµÕ>ÌiÊ>ÃÃiÃÃiÌÊvÊÀÊÃÌ>ÌÕÃÊiÌ>ÃÊ`iÌiÀ>ÌÊ
vÊ i}LÊÀÊ i>ÌVÀÌÊ>`Ê>ÌÊi>ÃÌÊÌÜÊÌ iÀÊi>ÃÕÀiÃÊvÊÀÊÃÌ>ÌÕÃ°Ê
iiÀ>ÞÊ>VVi«Ìi`Ê`iwÊÌÃÊvÊÀÊ`iwÊViVÞÊ>`ÊÀÊ`iwÊViVÞÊ>i>Ê`i«i`Ê
Ê>}iÊ>`ÊÃiÝÃ«iVwÊVÊÀ>ÊÀ>}iÃ°Ê/ iÊÀÊÃÌ>ÌÕÃÊi>ÃÕÀiÃÊÃÌÊVÞÊ
ÕÃi`Ê>ÀiÊi>ÊVÀ«ÕÃVÕ>ÀÊÛÕiÊ 6®]ÊvÀiiÊiÀÞÌ ÀVÞÌiÊ«ÀÌ«À« ÞÀÊ *®Ê
ÀÊâVÊ«ÀÌ«À« ÞÀÊ<**®]ÊÌÀ>ÃviÀÀÊÃ>ÌÕÀ>Ì]ÊviÀÀÌ]Ê>`]ÊÀiÊÀiViÌÞ]Ê
ÌÀ>ÃviÀÀÊÀiVi«ÌÀ°Ê/ iÊÃÌ>`>À`ÊvÀÊ`iwÊ}ÊÀÊ`iwÊViVÞÊÃÊÛ>ÕiÃÊ`V>Ì}Ê
ÀÊ`iwÊViVÞÊÊ>ÌÊi>ÃÌÊÌÜÊvÊÌ iÃiÊi>ÃÕÀiÃÊ>`ÉÀÊÀiÃ«ÃiÊÌÊÀÊÌ iÀ>«ÞÊ
ÜÌ Ê>ÊVÀi>ÃiÊÊ i}LÊÌÊ>ÌÊi>ÃÌÊ£äÊ}É°Ê/ iÊÕÌÌÞÊvÊviÀÀÌÊÊÞÕ}Ê
v>ÌÃÊÃÊÕ`iÀÊ`iL>Ìi]Ê>}ÊÌÊ«ÀÌ>ÌÊÌ >ÌÊvÕVÌ>Êi>ÃÕÀiÃ]ÊÃÕV Ê>ÃÊ
 6ÊÀÊ<**ÊLiÊLÌ>i`°Ê/ iÀiÊ>ÀiÊÌ>ÌÃÊvÊi>V Êi>ÃÕÀiÊi°}°]ÊviÀÀÌÊ}iÃÊ
Õ«ÊÜÌ ÊviVÌ]Ê 6ÊÃÊ`ÜÊÊ i}L«>Ì iÃ]ÊiÌV°®°
Ì Õ} ÊÀÊ`iwÊViVÞÊÜÌ ÊÜÊ i}LÊ >ÃÊLiiÊ>ÃÃV>Ìi`ÊÜÌ Ê>ÌiÀÊ
«>ÀiÌÊvÊV}ÌÛiÊvÕVÌÊÀ>Ì >VÀi}ÀÊiÌÊ>°ÊÓää£®]ÊÌÊÃÊÌÊViÀÌ>Ê
Ü V Êi>ÃÕÀiÃ®ÊvÊÀÊÃÌ>ÌÕÃÊ>ÀiÊÃÌÊÃÌÀ}ÞÊÀi>Ìi`ÊÌÊiÕÀ`iÛi«iÌ>Ê
ÕÌViÃ°ÊÊÃÌÕ`iÃÊvÊV `ÀiÊÜÌ Ê } iÀÊ Ã]ÊVÌÀ}ÊvÀÊ i}LÊ
ÃÊ«ÀLi>ÌVÊLiV>ÕÃiÊi>`ÊÌÝVÌÞÊV>ÊÀi`ÕViÊ i}LÊÊÌ iÊÀ>ÊÀ>}iÊ
ÀÊV>ÕÃiÊvÀ>Ê>i>°Ê/ ÃÊÃÊiÃÃÊvÊ>ÊVViÀÊÊÃÌÕ`iÃÊvÊV `ÀiÊÜÌ Ê ÃÊ
£äÊ}É`]Ê>ÊÀ>}iÊÊÜ V ÊÊi>}vÕÊ«>VÌÊÊ i}LÊiÛiÃÊ >ÃÊLiiÊ
LÃiÀÛi`°Ê
VÕÃÃ\Êi>ÃÕÀiiÌÊvÊÀÊ`iwÊViVÞÊ >ÃÊLiiÊ>LÃiÌÊÀÊÃÕL«Ì>ÊÊ
ÃÌÊvÊÌ iÊÃÌÕ`iÃÊÀiÛiÜi`°Ê/ÜÊÃÌÕ`iÃÊÊÜ V ÊÀÊÃÌ>ÌÕÃÊÜ>ÃÊVÌÀi`ÊvÀÊ
ÕÃ}ÊÌÀ>ÃviÀÀÊÃ>ÌÕÀ>ÌÊ >wÊi`ÊiÌÊ>°ÊÓääÎ®Ê>`ÊÃiÀÕÊviÀÀÌÊ>« i>ÀÊ
iÌÊ>°ÊÓäää®ÊvÕ`ÊÃÌÀ}ÊÛiÀÃiÊÀi>ÌÃ «ÃÊLiÌÜiiÊL`Êi>`Ê>`ÊV}ÌÛiÊ
vÕVÌ]ÊÜ iÀi>ÃÊ>ÊÌ À`ÊÃÌÕ`ÞÊÌ >ÌÊVÌÀi`ÊvÀÊÌ iÊ«ÀiÃiViÊvÊÀ`iwÊViVÞÊ
>i>ÊvÕ`ÊÌ iÊ««ÃÌiÊ7vÊiÌÊ>°Ê£{®°ÊÕÀÌ iÀÀi]ÊÀ`iwÊViVÞÊ>i>Ê
ÓÈ

ÃÊÌ iÊi>ÃÕÀiÊvÊÀÊÃÌ>ÌÕÃÊÃÌÊVi>ÀÞÊi`ÊÌÊ«>Ài`ÊV}ÌÛiÊvÕVÌÆÊ
Ì iÀivÀi]ÊÌÊÃiiÃÊÕiÞÊÌ >ÌÊÌ iÊ«ÀiÛ>iViÊvÊÀÊ`iwÊViVÞÊ>i>ÊVÕ`ÊLiÊ
} ÊiÕ} ÊÊÌ iÊ««Õ>ÌÃÊÃ Ü}ÊÌ iÊÃÌÀ}iÃÌÊÛiÀÃiÊÀi>ÌÃÊvÊL`Ê
i>`ÊÌÊV}ÌÛiÊvÕVÌÊ >wÊi`ÊiÌÊ>°ÊÓääÎÆÊ i}iÀÊiÌÊ>°ÊÓääÎÆÊ>« i>ÀÊiÌÊ
>°ÊÓäää®ÊÌÊiÌÀiÞÊiÝ«>ÊÌ iÃiÊ>ÃÃV>ÌÃ°ÊÊÌ iÊ 
-ÊÊ`>Ì>ÊÕÃi`ÊLÞÊ
>« i>ÀÊiÌÊ>°ÊÓäää®]ÊÌ iÊ«ÀiÛ>iViÊvÊÀÊ`iwÊViVÞÊÀ>}i`ÊvÀÊ£¯ÊÌÊ¯]Ê
`i«i`}ÊÊÌ iÊ>}iÊ>`ÊÃiÝÊ}ÀÕ«Ê
ÊÓääÓ®°Ê>Þ]ÊÊÃÛ]ÊvÜ}Ê
ÌÀi>ÌiÌÊvÊÀ`iwÊViÌÊV `ÀiÊÜÌ ÊÀÊÃÕ««iiÌÃ]ÊÊ>ÃÃV>ÌÊvÊi>ÀiÀÊ
i}LÊiÛiÃÊÜÌ Ê+Ê>ÌÊ>}iÊ{Ê7>ÃÃÃiÀ>ÊiÌÊ>°Ê£{®ÊÀÊ>}iÊÇÊ7>ÃÃiÀ>Ê
iÌÊ>°Ê£Ç®ÊÜ>ÃÊvÕ`°Ê/ ÕÃ]ÊÀÊ`iwÊViVÞÊiÞÊ`iÃÊÌÊV«iÌiÞÊiÝ«>ÊÌ iÊ
ÛiÀÃiÊ>ÃÃV>ÌÃÊLiÌÜiiÊ ÃÊ£äÊ}É`Ê>`ÊV}ÌÛiÊvÕVÌ°Ê
/L>VV
`Êi>`ÊiÛiÃÊÊV `ÀiÊ >ÛiÊLiiÊ>ÃÃV>Ìi`ÊÜÌ ÊiÝ«ÃÕÀiÊÌÊ
iÛÀiÌ>ÊÌL>VVÊÃiÊ>ÃÃiÃÃi`ÊLÞÊV>Ài}ÛiÀÊÀi«ÀÌÊÀÊLÞÊÕÀ>ÀÞÊVÌiÊ
iÛiÃ®ÊÊLÌ Ê}iiÀ>Ê««Õ>ÌÊÃÕÀÛiÞÃÊ-ÌÀLiÀ}ÊiÌÊ>°ÊÓääÎÆÊ>Ì iiÊiÌÊ>°Ê
ÓääÓÆÊ>« i>ÀÊiÌÊ>°ÊÓäääÆÊ>ÊiÌÊ>°ÊÓääÎ®Ê>`ÊÊÃÌÕ`iÃÊvÊV `ÀiÊÛ}Ê
i>ÀÊi>`ÊÃiÌiÀÃÊ7iÀÃÊiÌÊ>°Ê£nnÆÊ >} ÕÀÃÌÊiÌÊ>°Ê£ÓÆÊ >} ÕÀÃÌÊiÌÊ>°Ê£®°Ê
/ iÊiÝ«>>ÌÊvÀÊÌ ÃÊ>ÃÃV>ÌÊÃÊÌÊiÌÀiÞÊVi>ÀÆÊ«ÃÃLÌiÃÊVÕ`iÊ
i >ViiÌÊvÊi>`ÊÕ«Ì>iÊLÞÊiÛÀiÌ>ÊÌL>VVÊÃiÊ /-®]ÊiÝ«ÃÕÀiÊÌÊ
i>`ÊÊ /-ÊÌÃiv]Ê>`Ê`vviÀiViÃÊÊVi>}Ê«À>VÌViÃÊÀÊV `ÊÃÕ«iÀÛÃÊLiÌÜiiÊ
ÕÃi `ÃÊÜÌ Ê>`ÊÜÌ ÕÌÊÃiÀÃ°
>ÌiÀ>ÊÃ}Ê`ÕÀ}Ê«Ài}>VÞÊ >ÃÊLiiÊ>ÃÃV>Ìi`ÊÜÌ ÊLi >ÛÀ>Ê
«ÀLiÃÊ>`Ê«>Ài`ÊV}ÌÛiÊ`iÛi«iÌÊÊV `ÀiÆÊviÌ>Ê Þ«Ý>ÊÃÊiÊ
«ÃÃLiÊVÌÀLÕÌ}ÊiV >ÃÊ>LiÊiÌÊ>°ÊÓäää®°Ê Û`iViÊvÀÊ>ÊivviVÌÊvÊ
«Ài>Ì>ÊÀÊ«ÃÌ>Ì>Ê /-ÊiÝ«ÃÕÀiÊÊiÕÀ`iÛi«iÌÊÃÊiÃÃÊVi>ÀÊ Ãi>âÊ
iÌÊ>°Ê£®°ÊÃÊÜÌ ÊÃÌÕ`iÃÊvÊi>`Ê>`ÊiÕÀ`iÛi«iÌ]ÊÃV>Êv>VÌÀÃÊ>ÞÊ
VvÕ`]Ê>ÌÊi>ÃÌÊÊ«>ÀÌ]ÊÌ iÊ>ÃÃV>ÌÊLiÌÜiiÊ>ÌiÀ>ÊÃ}Ê>`Ê
iÕÀ`iÛi«iÌÊ >} ÕÀÃÌÊiÌÊ>°Ê£Ó®°ÊÊV `½ÃÊ«Ài>Ì>ÊiÝ«ÃÕÀiÊÌÊ>ÌiÀ>Ê
Ã}ÊÀÊ«ÀiÊÀÊ«ÃÌ>Ì>ÊiÝ«ÃÕÀiÊÌÊ /-ÊVÕ`]ÊvÊÌ iÃiÊ>ÀiÊV>ÕÃ>ÞÊÀi>Ìi`Ê
ÌÊ«>Ài`ÊiÕÀ`iÛi«iÌÊÀÊÌ iÀÊ>`ÛiÀÃiÊ i>Ì ÊÕÌViÃ]ÊVvÕ`ÊÌ iÊ
LÃiÀÛi`Ê>ÃÃV>ÌÃÊvÊi>`Ê>`Ê i>Ì °ÊÊ>``Ì]ÊvÊ>ÊÀi>ÌÃ «ÊLiÌÜiiÊ
«ÃÌ>Ì>Ê /-Ê>`ÊiÕÀ`iÛi«iÌÊÃÊiÃÌ>LÃ i`]Êi>`ÊiÝ«ÃÕÀiÊVÕ`ÊLiÊ>Ê
i`>Ì}Êv>VÌÀ°
VÕÃÃ\Ê"vÊÌ iÊÃÌÕ`iÃÊÀiÛiÜi`]ÊÃÌÊ``ÊÌÊ>ÃÃiÃÃÊ«Ài>Ì>ÊÀÊ«ÃÌ>Ì>Ê
/-Ê>ÃÊ>Ê«ÃÃLiÊVvÕ`}Êv>VÌÀ°Ê/ ÃiÊÌ >ÌÊ>ÃÃiÃÃi`ÊÌL>VVÊ>ÌÊ>ÊVÌÀi`Ê
vÀÊ>ÌiÀ>ÊÃ}Ê`ÕÀ}Ê«Ài}>VÞ°ÊÜiÛiÀ]ÊÌ iÊÌÜÊiÝVi«ÌÃ]Ê>« i>ÀÊ
iÌÊ>°ÊÓäää®ÊÊÜ V ÊÃiÀÕÊVÌiÊi>ÃÕÀiiÌÃÊÜiÀiÊÕÃi`ÊÌÊVÌÀÊvÀÊ /-Ê
>`Ê>ÊÃÌÕ`ÞÊL>Ãi`ÊÊÌ iÊ*ÀÌÊ*ÀiÊV ÀÌÊ/}ÊiÌÊ>°Ê£ÈÆÊ >} ÕÀÃÌÊiÌÊ>°Ê£Ó®Ê
Ü V ÊÀi«ÀÌi`Ê«ÃÌ>Ì>Ê«>ÀiÌ>ÊÃ}]Ê«ÀÛ`iÊÊiÛ`iViÊÌ >ÌÊVvÕ`}Ê
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6DPSOHVZHUHPHDVXUHGE\FDSLOODU\DQGYHQRXVDQGZHUHDQDO\]HGE\$69DQG *)$$6 %ORRG
VSHFLPHQV IRU  DQGPRQWKVSHFLPHQVZHUHFROOHFWHGLQFDSLOODU\ WXEHVE\WUDLQHG
WHFKQLFLDQV%ORRGVDPSOHVZHUHDVVD\HGLQGXSOLFDWHRUWULSOLFDWH 7KH DQDO\WLFDO V\VWHPZDV
FDOLEUDWHGZLWKDTXHRXVVWDQGDUGV RINQRZQ OHDGFRQFHQWUDWLRQV (DFKEDWFKRIVDPSOHVZDV
DFFRPSDQLHGE\DEORRGVDPSOHRINQRZQOHDGFRQFHQWUDWLRQV WRTXDQWLI\ LQWUDODERUDWRU\UHOLDELOLW\
6HYHUDOVWDQGDUGL]HG EORRGVDPSOHVZLWK OHDGFRQFHQWUDWLRQVDOVRZHUH LQFOXGHGDIWHU WKH\EHFDPH
DYDLODEOHLQIURP &'& 5DELQRZLW] HWDO  PRQWKYHQRXVEORRGVDPSOHVZHUH REWDLQHG
/HDGZDVPHDVXUHGLQGXSOLFDWHE\*)$$6 $QDOLTXRWRIDVWDQGDUGL]HGEORRGVDPSOH SURYLGHGE\ WKH
1DWLRQDO %XUHDXRI6WDQGDUGVZDV LQFOXGHGLQHDFK EDWFKRIVDPSOHV %HOOLQJHUHW DO


6DPSOHVZHUHPHDVXUHGE\YHQLSXQFWXUHKHHOVWLFNDQGILQJHUVWLFN IRU LQIDQWVDQG ZHUHDQDO\]HGE\
$69 %ORRGVDPSOHVZHUHREWDLQHG XVLQJHLWKHUYHQLSXQFWXUH RUKHHOVWLFN $SSUR[LPDWHO\RIDOO
VDPSOHVDUHYHQLSXQFWXUH )RUKHHOVWLFNWZRFDSLOODU\ WXEHVZHUH ILOOHG IRUGXSOLFDWH3E%
GHWHUPLQDWLRQ ,IYHQLSXQFWXUHZDVSRVVLEOHSHGLDWULFYDFXWDLQHU WXEHVZHUHILOOHGRQHIRU 3E%
GHWHUPLQDWLRQDQGDVHFRQG IRUVHUXPLURQ DQG WRWDO LURQELQGLQJ FDSDFLW\ 7,%& DQDO\VHV 7KH
VDPSOH ZDVDOLTXRWHGDQGGXSOLFDWHDQDO\VHV SHUIRUPHGDFFRUGLQJ WRDSUHGHWHUPLQHGSURWRFROXVLQJ
$69 7KH ODERUDWRU\ SDUWLFLSDWHVLQERWK WKH&'&DQG3$6WDWH %ORRG/HDGDQG3URWRSRUSK\ULQ
3URJUDPV $VHULHV RI EHQFKWRS4&VDPSOHVDQGEOLQG4&VDPSOHVZHUHDQDO\]HGZLWK HDFK UXQ
%RUQVFKHLQ HWDO

6DPSOHVZHUHPHDVXUHGE\YHQRXVDQGZHUHDQDO\]HGE\*)$$6%ORRG VDPSOHVZHUH FROOHFWHGLQ
KHSDULQL]HGSODVWLFV\ULQJHV ZKLFK KDGEHHQGHWHUPLQHG WREHIUHHRI WUDFHPHWDOV 7KHFRQFHQWUDWLRQ
RIOHDG LQ ZKROHEORRGVDPSOHVZDV GHWHUPLQHGE\*)$$6 $OOVDPSOHVZHUHUXQ LQGXSOLFDWH 7KH
ZLWKLQUXQ VDPHGD\ UHSURGXFLELOLW\ZDVHYDOXDWHG IRUDVDPSOHRIDGXOWZKROH EORRG 7KHREWDLQHG
YDOXHVZHUHXJGO  DQG UHVSHFWLYHO\ IRUWKHPHDQ6'DQGFRHIILFLHQWRIYDULDWLRQ
5HJXODUDVVHVVPHQW RIDFFXUDF\DQGSUHFLVLRQXVLQJ&'&VDPSOHVRIERYLQHEORRGZHUHFRQGXFWHG
DQGIRXQGWR EH ZLWKLQWKH FHUWLILHGUDQJH7ZRLQWHUODERUDWRU\UHYLHZV ZHUH FRQGXFWHG IRUIXUWKHU
GHWHUPLQDWLRQRIDFFXUDF\ %ORRGOHDG OHYHOV ZHUHQRWDGMXVWHG IRUKHPDWRFULW (UQKDUWHWDO

6DPSOHVZHUHPHDVXUHGE\YHQRXVDQGZHUHDQDO\]HGE\*)$$6 9HQLSXQFWXUHVDPSOHVZHUH WDNHQ
DQG UHGEORRGFHOOVZHUHSURPSWO\VHSDUDWHGDQG IUR]HQ IRU IXWXUHDQDO\VLV LQ WKH86 7KH IUR]HQ UHG
FHOOV ZHUH DQDO\]HGXVLQJ*)$$6LQDODERUDWRU\ WKDW SDUWLFLSDWHVLQ&'& V0DWHUQDO DQG&KLOG +HDOWK
5HVRXUFHV'HYHORSPHQW3URILFLHQF\7HVWLQJ3URJUDP IRU %ORRG/HDG 4XDOLW\FRQWURO ZDVPRQLWRUHG
WKURXJKFHUWLILHGFRQWUROVREWDLQHGIURP WKH 1DWLRQDO%XUHDX RI6WDQGDUGV 5HGFHOO OHDGYDOXHVZHUH
FRQYHUWHG WRZKROHEORRGOHDGOHYHOVXVLQJWKH IRUPXODRI5RVHQHWDO  

6DPSOHVZHUHPHDVXUHGE\YHQRXVDQGZHUHDQDO\]HGE\*)$$6$OOEORRGVSHFLPHQVZHUH
UHIULJHUDWHGRQVLWH DQGWUDQVSRUWHGRQZHW LFH WR&ROXPELD8QLYHUVLW\ZKHUHDOO DVVD\VZHUH
SHUIRUPHG 7KHODERUDWRU\SDUWLFLSDWHVLQ&'& V3%% 4&SURJUDPDQG LVFHUWLILHGE\ 26+$ 2YHU WKH
VWXG\SHULRG LQWHUFODVVFRUUHODWLRQZLWK4&YDOXHVZDVFRPSXWHGZLWKFRUUHODWLRQ FRHIILFLHQWVRI IRU
3E%

6DPSOHVZHUHPHDVXUHGE\YHQRXVDQGZHUHDQDO\]HGE\$69 6DPSOHVZHUHDQDO\]HGDW
(QYLURQPHQWDO6FLHQFHV$VVRFLDWHV (6$ /DERUDWRULHV ,QFZKLFKLVD&'& UHIHUHQFH ODE IRUWKH
%ORRG/HDG3URILFLHQF\7HVWLQJ 3URJUDPDQGDOVRSDUWLFLSDWHVLQ WKH1HZ<RUN6WDWH'HSDUWPHQWRI
&RQWURO 3URJUDP$OO VDPSOHVZHUHDQDO\]HGXVLQJ $69 6DPSOHV ZLWKPHDQGXSOLFDWHYDOXHV
XJGOZHUHUHDQDO\]HGLQGXSOLFDWHE\JUDSKLWHIXUQDFH$$6 0HDQYDOXHVRI WKHGXSOLFDWHV ZHUHXVHG
DV GDWD  5RWKHQEHUJHWDO

&LQFLQQDWL


&OHYHODQG


&RVWD5LFD


.RVRYR


0H[LFR&LW\


%ORRGOHDG 0HDVXUHPHQW

&RJQLWLYH )XQFWLRQ 0HDVXUHPHQW

)RXUWUDLQHGSV\FKRORJLVWV EOLQGWR FKLOGUHQ VOHDGOHYHOVDGPLQLVWHUHGWKH0F&DUWK\*&, $V WKHUHZHUH QR
QRUPVIRU WKH 0F&DUWK\VFDOHLQ WKH0H[LFDQSRSXODWLRQ WKH 86QRUPV ZHUHXVHG WRFDOFXODWH *&, ZLWK D
6SDQLVK WUDQVODWLRQRIWKHWHVW ,QWHUH[DPLQHUUHOLDELOLW\ZDVDVVHVVHGE\FDOFXODWLQJ WKHFRUUHODWLRQLQ *&,
VFRUHVDVVLJQHGE\WZRRIWKHSV\FKRORJLVWVZLWK WKHVFRUHVRIDWKLUGSV\FKRORJLVW ZKRP WKH\REVHUYHG
DSSO\LQJ WKH WHVWLQDOOSRVVLEOHFRPELQDWLRQVZLWKVXEMHFWV IRU HDFKFRPELQDWLRQ 0HDQREVHUYHUH[DPLQHU
FRUUHODWLRQZDV

7KUHH<XJRVODYLDQSV\FKRORJLVWVVFRUHG WKH :,6&5 DQG WKH0F&DUWK\*&,LQGHSHQGHQWO\ $OOLQWHUYLHZV DQG
DVVHVVPHQWLQVWUXPHQWVZHUH WUDQVODWHGDQGDGPLQLVWHUHGLQWKHWZRGRPLQDQW ODQJXDJHVRI WKH UHJLRQ 6HUER
&URDWLDQDQG$OEDQLDQ 7UDLQLQJDQGUHOLDELOLW\YLVLWVRFFXUUHG 7KHDYHUDJH LQWHUFODVVFRUUHODWLRQ IRUWHVWV
RYHUVWXG\SHULRGZDVFDOFXODWHG

6SDQLVKYHUVLRQV RI %D\OH\0',DQG:336,ZHUHXVHGLQWKH DVVHVVPHQW $VLQJOH WHVWHU WUDLQHGE\RQHRI
WKHSULPDU\ LQYHVWLJDWRUVDQGWKHPRVWVHQLRUUHVHDUFKSV\FKRORJLVWLQWKHFRXQWU\DGPLQLVWHUHG WKH
DVVHVVPHQWV 7KHWHVWHUZDVEOLQGWRWKHFKLOGUHQ VLURQVWDWXV DQGQHYHUNQHZWKH EORRGOHDGOHYHOV WKHVH
ZHUHSHUIRUPHGLQ WKH86  /R]RIISHUVRQDOFRPPXQLFDWLRQ

:336,0',DQG 6WDQIRUG%LQHW,4WHVWVZHUH FRQGXFWHG E\ ZHOOWUDLQHG H[DPLQHUV EOLQGWRDOOULVN DQG
EDFNJURXQG LQIRUPDWLRQ +RPH WHVWLQJ ZDVXVHG WRFRQWURODWWULWLRQ WRPLQLPL]H ELDV LQDWWULWLRQDQGWR
IDFLOLWDWHDGPLQLVWUDWLRQRI WKH+20( ,QYHQWRU\ ,QWHUREVHUYHUDJUHHPHQWZDVFKHFNHGWKURXJKREVHUYDWLRQ
DQGGXSOLFDWHVFRULQJE\D VXSHUYLVRU IRUDSSUR[LPDWHO\RQHRXWRIHYHU\H[DPLQDWLRQV $JUHHPHQW ZDV
PDLQWDLQHGDWU  $QVZHUVKHHWVZHUH FKHFNHGIRU SRVVLEOH LUUHJXODULWLHVE\WKHVXSHUYLVRUZLWKLQDIHZ
GD\VRIHDFKDGPLQLVWUDWLRQ

)RU:,6&5RQHH[SHULHQFHGSV\FKRPHWULFLDQSHUIRUPHG DOO WKHDVVHVVPHQWV &KLOGUHQZHUH WHVWHGDWD
SHGLDWULFFOLQLF 7KH H[DPLQHUZDVEOLQGWRWKHH[SRVXUH OHYHOVRI WKHFKLOG )RU0',DOO DVVHVVPHQWV WRRN
SODFHLQDSUHQDWDO DQGFKLOGZHOIDUHFOLQLF 3V\FKRPHWULF WHVWVZHUHDGPLQLVWHUHGDWDQLQQHUFLW\KHDOWKFOLQLF
E\WKHVWXG\ OHDGHURUWUDLQHG DVVLVWDQW ZLWKZKRP LQWHUWHVWHU UHOLDELOLW\KDGEHHQSUHYLRXVO\ HVWDEOLVKHG
7HVWHUV ZHUH EOLQGWRFKLOGUHQ VEORRGOHDG OHYHOV

0',ZDVDGPLQLVWHUHGDWPRQWK LQWHUYDOVEHJLQQLQJDW PRQWKVRIDJHE\H[DPLQHUVEOLQGWRWKH LQIDQWV·
OHDG OHYHOV  %HOOLQJHUHWDO )RU :,6&5 PRVWFKLOGUHQZHUHWHVWHG LQDVLQJOHVHVVLRQ ZHUHVHHQ
LQDVHFRQGVHVVLRQWRFRPSOHWHWHVWLQJDQGZHUHWHVWHGLQWKHLUKRPHVE\SDUHQWDO UHTXHVW 3V\FKRORJLVWV
ZHUHEOLQGWRDOODVSHFWVRIFKLOG V GHYHORSPHQWDODQGOHDG H[SRVXUHKLVWRULHV

4XDOLW\$VVXUDQFH &RPPHQWV

%RVWRQ


6WXG\
3RSXODWLRQ

7DEOH6HOHFWHGPHWKRGRORJLF GHWDLOVIURPFRKRUWVWXGLHV
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Acronyms and Abbreviations
Acronym/Abbreviation

Acronym/Abbreviation

Meaning

α

alpha

αT

the extent of DNA denaturation
per cell
-10

Meaning

ALAD 1-1

aminolevulinate deltadehydratase 1-1

ALAD-2

aminolevulinate deltadehydratase-2

meter)

Å

Ångström (10

AA

African American; arachidonic
acid, atomic absorption

ALD

aldehyde dehydrogenase

ALM

Adult Lead Methodology

AALM

All Ages Lead Model

ALP

alkaline phosphatase

AAS

atomic absorption
(spectrophotometry,
spectrometry, spectroscopy)

ALS

Amyotrophic Lateral Sclerosis
(Lou Gehrig’s disease)

ALT

alanine aminotransferase

Ab

amyloid-beta peptide

AM

Alveolar macrophages

ABL

atmospheric boundary layer

AMF

arbuscular mycorrhizal fungi

ACE

angiotensin converting enzyme

AMP

adenosine monophosphate

ACF

Apalachicola, Chattahoochee,
and Flint River Basin

ANC

acid neutralizing capacity;
absolute neutrophil counts

ACh

acetylcholine

ANF

atrial natriuretic factor

ACP

acid phosphatase

AngII

renal angiotensin II

ACR

acute to chronic ratio

ANOVA

analysis of variance

Acyl-CoA

acyl-coenzyme A

ANPR

AD

axial diffusivity

advance notice of proposed
rulemaking

ADHD

attention deficit hyperactivity
disorder

AOP

adverse outcome pathway

AP-1

activator protein-1

ADP

adenosine diphosphate

ApaI

AE

anion exchanger

polymorphism of the VDR in
humans

AEC

adenylate energy charge

APC

antigen-presenting cell

AERMOD

atmospheric dispersion model

APOE

Apolipoprotein E

AF

absorbed fraction; absorption
fraction

APRT

adenine
phosphoribosyltransferase

aff’d

affirmed

AQCD

Air Quality Criteria Document

A/G

albumin/globulin

AQS

Ag

silver

(U.S. EPA) Air Quality System
(database)

AGL

above-ground level

Ar

argon

A-horizon

Topsoil horizon (surface soil)

As

arsenic

AKI

acute kidney injury

AST

aspartate aminotransferase

Al

aluminum

ASV

anode stripping voltammetry

ALA

aminolevulinic acid

ATLD

ataxia-telangiectasia-like
disorder

ALAD

aminolevulinic acid
dehydratase;
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

Bi 2 S 3

bismuth (III) sulfide

BK

biokinetics

BLM

biotic ligand model

BMD

benchmark dose; bone mineral
density

American Thoracic Society

BMDL

benchmark dose limit

Agency for Toxic Substances
and Disease Research

BMI

body mass index

BMP

bone morphogenetic protein

Au

gold

BMS

Baltimore Memory Study

avg

average

BMW

battery manufacturing workers

AVS

acid-volatile sulfides

BP

blood pressure

a-wave

initial negative deflection in the
electroretinogram

Br

bromine

BR

bronchial responsiveness

AWQC

Ambient Water Quality Criteria

β

BrdU

bromo-2’-deoxyuridine

Beta; Beta coefficient;
regression coefficient;
standardized coefficient

8-Br-GMPc

8-bromo-cyclic guanosine
monophosphate

3β-HSD

3-beta-hydroxysteroid
dehydrogenase

Bs-horizon

subsoil horizon with
accumulation of sesquioxides

17β-HSD

17-beta-hydroxysteroid
dehydrogenase

BSI

Brief Symptom Inventory

BSID-II

Ba

barium

Bayley Scale for Infant
Development-II

BAF

bioaccumulation factors

BsmI

polymorphism of the VDR in
humans

BAL

2,3-dimercaptopropanol

Bt20

Birth-to-age Twenty (cohort)

BASC

Behavior Assessment System
for Children

BUN

blood urea nitrogen

BASC-PRS

Behavior Assessment System
for Children-Parent Ratings
Scale

bw

body weight

b-wave

initial positive deflection in the
electroretinogram
carbon; Celsius; soil or dry
sediment Pb concentration;
Caucasian; Cysteine

ATOFMS

aerosol time-of-flight mass
spectrometry

ATP

adenosine-triphosphate

ATPase

adenosine triphosphatase;
adenosine triphosphate
synthase

ATS
ATSDR

BASC-TRS

Behavior Assessment System
for Children-Teacher Rating
Scale

C

BC

black carbon, soot

Ca

BCB

blood cerebrospinal fluid
barrier

B-cell

Bone marrow-derived
lymphocytes, B lymphocyte

Ca

calcium
2+

calcium ion

CAA

Clean Air Act

CaBP

calcium binding protein

BCF

bioconcentration factors

CaCl 2

calcium chloride

Bcl-x

member of the B-cell
lymphoma-2 protein family

CaCO 3

calcium carbonate; calcite

CaEDTA

Bcl-xl

B-cell lymphoma-extra large

calcium
ethylenediaminetetraacetic acid

B-horizon

subsoil horizon

CaMKII

bio

biological

calmodulin-dependent protein
kinase II
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

CHV79

Chinese hamster lung cell line

CI

confidence interval

Cir.

circuit

CKD

chronic kidney disease

CKD-EPI

Chronic Kidney Disease
Epidemiology Collaboration

gypsum

CL

confidence limit

CAT

catalase

Cl

chlorine

CBLI

cumulative blood Pb index

Cl-

chlorine ion

CBSA

core based statistical area

Cl 2

molecular chlorine

CCSEM

computer-controlled scanning
electron microscopy

CLACE 5

Fifth Cloud and Aerosol
Characterization Experiment in
the Free Troposphere campaign

CD

cluster of differentiation

CLS

Cincinnati Lead Study

Cd

cadmium

CO

carbon monoxide

Cd(II)

cadmium (II)

Cd2+

cadmium ion

CD3+

T lymphocyte

CD4+

T helper cell

CDC

Centers for Disease Control

CEA

carcinoembryonic antigen

CEC

cation exchange capacity

cent

central

cert.

certiorari

cf

correction factor; latin
abbreviation for conferre (used
as "compared with)

cAMP

cyclic adenosine
monophosphate

CASAC

Clean Air Scientific Advisory
Committee

CASM

Comprehensive Aquatic
Systems Model

CaSO 4

calcium sulfate

CaSO 4 ·2H 2 O

CO 2
CO 3

carbon dioxide
2-

carbonate ion

Co

cobalt

CoA

coenzyme A

COD

coefficient of difference

Coeff

coefficient

COMP aT

The percentage of sperm with
increased sensitivity to DNA
denaturation

Con

control

Conc.

concentration

Cong.

congress

Corr

correlation

COX

cyclooxygenase; cytochrome
oxidase subunits

COX-2

cyclooxygenase-2

CFL

constant flux layer

CFR

Code of Federal Regulations

cGMP

cyclic guanosine
monophosphate

C-H

carbon-hydrogen (bond)

cPLA 2

cytosolic phospholipidase A 2

CHAD

Consolidated Human Activity
Database

CPRI

coarse particle rotary impactor

ChAT

chlorine acetyltransferase

CPRS-R

Conners' Parent Rating ScaleRevised

CHD

coronary heart disease

Cr

chromium; creatine

CHL

Chinese hamster lung

C-R

CHO

Chinese hamster ovary cell line

concentration-response
(relaltionship)

C-horizon

Soil horizon underneath A- and
B-horizons, may contain lumps
or shelves of rock and parent
material

Cr III

chromium III

CRAC

Ca2+ release activated calcium
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

DIT

developmental immunotoxicity

DMPS

2,3-dimercaptopropane-lsulfonic acid

DMSA

dimercaptosuccinic acid

DMSO

dimethyl sulfoxide

C-reactive protein

DNA

deoxyribonucleic acid

CSF

colony-stimulating factor

DoAD

CSN

Chemical Speciation Network

developmental origins of adult
disease

CT

zinc-adequate control

DOC

dissolved organic carbon

Cu

copper

DOM

dissolved organic matter

Cu(II)

copper (II)

DP-109

metal chelator

CV

coefficient of variation

DP-460

metal chelator

CVD

cardiovascular disease

DR

diet-restricted

CYP

cytochrome

DRD4

dopamine 4 receptor

CYP 1A1, Cyp1A1

cytochrome P450 family
1 member A1

DRD4.7

dopamine 4 receptor repeat
alleles

CYP 1A2, Cyp1A2

cytochrome P450 family 1
member A2

DRUM

Davis Rotating Unit for
Monitoring

CYP P450

cytochrome P450

D-serine

neuronal signal

Δ

delta, difference, change

DSM-IV

Δ5-3β-HSD

Diagnostic Statistical ManualIV

delta-5-3-beta-hydroxysteroid
dehydrogenase

DTH

delayed-type hypersensitivity

δ-ALA

5-aminolevulinic acid; deltaaminolevulinic acid

DTPA

δ-ALAD

delta-aminolevulinic acid
dehydratase

diethylene triamine pentaacetic
acid; technetiumdiethylenetriamine-pentaacetic
acid

E

east; expression for exposure

D2, D3

dopamine receptors

E2

estradiol

D50

size at 50% efficiency

e

exponential function

d

day(s); depth

EC

db, dB

decibel

elemental carbon, endothelial
cell

DbH

dopamine beta-hydroxylase

EC 10

DBP

diastolic blood pressure

effect concentration for 10% of
test population

DENA

Denali National Park and
Preserve, Alaska

EC 20

effect concentration for 20% of
test population

dep

dependent

EC 50

effect concentration for 50% of
test population

dev.

deviation

ECG

DEX

exogenous dexamethasone

electrocardiography;
electrocardiogram

DG

degenerate gyrus

ECOD

7-ethoxycoumarin-o-deethylase

2-dG

2-deoxyguanosine

Eco-SSLs

ecological soil screening levels

DHAA

dehydroascorbate

ED 10

diff

differentiation

effect dose for 10% of
population

CRACI

calcium release activated
calcium influx

CREB

cyclic
adenosinemonophosphate
(cAMP) response elementbinding

CRP
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

EXAFS

X-ray absorption fine structure
spectroscopy

F0

filial “zero” generation
(parental stock)

epidermal growth factor
receptor

F1

first filial generation (offspring
of F 0 )

eGFR

estimated glomerular filtration
rate

F2

second filial generation
(offspring of F 1 )

Eh

electrochemical potential

FAA

Federal Aviation Agency

E-horizon

Eluviated horizon; soil horizon
which is eluviated or leached of
mineral and/or organic content

FAI

free androgen index

FAS

apoptosis stimulating fragment

EDTA

ethylenediaminetetraacetic acid

EFS

electrical field stimulus

EGF

epidermal growth factor

EGFR

EI-MS

electron impact ionization mass
spectrometry

Fas-L

apoptosis stimulating fragment
ligand

ELPI

electrical low-pressure
impactor

Fe

iron

Fe(III)

iron III

eNOS

endothelial nitric oxide
synthase

FEM

Federal equivalence method

EOG

end-of-grade

FEV1

forced expiratory volume in 1
second

EPA

U.S. Environmental Protection
Agency

FI

fixed interval

EPT

ephemeroptera, plecoptera,
trichoptera

FI-Ext

fixed interval with extinction

Fl

fluoride

ER

endoplasmic reticulum

FokI

Erg-1

ether-a-go-go related gene

polymorphism of the VDR in
humans

ERG

electroretinogram

FR

Federal Register (Notice)

ERK

extracellular signal regulated
kinase

FrA

fractional anisotropy

FR-FI

fixed ratio-fixed interval

ERK1/2

extracellular signal-regulated
kinases 1 and 2

FRM

Federal reference method

FSH

follicle-stimulating hormone

EROD

7-ethoxyresorufin-o-deethylase

FSIQ

ESCA

electron spectroscopy for
chemical analysis

full scale intelligence quotient
(IQ)

FT3

free triiodothyronine

ESI-MS

electrospray ionization mass
spectrometry

FT4

free thyroxine

ESRD

end stage renal disease

G

pregnancy; guanine

ET

endothelin

G2

gap 2 Phase

ET-1

vasoconstrictor endothelin-1

g, kg, mg, μg, ng, pg

ET A -type receptors

endothelin type A receptors

gram(s), kilogram(s),
milligram(s), microgram(s),
nanogram(s), picogram(s)

ETS

environmental tobacco smoke

G93A

mouse model

EU

European Union

GAAR

EURO

European emission standard

Gates of the Arctic National
Park and Preserve, Alaska

eV

electronvolts

GABA

γ-aminobutyric acid; gamma
aminobutyric acid
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

GSH

glutathione

GSSG

glutathione disulfide

GST

glutathione S-transferase

GSTM1

glutathione S-transferase Mu 1

GST-P

glutathione transferase P

gestational day

GTP

guanosine-5'-triphosphate;
guanine triphosphate

GEE

generalized estimating
equations

H

hydrogen

GFAAS

graphite furnace atomic
absorption spectrometry

H+

hydrogen ion

h

hour(s)

GFAP

glial fibrillary acidic protein

ha

hectare

GFR

glomerular filtration rate

HAD

hydroxy-alkenals

GGT

gamma-glutamyl
transpeptidase

HAP

hazardous air pollutant

Hb

hemoglobin

GH

growth hormone

GHRH

growth-hormone releasing
hormone

HC 5

acute toxicity hazardous
concentration for 5% of species

GI

gastrointestinal

HC 10

GIS

Geographic Information
System

acute toxicity hazardous
concentration for 10% of
species

GABAergic

inhibitory neurons that release
the neurotransmitter GABA

GAD

generalized anxiety disorder

GC

gas chromatography

G-CSF

granulocyte colony-stimulating
factor

GD

HCl

hydrochloric acid
-

G+L

pregnancy plus lactation

HCO 3

GLAC

Glacier National Park,
Montana

Hct

hematocrit

GLE

gestationally-lead exposed

HDL

high-density lipoprotein

GM

geometric mean

HERO

GMR

geometric mean blood Pb ratio

Health and Environmental
Research online (database)

GnRH

gonadotropin-releasing
hormone

HEW

U.S. Department of Health,
Education, and Welfare

G6PD

glucose-6-phosphate
dehydrogenase

HF

hydrogen fluoride

HFE

hemochromatosis gene

bicarbonate; hydrogen
carbonate

GPEI

glutathione transferase P (GSTP) enhancer I

HFE C282Y

hemochromatosis gene with
C282Y mutation

GPT

glutamate pyruvate
transaminase

HFE H63D

hemochromatosis gene with
H63D mutation

GPx

glutathione peroxidase

Hg

mercury

GPX1

gene encoding for glutathione
peroxidase 1

HgCl 2

mercury(II) chloride

5-HIAA

5-hydroxyindoleacetic acid

GR

glutathione reductase

HIV

human immunodeficiency virus

GRP78

glucose-regulated protein 78

HLA-DRB

human leukocyte antigen genes

GRP94

glucose-regulated protein 94

HMEC

Grp

glucose-regulated protein

human dermal microvascular
endothelial cells

GSD

geometric standard deviation
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Acronym/Abbreviation

Meaning

Meaning

ID

identification

IDA

iron-deficiency anemia

IDE

insulin-degrading enzyme

IEPA

Illinois Environmental
Protection Agency

IEUBK

Integrated Exposure Uptake
Biokinetic

hydrogen peroxide

IFN-γ

interferon-gamma

Home Observation for
Measurement of the
Environment

Ig

immunoglobulin

IgA

immunoglobulin A

HPA

hypothalamic-pituitary-adrenal

IgE

immunoglobulin E

HPb, h-Pb

high Pb

IGF-1

insulin-like growth factor 1

HPG

hypothalamic-pituitary-gonadal

IgG

immunoglobulin G

HPLC

high-performance liquid
chromatography

IgM

immunoglobulin M

IHD

ischemic heart disease

HPRT

hypoxanthine-guanine
phosphoribosyltransferase

IL

interleukin

IL-1β

interleukin-1 Beta

HPT

hyperparathyroidism;
hypothalamic-pituitary-thyroid

IL-2

interleukin-2

HR

heart rate; hazard ratio

IL-4

interleukin-4

HRV

heart rate variability

IL-5

interleukin-5

hsp

heat shock proteins

IL-6

interleukin-6

5HT

serotonin

IL-8

interleukin-8

5-HT

5-hydroxytryptamine

IL-10

interleukin-10

5-HT2B

5-hydroxytryptamine receptor
2B

IL-12

interleukin-12

IMPROVE

Interagency Monitoring of
Protected Visual Environment

HMGR

3-hydroxy-3-methylglutarylCoA reductase

HMOX-1

heme oxygenase-1

HNO 3

nitric acid

HO-1

heme oxygenase; heme
oxidase-1

H2O

water

H2O2
HOME

hTERT

telomerase reverse
transcriptase

IMT

intimal medial thickening

HVA

homovanillic acid

INL

I

interstate

inner neuroblastic layers of the
retina

IARC

International Agency for
Research on Cancer

iNOS

inducible nitric oxide synthase

IOM

IC 50

half maximal inhibitory
concentration

Institute of Medicine (provides
health information to the NAS
[National Academy of
Sciences])

ICAP

inductively coupled argon
plasma

i.p.

intraperitoneal (route)

ICP-AES

Inductively coupled plasma
atomic emission spectroscopy

IQ

intelligence quotient

IQR

interquartile range

ICPMS, ICP-MS

Inductively coupled plasma
mass spectrometry

IRE1

inositol-requiring enzyme-1

ICR

imprinting control region

IRP

integrated review plan

ICRP

International Commission on
Radiological Protection

ISA

Integrated Science Assessment
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

ISC-PRIME

Industrial Source ComplexPlume Rise Model
Enhancements

LA-ICP-MS

laser ablation inductively
coupled plasma mass
spectrometry

ISF

intake slope factor

LC 50

ISL

inertial sublayer

lethal concentration (at which
50% of exposed organisms die)

ISO

International Standards
Organization

LD 50

lethal dose (at which 50% of
exposed organisms die)

i.v.

intravenous

LDH

lactate dehydrogenase

IVBA

in vitro bioaccessibility

LDL

low-density lipoproteins

IVF

in vitro fertilization

LFH-horizons

organic soil horizons located
above well-drained surface soil

JNK

jun N-terminal kinase

LF/HF

K

Kelvin (temperature);
potassium; resuspension factor

low frequency to high
frequency ratio

LH

luteinizing hormone

K+

potassium ion

LHRH

K 0.5

concentration of free metal
giving half maximal metaldependent release

luteinizing hormone releasing
hormone

LINE

long interspersed nuclear
element

KART

Karters of American Racing
Triad

LINE-1

long interspersed nucleotide
elements-1

Kd

dissociation constant

LLNA

local lymph node assay

Kd

partition coefficient; ratio of
the metal concentration in soil
to that in soil solution

ln

natural logarithm

L-NAME

L-NG-nitroarginine methyl
ester

L-NOARG

L-nitroarginine

LOD

limit of detection

LOEC

lowest-observed-effect
concentration

kDa, kD

kiloDalton

KEDI-WISC

Korean Educational
Development InstituteWechsler Intelligence Scale for
Children

6-keto-PGF1α

6-keto-prostaglandin F1α
(vasodilatory prostaglandin)

log

logarithm

keV

kiloelectron volt

LPb

low Pb

Ki-67

antigen, cell cycle and tumor
growth marker

LPS

lipopolysaccharide

LSO

lateral superior olive

Kim-1

kidney injury molecule-1

LTP

long-term potentiation

Kinder-KITAP

Kinder-Testbatterie zur
Aufmerksamkeitsprüfung für
Kinder

M

metal

M, mM, μM, nM, pM

Molar, millimolar (10-3 M),
micromolar (10-6 M),
nanomolar (10-9 M), picomolar
(10-12 M)

m, km, cm, mm, μm, nm

meter(s), kilometer(s),
centimeter(s), millimeter(s),
micrometer(s) [micron(s)],
nanometer(s)

MAP

mean arterial pressure

MAPK

mitogen-activated protein
kinase(s), MAP kinase

K-ras

specific proto-oncogene

K-XRF

K-x-ray fluorescence method
of scanning for bone Pb

Λ

lambda; resuspension rate

L

length

L, dL, mL

Liter(s) [1000 mL/L],
deciliter(s) [100 mL/dL],
milliliter(s) [1 mL/mL]
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

MATC

maximum acceptable toxicant
concentration

mmol, μmol, nmol

millimole(s), micromole(s),
nanomole(s)

max

maximum, maxima

MN

MBP

myelin basic protein

micronuclei formation;
mononuclear

MCH

mean corpuscular hemoglobin

Mn

manganese

MCHC

mean corpuscular hemoglobin
concentration

MNE

micronucleated erythrocytes
per thousand

MchDMSA

mono-cyclohexyl
dimercaptosuccinic acid

MnO 2

manganese dioxide

Mo

molybdenum

MCL

maximum containment level

mo

month(s)

MCP-1

monocyte chemotactic
protein-1

MOA(s)

mode(s) of action

MORA

MCV

mean corpuscular volume

Mount Rainier National Park,
Washington State

MD

mean diffusivity

MOUDI

MDA

malondialdehyde

multi-orifice uniform deposit
impactor

MDD

major depressive disorder

MPb, m-Pb

moderate Pb

MDI

Mental Development Index

MPO

myeloperoxidase

MDL

method detection limit

MRI

magnetic resonance imaging

MDRD

Modification of Diet in Kidney
Disease

mRNA

messenger ribonucleic acid

MRS

magnetic resonance
spectroscopy

MS

maternal stress

MSC

mesenchymal cell

Med, med

median

MEK1

dual specificity mitogenactivated protein kinase 1

MEK2

dual specificity mitogenactivated protein kinase 2

MSWI

municipal solid waste
incineration

MENTOR

Modeling Environment for
Total Risk (framework)

Mt

metallothionein

MTHFR

Mg

magnesium

methylenetetrahydrofolate
reductase

Mg2+

magnesium ion

MTP

MHC

major histocompatibility
complex

mitochondrial transmembrane
pore

MW

molecular weight

MZ

marginal zinc

N

nitrogen; normal; north;
number; population

MI

myocardial infarction, "heart
attack;" myocardial ischemia

mI

myoinositol

min

minimum; minima; minute(s)

n

number of observations

MKK1/2

MAPK kinase 1 and 2

Na

sodium

ML

mixed layer

Na+

sodium ion

MMAD

mass median aerodynamic
diameter

NAAQS

National Ambient Air Quality
Standards

MMDD

mental retardation or
developmental disabilities

NAC

N-acetyl cysteine; nucleus
accumbens

MMF

mycophenolate mofetil

Na 2 CaEDTA

mmHg

millimeters of mercury

calcium disodium
ethylenediaminetetraacetic acid
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

NaCl

sodium chloride

NH 4 Cl

ammonium chloride

NAD

nicotinamide adenine
dinucleotide

NHEJ

non-homologous end joining

NHEXAS

NADH

nicotinamide adenine
dinucleotide dehydrogenase

National Human Exposure
Assessment Survey

NH 4 OAc

ammonium acetate

NADP

nicotinamide adenine
dinucleotide phosphate

7-NI

7-nitroinidazole

NADPH, NAD(P)H

reduced nicotinamide adenine
dinucleotide phosphate

Ni

nickel

NICA

non-ideal competitive
absorption

NAEC

no-adverse-effect concentration

NAG

N-acetyl-β-D-glucosaminidase;
N-acetylglucosamine

NIOSH

National Institute for
Occupational Safety and Health

NaHCO 3

sodium bicarbonate; sodium
hydrogen carbonate

NIST

National Institute of Standards
and Technology

NANC

non-adrenergic non-cholinergic

NK

natural killer

NAS

U.S. Department of Veteran’s
Affair’s Normative Aging
Study; National Academy of
Sciences

NKF-K/DOQI

National Kidney Foundation Kidney Disease Outcomes
Quality Initiative

NMDA

N-methyl-D-aspartate

NMR

nuclear magnetic resonance

nNOS

neuronal nitric oxide synthase
(NOS)

NO

nitric oxide; nitric oxide
radical, nitrogen monoxide

NO 2

nitrogen dioxide

NASCAR

National Association for Stock
Car Automobile Racing

NATTS

National Air Toxics Trends
Station

NAWQA

National Water Quality
Assessment

NCAM

neural cell adhesion molecule

No.

number

NCEA

National Center for
Environmental Assessment

NOAA

National Oceanic and
Atmospheric Administration

NCore

National Core multi-pollutant
monitoring network

NOAEL

no observed adverse effect
level

N.D.

not detected

NOAT

NDMAR

N-nitrosodimethylamine
receptor

Noatak National Preserve,
Alaska

NOCA

NE

norepinephrine

North Cascades National Park,
Washington State

NECAT

New England Children’s
Amalgam Trial

NOEC

no-observed-effect
concentration

NEI

National Emissions Inventory

NOEL

no-observed-effect level

NFI

non-fixed interval

NOS

NF-κB

nuclear factor kappa B

nitric oxide synthase; nitric
oxide systems

NGAL

neutrophil gelatinaseassociated lipocalin

NO X

nitrogen oxides, oxides of
nitrogen (NO + NO 2 )

NGF

nerve growth factor

NP

nanoparticle

NH

non-hispanic

NPSH

nonprotein sulfhydryl

NHANES

National Health and Nutrition
Examination Survey

NQO1

NAD(P)H-quinone
oxidoreductase (genotype)
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

NRC

National Research Council

OSHA

NRCS

Natural Resources
Conservation Service

Occupational Safety and Health
Administration

OVA

ovalbumin

8-oxo-dG

8-hydroxy-2’-deoxyguanosine

P

percentile; phosphorus

P0

parent generation

P450

cytochrome P450

p

probability value; number of
paired hourly observations;
statistical significance

Nrf2

nuclear factor erythroid 2related factor 2

NS

not specified

NTP

National Toxicology Program

NTPDase

nucleoside triphosphate
diphosphohydrolase

NW

northwest

NYC

New York City

PA

policy assessment

NZ

New Zealand

PAD

peripheral arterial disease

O2

molecular oxygen

PAH(s)

superoxide, superoxide free
radical

polycyclic aromatic
hydrocarbon(s)

Pb

lead

ozone

203

lead-203 radionuclide

9-O-acetylated-GD3

204

stable isotope of lead-204

U.S. EPA Office of Air Quality
Planning and Standards, in
OAR

206

stable isotope of lead-206

207

stable isotope of lead-207

208

stable isotope of lead-208

O2

-

O3
9-O-Ac-GD3
OAQPS

OAR
OBS

Pb
Pb
Pb
Pb
Pb

U.S. EPA Office of Air and
Radiation

210

observations

Pb

stable isotope of lead-210

Pb

++

divalent Pb ion

0

elemental lead

OC

organic carbon

Pb

OEPA

Ohio Environmental Protection
Agency

Pb(II)
2+

lead (II)

Pb

lead ion

Pb(Ac) 2

lead acetate

PbB

blood lead concentration

PbBrCl

lead bromochloride

Pb(C 2 H 3 O 2 ) 2

lead (II) acetate

OH-

hydroxide ion

1,25-(OH) 2 D3

1,25-dihydroxy vitamin D

O-horizon

horizon forest floor, organic
soil horizon (above surface
soil)

OLC

osteoblast-like cells

PbCl

+

lead chloride

OLYM

Olympic National Park,
Washington State

PbCl 2

lead chloride

OM

organic matter

PbCl 3

lead (III) chloride; lead
trichloride

ONL

outer neuroblastic layers of the
retina

PbCl 4

lead (IV) chloride; lead
tetrachloride

ONOO-

peroxynitrate ion

PbCO 3

cerussite; lead carbonate

OR

odds ratio

Pb(CO 3 ) 2

lead (IV) carbonate

ORD

U.S. EPA Office of Research
and Development

Pb(CO 3 ) 2 (OH) 2

hydrocerussite

OS

offspring stress

PbCrO 4

lead (II) chromate

PbD

floor dust lead
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

PIH

pregnancy induced
hypertension

PIQ

performance intelligence
quotient (IQ)

lead-no stress

PIR

poverty-income ratio

PbO

lead oxide; litharge; massicot

PIXE

PbO 2

lead dioxide

Pb(IV)O 2

lead dioxide

particle induced X-Ray
emission; proton-induced x-ray
emission

Pb 3 O 4

minimum or "red Pb"

PKC

protein kinase C

Pb(OH) 2

lead hydroxide

PLP

proteolipid protein

Pb 5 (PO 4 ) 3 Cl

pyromorphite

PM

particulate matter

Pb 5 (PO 4 ) 3 OH

hydroxypyromorphite

PM X

PbS

galena; lead sulfide; soil lead
concentration

PbSe

lead selenide

PbSO 4

anglesite; lead sulfate

Pb 4 SO 4 (CO 3 ) 2 (OH) 3

macphersonite

PbxS

lead by stress

Pb 5 (VO 4 ) 3 Cl

vanadinite

PC12

pheochromocytoma 12 (adrenal
/ neuronal cell line)

PCA

principal component analysis

PCE

polychromatic erythrocyte

PCR

polymerase chain reaction

Particulate matter of a specific
size range not defined for
regulatory use. Usually X
refers to the 50% cut point, the
aerodynamic diameter at which
the sampler collects 50% of the
particles and rejects 50% of the
particles. The collection
efficiency, given by a
penetration curve, increases for
particles with smaller diameters
and decreases for particles with
larger diameters. The definition
of PMX is sometimes
abbreviated as “particles with a
nominal aerodynamic diameter
less than or equal to X μm”
although X is usually a 50%
cut point.

Pct

percent

PCV

packed cell volume

PD

Parkinson's disease

PDI

Psychomotor Development
Index

PEC

probable effect concentration

PEL

permissible exposure limit

PER

partial exfiltration reactor

PG

prostaglandin

PGE 2 , PGE2

prostaglandin E 2

PGF 2

prostaglandin F2

pH

relative acidity; Log of the
reciprocal of the hydrogen ion
concentration

PHA

polyhydroxyalkanoates

PHE

phenylalanine

PbFe 6 (SO 4 ) 4 (OH) 12

plumbjarosite

PBG

porphobilinogen

Pb(NO 3 ) 2

lead(II) nitrate

Pb-NS
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Acronym/Abbreviation

Acronym/Abbreviation

Meaning

PM 10

In general terms, particulate
matter with an aerodynamic
diameter less than or equal to a
nominal 10 μm; a measurement
of thoracic particles (i.e., that
subset of inhalable particles
thought small enough to
penetrate beyond the larynx
into the thoracic region of the
respiratory tract). In regulatory
terms, particles with an upper
50% cut-point of 10 ± 0.5 μm
aerodynamic diameter (the
50% cut point diameter is the
diameter at which the sampler
collects 50% of the particles
and rejects 50% of the
particles) and a penetration
curve as measured by a
reference method based on
Appendix J of 40 CFR Part 50
and designated in accordance
with 40 CFR Part 53 or by an
equivalent method designated
in accordance with 40 CFR
Part 53.

PM 2.5

In general terms, particulate
matter with an aerodynamic
diameter less than or equal to a
nominal 2.5 μm; a
measurement of fine particles.
In regulatory terms, particles
with an upper 50% cut-point of
2.5 μm aerodynamic diameter
(the 50% cut point diameter is
the diameter at which the
sampler collects 50% of the
particles and rejects 50% of the
particles) and a penetration
curve as measured by a
reference method based on
Appendix L of 40 CFR Part 50
and designated in accordance
with 40 CFR Part 53, by an
equivalent method designated
in accordance with 40 CFR
Part 53, or by an approved
regional method designated in
accordance with Appendix C of
40 CFR Part 58.
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Meaning

PM 10-2.5

In general terms, particulate
matter with an aerodynamic
diameter less than or equal to a
nominal 10 μm and greater
than a nominal 2.5 μm; a
measurement of thoracic coarse
particulate matter or the coarse
fraction of PM10. In regulatory
terms, particles with an upper
50% cut-point of 10 μm
aerodynamic diameter and a
lower 50% cut-point of 2.5 μm
aerodynamic diameter (the
50% cut point diameter is the
diameter at which the sampler
collects 50% of the particles
and rejects 50% of the
particles) as measured by a
reference method based on
Appendix O of 40 CFR Part 50
and designated in accordance
with 40 CFR Part 53 or by an
equivalent method designated
in accordance with 40 CFR
Part 53.

PM 10C

The PM10-2.5 concentration of
PM10-2.5 measured by the 40
CFR Part 50 Appendix O
reference method which
consists of currently operated,
co-located low-volume
(16.7 Lpm) PM10 and PM2.5
reference method samplers.

p38MAPK

p38 mitogen-activated protein
kinase(s)

PMN

polymorphonuclear leukocyte

P5N

pyrimidine 5'-nucleotidase

PND

post natal day

POC

particulate organic carbon

PP

polypropylene; pulse pressure

ppb

parts per billion

ppm

parts per million

PRP

post-reinforcement pause

PS

dam stress; prenatal stress;
phosphatidylserine

PSA

prostate specific antigen

PSA-NCAM

polysialylated-neural cell
adhesion molecule

PT

proximal tubule

PTFE

polytetrafluoroethylene

PTH

parathyroid hormone

Acronym/Abbreviation

Acronym/Abbreviation

Meaning

Meaning

RSL

roughness sublayer (transition
layer, wake layer, interfacial
layer)

rtPCR

reverse transcription
polymerase chain reaction

peripheral vascular disease

σ

sigma, standard deviation

Q

quantile; quartile; quintile

S

south; sulfur; synthesis phase

QRS

QRS complex in ECG

SAB

QT

QT interval in ECG

U.S. EPA Science Advisory
Board

QTc

corrected QT Interval

SATs

Standard Assessment Tests

ρ

rho; bulk density; correlation

SBP

systolic blood pressure

ρS

Pearson's r correlation
coefficient

SCE

sister chromatid exchange

Scna

α-synuclein

R

net drainage loss out of soil
depth of concern; Spearman
correlation coefficient; upward
resuspension flux; correlation

SD

standard deviation

SDN

sexually dimorphic nucleus

SE

standard error

PTHrP

parathyroid hormone-related
protein

PUFA

polyunsaturated fatty acid

PVC

polyvinyl chloride

PVD

r

Pearson correlation coefficient

Se

selenium

R2

multiple regression correlation
coefficient

sec

second(s)

r2

correlation coefficient

SEKI

Sequoia and Kings Canyon
National Park, California

RAAS

renin-angiotensin-aldosterone
system

SEM

RAC2

gene encoding for Rac2

scanning electron microscopy;
simultaneously extracted metal;
standard error of the mean

RBA

relative bioavailability

SES

socioeconomic status

RBC

red blood cell

Sess.

Session

RBP

retinol binding protein

SFU

stacked filter unit(s)

RD

radial diffusivity

SGA

small for gestational age

REA

Risk/Exposure Assessment

sGC

soluble guanylate cyclase

Ref

reference (group)

sGC-β1

RI-RI

concurrent random interval

soluble guanylate cyclase-beta
1

RL

repeated learning

SGOT

serum glutamic oxaloacetic
transaminase

220

radon isotope

SGPT

222

stable isotope of radon-222

serum glutamic pyruvic
transaminase

RNA

ribonucleic acid

SHBG

sex hormone binding globulin

ROI

reactive oxygen
intermediate/superoxide anion;
regions of interest

SHEDS

Stochastic Human Exposure
and Dose (model)

SHM

Stockholm humic model

ROMO

Rocky Mountain National
Park, Colorado

siRNA

small interfering RNA

ROS

reactive oxygen species

SJW

silver jewelry workers

RR

relative risk; risk ratio

SLAMS

State and Local Air Monitoring
Stations

SMC

smooth muscle cells

Rn
Rn
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Acronym/Abbreviation

Meaning

Meaning

T, t

time

T 3 , T3

triiodothyronine

T 4 , T4

thyroxine

single-nucleotide
polymorphism; sodium
nitroprusside

t 1/2

half-life (-lives); time required
to reduce the initial
concentration by 50%

SNS

sympathetic nervous system

TBARS

SO

stratum oriens

thioBarbituric acid reactive
substances; thiobarbituric acidreactive species

SO 2

sulfur dioxide

T cell, T-cell

T lymphocyte

So

south

TE

trace elements

SOC

superior olivary complex

TEC

threshold effect concentrations

SOD

superoxide dismutase

TEOM

SOD1

superoxide dismutase-1

tapered element oscillating
microbalance, type of PM
sampler

SOF

study of osteoporotic fractures

TF

SOM

self-organizing map; soil
organic matter

ratio of the metal concentration
in plant to that in soil;
transferrin

SP

spray painters

TFIIIA

transcription factor IIIA

SP1, Sp1

specificity protein 1

Tg

transgenic

SPM

suspended particulate matter

TGF

transforming growth factor

SPT

skin prick test

TGF-β

β transforming growth factor

SREBP-2

sterol regulatory element
binding protein-2

TGFβ1, TGF-β1

β1 transforming growth factor

TH

tyrosine hydroxylase

S. Rep.

Senate Report

TH1, Th1

T-derived lymphocyte helper 1

SRIXE

synchrotron radiation induced
X-ray emission

TH2, Th2

T-derived lymphocyte helper 2

StAR

steroidogenic acute regulatory
protein

Th

T-helper lymphocyte

TIMP-1

signal transducer and activator
of transcription

tissue inhibitor of
metalloproteinases-1

TIMS

signal transducer and activator
of transcription 3

thermal ionization mass
spectrometry

TLC

signal transducer and activator
of transcription 5

Treatment of Lead-exposed
Children (study)

T/LH

testosterone/luteinizing
hormone - measure of Leydig
cell function

TNF

tumor necrosis factor
(e.g., TNF-α)

TNP-Ficoll

trinitrophenyl-Ficoll

TNP-OVA

trinitrophenyl-ovalbumin

TPR

total peripheral vascular
resistance

TS

transferrin saturation

SNAP-25

synaptosomal-associated
protein 25

SNARE

soluble NSF attachment
receptor

SNP

STAT
STAT3
STAT5
STD.

Standard

ST Interval

measured from the J point to
the end of the T wave in an
ECG

STN

Speciation Trends Network

Syb

synaptobrevin

Syn

synaptophysin

Syt

synaptotagmin

SZn

supplemental zinc
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Meaning

Meaning

TSH

thyroid stimulating hormone;
total sulfhydryl

VGLUT1

vesicular glutamate transporter
1

TSP

total suspended particles

VIQ

TSS

total suspended solids

verbal intelligence quotient
(IQ)

TXB 2

thromboxane

VLPb

very low Pb

U

uranium

VMAT2

vesicular monoamine
transporter-2

UA

urbanized area

VO 4 3-

vanadate ion

UBL

urban boundary layer

VOC(s)

volatile organic compound(s)

UCL

urban canopy layer

vs., v.

versus

UDDS

urban dynamometer driving
schedule

VSCC

very sharp cut cyclone

UDPGT

uridine diphosphate (UDP)glucuronosyltransferase(s)

VSMC

vascular smooth muscle cells

WACAP

Western Airborne
Contaminants Assessment
Project

WBC

white blood cell

WCST

Wisconsin Card Sorting Test

WHAM

Windermere humic aqueous
model

WHO

World Health Organization

WIAT

Wechsler Individual
Achievement Test

UIUC

University of Illinois at Urbana
Champaign

U.K.

United Kingdom

U.S.

United States of America

USC

U.S. Code

U.S. EPA

U.S. Environmental Protection
Agency

USF

uptake slope factor

USGS

U.S. Geological Survey

WINS

well impactor ninety six

USL

urban surface layer

WISC

UUDS

urban dynamic driving
schedule

Wechsler Intelligence Scale for
Children

WISC-R

UV

ultraviolet radiation

Wechsler Intelligence Scale for
Children-Revised

UWM

Unit World Model

wk

week(s)

V

vanadium

WML

white matter lesions

V79

Chinese hamster lung cell line

WPPSI-III

VA

Veterans Administration

Wechsler Preschool and
Primary Scales of IntelligenceIII

VAChAT

vesicular acetylcholine
transporter

WPPSI-R

VAMP-2

vesicle-associated membrane
protein-2

Wechsler Preschool and
Primary Scale of IntelligenceRevised

WRAT

Wide Range Achievement Test

VA-NAS

Veterans Administration
Normative Aging Study

W/S

winter/summer

VDAC

voltage-dependent anion
channel

WT

wild type

wt.

weight

VDR

vitamin D receptor

XAFS

X-ray absorption fine structure

VGAT

vesicular gamma aminobutyric
acid (GABA) transporter

XANES

X-ray absorption near edge
structure

VGCC

voltage gated calcium
channel(s)

XDH

xanthine dehydrogenase

xlii

Acronym/Abbreviation
X ij

Acronym/Abbreviation

Meaning

Zn

observed hourly concentrations
for time period i at site j

X ik

observed hourly concentrations
for time period i at site k

XPS

X-ray photoelectron
spectroscopy

XRF

X-ray fluorescence

yr

year(s)

Zn

xliii

Meaning
zinc

2+

zinc ion

ZPP

zirconium-potassium
perchlorate; zinc
protoporphyrin

Z-score

standard score

Preamble
Process of ISA Development
This preamble outlines the general process for developing an Integrated Science
Assessment (ISA) including the framework for evaluating weight of evidence and
drawing scientific conclusions and causal judgments. The ISA provides a concise review,
synthesis, and evaluation of the most policy-relevant science to serve as a scientific
foundation for the review of the National Ambient Air Quality Standards (NAAQS). The
general process for NAAQS reviews is described at
http://www.epa.gov/ttn/naaqs/review.html. Figure I depicts the general NAAQS review
process and information for individual NAAQS reviews is available at
www.epa.gov/ttn/naaqs. This preamble is a general discussion of the basic steps and
criteria used in developing an ISA; for each ISA, specific details and considerations are
included in the introductory section for that assessment.
The fundamental process for developing an ISA includes:
 literature searches;
 study selection;
 evaluation and integration of the evidence; and
 development of scientific conclusions and causal judgments.
An initial step in this process is publication of a call for information in the Federal
Register that invites the public to provide information relevant to the assessment, such as
new or recent publications on health or welfare 1 effects of the pollutant, or from
atmospheric and exposure sciences fields. The U.S. Environmental Protection Agency
(EPA) maintains an ongoing literature search process for identification of relevant
scientific studies published since the last review of the NAAQS. Search strategies are
designed for pollutants and scientific disciplines and iteratively modified to optimize
identification of pertinent publications. Papers are identified for inclusion in several
additional ways: specialized searches on specific topics; independent review of tables of
contents for journals in which relevant papers may be published; independent
identification of relevant literature by expert scientists; review of citations in previous
assessments and identification by the public and the Clean Air Scientific Advisory
Committee (CASAC) during the external review process. This literature search and study
1

Welfare effects as defined in Clean Air Act (CAA) Section 302(h) [42 U.S.C. 7602(h)] include, but are not limited
to, “effects on soils, water, crops, vegetation, man-made materials, animals, wildlife, weather, visibility and climate,
damage to and deterioration of property, and hazards to transportation, as well as effects on economic values and on
personal comfort and well-being.”
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selection process is depicted in Figure II. Publications considered for inclusion in the ISA
are added to the Health and Environmental Research Online (HERO) database developed
by EPA (http://hero.epa.gov/); the references in the ISA include a hyperlink to the
database.
Studies that have undergone scientific peer review and have been published or accepted
for publication and reports that have undergone review are considered for inclusion in the
ISA. Analyses conducted by EPA using publicly available data are also considered for
inclusion in the ISA. All relevant epidemiologic, controlled human exposure,
toxicological, and ecological and welfare effects studies published since the last review
are considered, including those related to exposure-response relationships, mode(s) of
action (MOA), and potentially at-risk populations and lifestages. Studies on atmospheric
chemistry, environmental fate and transport, dosimetry, toxicokinetics and exposure are
also considered for inclusion in the document, as well as analyses of air quality and
emissions data. References that were considered for inclusion in a specific ISA can be
found using the HERO website (http://hero.epa.gov).

Figure I

Illustration of the key steps in the process of the review of
National Ambient Air Quality Standards.
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Criteria for study evaluation
include:

Screened

Title
Literature
Search
Strategies

No

Yes

Considered

Abstract
No

Yes

Full text

Included
Yes

No

Are the statistical analyses
appropriate, properly performed, and
properly interpreted? Are likely
covariates adequately controlled or
taken into account in the study
design and statistical analysis?
Are the air quality data, exposure,
or dose metrics of adequate quality
and sufficiently representative of
information regarding ambient
conditions?
Are the health, ecological or welfare
effect measurements meaningful,
valid and reliable?

Recommendations
during Peer Review

Do the analytical methods provide
adequate sensitivity and precision to
support conclusions?

Citations from
Past Assessments

Figure II

Are the study populations, subjects,
or animal models adequately
selected, and are they sufficiently
well defined to allow for meaningful
comparisons between study or
exposure groups?

Illustration of processes for literature search and study selection
used for development of ISAs.

Each ISA builds upon the conclusions of previous assessments for the pollutant under
review. EPA focuses on peer reviewed literature published following the completion of
the previous review and on any new interpretations of previous literature, integrating the
results of recent scientific studies with previous findings. Important earlier studies may
be discussed in detail to reinforce key concepts and conclusions or for reinterpretation in
light of newer data. Earlier studies also are the primary focus in some areas of the
document where research efforts have subsided, or if these earlier studies remain the
definitive works available in the literature.
Selection of studies for inclusion in the ISA is based on the general scientific quality of
the study, and consideration of the extent to which the study is informative and policyrelevant. Policy-relevant and informative studies include those that provide a basis for or
describe the relationship between the criteria pollutant and effects, including studies that
offer innovation in method or design and studies that reduce uncertainty on critical issues,
such as analyses of confounding or effect modification by copollutants or other variables,
analyses of concentration-response or dose-response relationships, or analyses related to
time between exposure and response. Emphasis is placed on studies that examine effects
associated with pollutant concentrations relevant to current population and ecosystem
exposures, and particularly those pertaining to concentrations currently found in ambient
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air. Other studies are included if they contain unique data, such as a previously
unreported effect or MOA for an observed effect, or examine multiple concentrations to
elucidate exposure-response relationships. In general, in assessing the scientific quality
and relevance of health and welfare effects studies, the following considerations have
been taken into account when selecting studies for inclusion in the ISA.
 Are the study populations, subjects, or animal models adequately selected, and
are they sufficiently well defined to allow for meaningful comparisons between
study or exposure groups?
 Are the statistical analyses appropriate, properly performed, and properly
interpreted? Are likely covariates adequately controlled or taken into account in
the study design and statistical analysis?
 Are the air quality data, exposure, or dose metrics of adequate quality and
sufficiently representative of information regarding ambient conditions?
 Are the health, ecological or welfare effect measurements meaningful, valid and
reliable?
 Do the analytical methods provide adequate sensitivity and precision to support
conclusions?
Additional considerations are specific to particular disciplines. In selecting epidemiologic
studies, EPA considers whether a given study: (1) presents information on associations
with short- or long-term pollutant exposures at or near conditions relevant to ambient
exposures; (2) addresses potential confounding by other pollutants; (3) assesses potential
effect modifiers; (4) evaluates health endpoints and populations not previously
extensively researched; and (5) evaluates important methodological issues related to
interpretation of the health evidence (e.g., lag or time period between exposure and
effects, model specifications, thresholds, mortality displacement).
Considerations for the selection of research evaluating controlled human exposure or
animal toxicological studies include a focus on studies conducted using relevant pollutant
exposures. For both types of studies, relevant pollutant exposures are considered to be
those generally within one or two orders of magnitude of ambient concentrations. Studies
in which higher doses were used may also be considered if they provide information
relevant to understanding MOA or mechanisms, as noted below.
Evaluation of controlled human exposure studies focuses on those that approximated
expected human exposure conditions in terms of concentration and duration. Studies
should include control exposures to filtered air, as appropriate. In the selection of
controlled human exposure studies, emphasis is placed on studies that: (1) investigate
potentially at-risk populations and lifestages such as people with asthma or
cardiovascular diseases, children or older adults; (2) address issues such as concentration-
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response or time-course of responses; and (3) have sufficient statistical power to assess
findings.
Review of the animal toxicological evidence focuses on studies that approximate
expected human dose conditions, which vary depending on the dosimetry, toxicokinetics
and biological sensitivity of the particular laboratory animal species or strains studied.
Emphasis is placed on studies that: (1) investigate animal models of disease that can
provide information on populations potentially at increased risk of effects; (2) address
issues such as concentration-response or time-course of responses; and (3) have sufficient
statistical power to assess findings. Due to resource constraints on exposure duration and
numbers of animals tested, animal studies typically utilize high-concentration exposures
to acquire data relating to mechanisms and assure a measurable response. Emphasis is
placed on studies using doses or concentrations generally within 1-2 orders of magnitude
of current levels. Studies with higher concentration exposures or doses are considered to
the extent that they provide useful information to inform understanding of interspecies
differences and differences between healthy and at-risk human populations. Results from
in vitro studies may also be included if they provide mechanistic insight or further
support for results demonstrated in vivo.
These criteria provide benchmarks for evaluating various studies and for focusing on the
policy-relevant studies in assessing the body of health, ecological and welfare effects
evidence. As stated initially, the intent of the ISA is to provide a concise review,
synthesis, and evaluation of the most policy-relevant science to serve as a scientific
foundation for the review of the NAAQS, not extensive summaries of all health,
ecological and welfare effects studies for a pollutant. Of most relevance for inclusion of
studies is whether they provide useful qualitative or quantitative information on
exposure-effect or exposure-response relationships for effects associated with pollutant
exposures at doses or concentrations relevant to ambient conditions that can inform
decisions on whether to retain or revise the standards.
The general process for ISA development is illustrated in Figure III. In developing an
ISA, EPA reviews and summarizes the evidence from: studies of atmospheric sciences;
human exposure, animal toxicological, controlled human exposure and epidemiologic
studies; and studies of ecological and welfare effects. In the process of developing the
first draft ISA, EPA may convene a peer input meeting in which the scientific content of
preliminary draft materials is reviewed to ensure that the ISA is up to date and is focused
on the most policy-relevant findings, and to assist EPA with integration of evidence
within and across disciplines. EPA integrates the evidence from across scientific
disciplines or study types and characterizes the weight of evidence for relationships
between the pollutant and various outcomes. The integration of evidence on health, and
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ecological or welfare effects, involves collaboration between scientists from various
disciplines. As an example, an evaluation of health effects evidence would include the
integration of the results from epidemiologic, controlled human exposure, and
toxicological studies, and application of the causal framework (described below) to draw
conclusions. Integration of results on health or ecological effects that are logically or
mechanistically connected (e.g., a spectrum of effects on the respiratory system) informs
judgments of causality. Using the causal framework described in the following section,
EPA scientists consider aspects such as strength, consistency, coherence, and biological
plausibility of the evidence, and develop causality determinations on the nature of the
relationships. Causality determinations often entail an iterative process of review and
evaluation of the evidence. Two drafts of the ISA are typically released for review by the
CASAC and the public, and comments received on the characterization of the science as
well as the implementation of the causal framework are carefully considered in revising
and completing the final ISA.
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Integrated Science Assessment Development Process
Literature Search and
Study Selection
(See Figure 2)

Characterization of Evidence

Develop initial sections or “building blocks” of scientific evidence for assessment:
review and summarize new study results, by outcome/effect category and
discipline, for example, toxicological studies of lung function. Summarize findings
and conclusions from previous assessment. As appropriate, develop initial
conclusions about the available evidence.

Peer Input Consultation

Review of initial draft materials for scientific quality of “building blocks” from
scientists from both outside and within EPA; also includes discussion of results to
facilitate integration of findings. Structure varies; may be public meeting or public
teleconference organized by contractor.

Evaluation, Synthesis, and Integration of Evidence

Integrate evidence from scientific disciplines or study types – for example,
toxicological, controlled human exposure and epidemiologic study findings for
particular health outcome. Evaluate evidence for related groups of endpoints or
outcomes to draw conclusions regarding health or welfare effect categories.

Development of Conclusions and Causal Determinations

Evaluate weight of evidence and develop judgments regarding causality for health
or welfare effect categories, integrating health or welfare effects evidence with
information on mode of action and exposure assessment. Develop conclusions
regarding concentration- or dose-response relationships, potentially at-risk
populations or ecosystems.

Draft Integrated Science Assessment

Clean Air Scientific Advisory Committee

Review in public meeting; anticipated review of two
drafts of ISA

Final Integrated Science Assessment
Figure III

Public Comments

Comments on draft ISA solicited by EPA

Characterization of the general process of ISA development.
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EPA Framework for Causal Determination
EPA has developed a consistent and transparent basis for integration of scientific
evidence and evaluation of the causal nature of air pollution-related health or welfare
effects for use in developing ISAs. The framework described below establishes uniform
language concerning causality and brings more specificity to the findings. This
standardized language was drawn from sources across the federal government and wider
scientific community, especially the National Academy of Sciences (NAS) Institute of
Medicine (IOM) document, Improving the Presumptive Disability Decision-Making
Process for Veterans (2008), a comprehensive report on evaluating causality. This
framework:
 describes the kinds of scientific evidence used in establishing a general causal
relationship between exposure and health effects;
 characterizes the process for integration and evaluation of evidence necessary to
reach a conclusion about the existence of a causal relationship;
 identifies issues and approaches related to uncertainty; and
 provides a framework for classifying and characterizing the weight of evidence
in support of a general causal relationship.
Approaches to assessing the separate and combined lines of evidence
(e.g., epidemiologic, controlled human exposure, and animal toxicological studies) have
been formulated by a number of regulatory and science agencies, including the IOM of
the NAS (2008), International Agency for Research on Cancer (IARC) (2006b),
U.S. EPA (2005c), and Centers for Disease Control and Prevention (CDC) (2004). Causal
inference criteria have also been described for ecological effects evidence (U.S. EPA,
1998; Fox, 1991). These formalized approaches offer guidance for assessing causality.
The frameworks are similar in nature, although adapted to different purposes, and have
proven effective in providing a uniform structure and language for causal determinations.

Evaluating Evidence for Inferring Causation
The 1964 Surgeon General’s report defined “cause” as a “significant, effectual
relationship between an agent and an associated disorder or disease in the host” (HEW,
1964). More generally, a cause is defined as an agent that brings about an effect or a
result. An association is the statistical relationship among variables; alone, however, it is
insufficient proof of a causal relationship between an exposure and a health outcome.
Unlike an association, a causal claim supports the creation of counterfactual claims, that
is, a claim about what the world would have been like under different or changed
circumstances [Samet and Bodurow, eds. (IOM, 2008)].
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Many of the health and environmental outcomes reported in these studies have complex
etiologies. Diseases such as asthma, coronary heart disease (CHD) or cancer are typically
initiated by multiple agents. Outcomes depend on a variety of factors, such as age,
genetic susceptibility, nutritional status, immune competence, and social factors (IOM,
2008; Gee and Payne-Sturges, 2004). Effects on ecosystems are often also multifactorial
with a complex web of causation. Further, exposure to a combination of agents could
cause synergistic or antagonistic effects. Thus, the observed risk may represent the net
effect of many actions and counteractions.
Scientific findings incorporate uncertainty. “Uncertainty” can be defined as having
limited knowledge to exactly describe an existing state or future outcome, e.g., the lack of
knowledge about the correct value for a specific measure or estimate. Uncertainty
analysis may be qualitative or quantitative in nature. In many cases, the analysis is
qualitative, and can include professional judgment or inferences based on analogy with
similar situations. Quantitative uncertainty analysis may include use of simple measures
(e.g., ranges) and analytical techniques. Quantitative uncertainty analysis might progress
to more complex measures and techniques, if needed for decision support. Various
approaches to evaluating uncertainty include classical statistical methods, sensitivity
analysis, or probabilistic uncertainty analysis, in order of increasing complexity and data
requirements. However, data may not be available for all aspects of an assessment and
those data that are available may be of questionable or unknown quality. Ultimately, the
assessment is based on a number of assumptions with varying degrees of uncertainty. The
ISA generally evaluates uncertainties qualitatively in assessing the evidence from across
studies; in some situations quantitative analysis approaches, such as meta-regression, may
be used.
Publication bias is a source of uncertainty regarding the magnitude of health risk
estimates. It is well understood that studies reporting non-null findings are more likely to
be published than reports of null findings. Publication bias can result in overestimation of
effect estimate sizes (Ioannidis, 2008). For example, effect estimates from single-city
epidemiologic studies have been found to be generally larger than those from multicity
studies which is an indication of publication bias in that null or negative single-city
results may be reported in a multicity analyses but might not be published independently
(Bell et al., 2005).
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Consideration of Evidence from Scientific Disciplines
Moving from association to causation involves the elimination of alternative explanations
for the association. The ISA focuses on evaluation of the findings from the body of
evidence, drawing upon the results of all studies determined to meet the criteria described
previously. Causality determinations are based on the evaluation, integration, and
synthesis of evidence from across scientific disciplines. The relative importance of
different types of evidence varies by pollutant or assessment, as does the availability of
different types of evidence for causality determination. Three general types of studies
inform consideration of human health effects: controlled human exposure, epidemiologic
and toxicological studies. Evidence on ecological or welfare effects may be drawn from a
variety of experimental approaches (e.g., greenhouse, laboratory, and field) and
numerous disciplines (e.g., community ecology, biogeochemistry and
paleontological/historical reconstructions).
Direct evidence of a relationship between pollutant exposures and human health effects
comes from controlled human exposure studies. Such studies experimentally evaluate the
health effects of administered exposures in human volunteers under highly controlled
laboratory conditions. Also referred to as human clinical studies, these experiments allow
investigators to expose subjects to known concentrations of air pollutants under carefully
regulated environmental conditions and activity levels. These studies provide important
information on the biological plausibility of associations observed in epidemiologic
studies. In some instances, controlled human exposure studies can also be used to
characterize concentration-response relationships at pollutant concentrations relevant to
ambient conditions. Controlled human exposures are typically conducted using a
randomized crossover design, with subjects exposed both to the pollutant and a clean air
control. In this way, subjects serve as their own experimental controls, effectively
limiting the variance associated with many potential confounders. Considerations for
evaluating controlled human study findings include the generally small sample size and
short exposure time used in experimental studies, and that severe health outcomes are not
assessed. By experimental design, controlled human exposure studies are structured to
evaluate physiological or biomolecular outcomes in response to exposure to a specific air
pollutant and/or combination of pollutants. In addition, the study design generally
precludes inclusion of subjects with serious health conditions, and therefore the results
often cannot be generalized to an entire population. Although some controlled human
exposure studies have included health-compromised individuals such as those with
respiratory or cardiovascular disease, these individuals may also be relatively healthy and
may not represent the most sensitive individuals in the population. Thus, observed effects
in these studies may underestimate the response in certain populations. In addition, the
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study design is limited to exposures and endpoints that are not expected to result in
severe health outcomes.
Epidemiologic studies provide important information on the associations between health
effects and exposure of human populations to ambient air pollution. In epidemiologic or
observational studies of humans, the investigator generally does not control exposures or
intervene with the study population. Broadly, observational studies can describe
associations between exposures and effects. These studies fall into several categories:
e.g., cross-sectional, prospective cohort, panel, and time-series studies. Cross-sectional
studies generally use health outcome, exposure and covariate data available at the
community level (e.g., annual mortality rates and pollutant concentrations), but do not
have individual-level data. Prospective cohort studies have some data collected at the
individual level, generally health outcome data, and in some cases individual-level data
on exposure and covariates are collected. Time-series studies evaluate the relationship for
changes in a health outcome with changes in exposure indicators, such as an association
between daily changes in mortality with air pollution. Panel studies include repeated
measurements of health outcomes, such as respiratory symptoms or heart rhythm
variability, at the individual level. “Natural experiments” offer the opportunity to
investigate changes in health related to a change in exposure, such as closure of a
pollution source.
In evaluating epidemiologic studies, consideration of many study design factors and
issues must be taken into account to properly inform their interpretation. One key
consideration is evaluation of the potential contribution of the pollutant to a health
outcome when it is a component of a complex air pollutant mixture. Reported effect
estimates in epidemiologic studies may reflect (1) independent effects on health
outcomes; (2) effects of the pollutant acting as an indicator of a copollutant or a complex
ambient air pollution mixture; and (3) effects resulting from interactions between that
pollutant and copollutants.
In the evaluation of epidemiologic evidence, one important consideration is potential
confounding. Confounding is “… a confusion of effects. Specifically, the apparent effect
of the exposure of interest is distorted because the effect of an extraneous factor is
mistaken for or mixed with the actual exposure effect (which may be null)” (Rothman
and Greenland, 1998). One approach to remove spurious associations due to possible
confounders is to control for characteristics that may differ between exposed and
unexposed persons; this is frequently termed “adjustment.” Scientific judgment is needed
to evaluate likely sources and extent of confounding, together with consideration of how
well the existing constellation of study designs, results, and analyses address the potential
for erroneous inferences. A confounder is associated with both the exposure and the
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effect; for example, confounding can occur between correlated pollutants that are
associated with the same effect.
Several statistical methods are available to detect and control for potential confounders;
however, none of these methods is completely satisfactory. Multivariable regression
models constitute one tool for estimating the association between exposure and outcome
after adjusting for characteristics of participants that might confound the results. The use
of multipollutant regression models has been the prevailing approach for controlling
potential confounding by copollutants in air pollution health effects studies. Finding the
likely causal pollutant from multipollutant regression models is made difficult by the
possibility that one or more air pollutants may be acting as a surrogate for an unmeasured
or poorly measured pollutant or for a particular mixture of pollutants. In addition,
pollutants may independently exert effects on the same system; for example, several
pollutants may be associated with respiratory effect through either the same or different
modes of action. The number and degree of diversity of covariates, as well as their
relevance to the potential confounders, remain matters of scientific judgment. Despite
these limitations, the use of multipollutant models is still the prevailing approach
employed in most air pollution epidemiologic studies and provides some insight into the
potential for confounding or interaction among pollutants.
Confidence that unmeasured confounders are not producing the findings is increased
when multiple studies are conducted in various settings using different subjects or
exposures, each of which might eliminate another source of confounding from
consideration. For example, multicity studies can provide insight on potential
confounding through the use of a consistent method to analyze data from across locations
with different levels of copollutants and other covariates. Intervention studies, because of
their quasi-experimental nature, can be particularly useful in characterizing causation.
Another important consideration in the evaluation of epidemiologic evidence is effect
modification, which occurs when the effect differs between subgroups or strata; for
example, effect estimates that vary by age group or potential risk factor. As stated by
Rothman and Greenland (1998):
“Effect-measure modification differs from confounding in several ways. The
main difference is that, whereas confounding is a bias that the investigator hopes
to prevent or remove from the effect estimate, effect-measure modification is a
property of the effect under study … In epidemiologic analysis one tries to
eliminate confounding but one tries to detect and estimate effect-measure
modification.”

When a risk factor is a confounder, it is the true cause of the association observed
between the exposure and the outcome; when a risk factor is an effect modifier, it
changes the magnitude of the association between the exposure and the outcome in
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stratified analyses. For example, the presence of a preexisting disease or indicator of low
socioeconomic status may act as effect modifiers if they are associated with increased
risk of effects related to air pollution exposure. It is often possible to stratify the
relationship between health outcome and exposure by one or more of these potential
effect modifiers. For variables that modify the association, effect estimates in each
stratum will be different from one another and different from the overall estimate,
indicating a different exposure-response relationship may exist in populations represented
by these variables.
Exposure measurement error, which refers to the uncertainty associated with the exposure
metrics used to represent exposure of an individual or population, can be an important
contributor to uncertainty in air pollution epidemiologic study results. Exposure error can
influence observed epidemiologic associations between ambient pollutant concentrations
and health outcomes by biasing effect estimates toward or away from the null and
widening confidence intervals around those estimates (Zeger et al., 2000). There are
several components that contribute to exposure measurement error in air pollution
epidemiologic studies, including the difference between true and measured ambient
concentrations, the difference between average personal exposure to ambient pollutants
and ambient concentrations at central monitoring sites, and the use of average population
exposure rather than individual exposure estimates. Factors that could influence exposure
estimates include nonambient sources of exposure, topography of the natural and built
environment, meteorology, measurement errors, time-location-activity patterns, and the
extent to which ambient pollutants penetrate indoor environments. The importance of
exposure error varies with study design and is dependent on the spatial and temporal
aspects of the design.
The third main type of health effects evidence, animal toxicological studies, provides
information on the pollutant’s biological action under controlled and monitored exposure
circumstances. Taking into account physiological differences of the experimental species
from humans, these studies inform characterization of health effects of concern,
exposure-response relationships and MOAs. Further, animal models can inform
determinations of at-risk populations. These studies evaluate the effects of exposures to a
variety of pollutants in a highly controlled laboratory setting and allow exploration of
toxicological pathways or mechanisms by which a pollutant may cause effects.
Understanding the biological mechanisms underlying various health outcomes can prove
crucial in establishing or negating causality. In the absence of human studies data,
extensive, well-conducted animal toxicological studies can support determinations of
causality, if the evidence base indicates that similar responses are expected in humans
under ambient exposure conditions.
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Interpretations of animal toxicological studies are affected by limitations associated with
extrapolation between animal and human responses. The differences between humans
and other species have to be taken into consideration, including metabolism, hormonal
regulation, breathing pattern, and differences in lung structure and anatomy. Also, in spite
of a high degree of homology and the existence of a high percentage of orthologous
genes across humans and rodents (particularly mice), extrapolation of molecular
alterations at the gene level is complicated by species-specific differences in
transcriptional regulation. Given these differences, there are uncertainties associated with
quantitative extrapolations of observed pollutant-induced pathophysiological alterations
between laboratory animals and humans, as those alterations are under the control of
widely varying biochemical, endocrine, and neuronal factors.
For ecological effects assessment, both laboratory and field studies (including field
experiments and observational studies) can provide useful data for causality
determination. Because conditions can be controlled in laboratory studies, responses may
be less variable and smaller differences may be easier to detect. However, the control
conditions may limit the range of responses (e.g., animals may not be able to seek
alternative food sources) or incompletely reflect pollutant bioavailability, so they may not
reflect responses that would occur in the natural environment. In addition, larger-scale
processes are difficult to reproduce in the laboratory.
Field observational studies measure biological changes in uncontrolled situations, and
describe an association between a disturbance and an ecological effect. Field data can
provide important information for assessments of multiple stressors or where site-specific
factors significantly influence exposure. They are also often useful for analyses of larger
geographic scales and higher levels of biological organization. However, because
conditions are not controlled, variability is expected to be higher and differences harder
to detect. Field surveys are most useful for linking stressors with effects when stressor
and effect levels are measured concurrently. The presence of confounding factors can
make it difficult to attribute observed effects to specific stressors.
Some studies are considered “intermediate” and are categorized as being between
laboratory and field are studies. Some use environmental media collected from the field
to examine the responses in the laboratory. Others are experiments that are performed in
the natural environment while controlling for some, but not all, of the environmental
conditions (i.e., mesocosm studies). This type of study in manipulated natural
environments can be considered a hybrid between a field experiment and laboratory study
since some aspects are performed under controlled conditions but others are not. They
make it possible to observe community and/or ecosystem dynamics, and provide strong
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evidence for causality when combined with findings of studies that have been made
under more controlled conditions.

Application of Framework for Causal Determination
In its evaluation and integration of the scientific evidence on health or welfare effects of
criteria pollutants, EPA determines the weight of evidence in support of causation and
characterizes the strength of any resulting causal classification. EPA also evaluates the
quantitative evidence and draws scientific conclusions, to the extent possible, regarding
the concentration-response relationships and the loads to ecosystems, exposures, doses or
concentrations, exposure duration, and pattern of exposures at which effects are observed.
To aid judgment, various “aspects” 1 of causality have been discussed by many
philosophers and scientists. The 1964 Surgeon General’s report on tobacco smoking
discussed criteria for the evaluation of epidemiologic studies, focusing on consistency,
strength, specificity, temporal relationship, and coherence (HEW, 1964). Sir Austin
Bradford Hill (Hill, 1965) articulated aspects of causality in epidemiology and public
health that have been widely used (IOM, 2008; IARC, 2006b; U.S. EPA, 2005c; CDC,
2004). These aspects (Hill, 1965) have been modified (Table I) for use in causal
determinations specific to health and welfare effects for pollutant exposures (U.S. EPA,
2009a). 2 Although these aspects provide a framework for assessing the evidence, they do
not lend themselves to being considered in terms of simple formulas or fixed rules of
evidence leading to conclusions about causality (Hill, 1965). For example, one cannot
simply count the number of studies reporting statistically significant results or
statistically nonsignificant results and reach credible conclusions about the relative
weight of the evidence and the likelihood of causality. Rather, these aspects provide a
framework for systematic appraisal of the body of evidence, informed by peer and public
comment and advice, which includes weighing alternative views on controversial issues.
In addition, it is important to note that the aspects in Table I cannot be used as a strict
checklist, but rather to determine the weight of the evidence for inferring causality. In
particular, not meeting one or more of the principles does not automatically preclude a
determination of causality [see discussion in (CDC, 2004)].

1

The “aspects” described by Sir Austin Bradford Hill (Hill, 1965) have become, in the subsequent literature, more
commonly described as “criteria.” The original term “aspects” is used here to avoid confusion with “criteria” as it is
used, with different meaning, in the Clean Air Act.
2
The Hill aspects were developed for interpretation of epidemiologic results. They have been modified here for use
with a broader array of data, i.e., epidemiologic, controlled human exposure, ecological, and animal toxicological
studies, as well as in vitro data, and to be more consistent with EPA’s Guidelines for Carcinogen Risk Assessment.
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Table I

Aspects to aid in judging causality.

Aspect

Description

Consistency of the
observed association

An inference of causality is strengthened when a pattern of elevated risks is observed
across several independent studies. The reproducibility of findings constitutes one of the
strongest arguments for causality. If there are discordant results among investigations,
possible reasons such as differences in exposure, confounding factors, and the power of
the study are considered.

Coherence

An inference of causality from one line of evidence (e.g., epidemiologic, clinical, or
animal studies) may be strengthened by other lines of evidence that support a
cause-and-effect interpretation of the association. Evidence on ecological or welfare
effects may be drawn from a variety of experimental approaches (e.g., greenhouse,
laboratory, and field) and subdisciplines of ecology (e.g., community ecology,
biogeochemistry, and paleontological/historical reconstructions). The coherence of
evidence from various fields greatly adds to the strength of an inference of causality. In
addition, there may be coherence in demonstrating effects across multiple study designs
or related health endpoints within one scientific line of evidence.

Biological plausibility.

An inference of causality tends to be strengthened by consistency with data from
experimental studies or other sources demonstrating plausible biological mechanisms. A
proposed mechanistic linking between an effect and exposure to the agent is an
important source of support for causality, especially when data establishing the existence
and functioning of those mechanistic links are available.

Biological gradient
(exposure-response
relationship)

A well-characterized exposure-response relationship (e.g., increasing effects associated
with greater exposure) strongly suggests cause and effect, especially when such
relationships are also observed for duration of exposure (e.g., increasing effects
observed following longer exposure times).

Strength of the observed
association

The finding of large, precise risks increases confidence that the association is not likely
due to chance, bias, or other factors. However, it is noted that a small magnitude in an
effect estimate may represent a substantial effect in a population.

Experimental evidence

Strong evidence for causality can be provided through “natural experiments” when a
change in exposure is found to result in a change in occurrence or frequency of health or
welfare effects.

Temporal relationship of
the observed association

Evidence of a temporal sequence between the introduction of an agent, and appearance
of the effect, constitutes another argument in favor of causality.

Specificity of the
observed association

Evidence linking a specific outcome to an exposure can provide a strong argument for
causation. However, it must be recognized that rarely, if ever, does exposure to a
pollutant invariably predict the occurrence of an outcome, and that a given outcome may
have multiple causes.

Analogy

Structure activity relationships and information on the agent’s structural analogs can
provide insight into whether an association is causal. Similarly, information on mode of
action for a chemical, as one of many structural analogs, can inform decisions regarding
likely causality.
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Determination of Causality
In the ISA, EPA assesses the body of relevant literature, building upon evidence available
during previous NAAQS reviews, to draw conclusions on the causal relationships
between relevant pollutant exposures and health or environmental effects. ISAs use a
five-level hierarchy that classifies the weight of evidence for causation 1. In developing
this hierarchy, EPA has drawn on the work of previous evaluations, most prominently the
IOM’s Improving the Presumptive Disability Decision-Making Process for Veterans
[Samet and Bodurow, eds. (IOM, 2008), EPA’s Guidelines for Carcinogen Risk
Assessment (U.S. EPA, 2005c), and the U.S. Surgeon General’s smoking report (CDC,
2004). This weight of evidence evaluation is based on integration of findings from
various lines of evidence from across the health and environmental effects disciplines.
These separate judgments are integrated into a qualitative statement about the overall
weight of the evidence and causality. The five descriptors for causal determination are
described in Table II.
Determination of causality involves the evaluation and integration of evidence for
different types of health, ecological or welfare effects associated with short- and longterm exposure periods. In making determinations of causality, evidence is evaluated for
major outcome categories or groups of related endpoints (e.g., respiratory effects,
vegetation growth), integrating evidence from across disciplines, and evaluating the
coherence of evidence across a spectrum of related endpoints to draw conclusions
regarding causality. In discussing the causal determination, EPA characterizes the
evidence on which the judgment is based, including strength of evidence for individual
endpoints within the outcome category or group of related endpoints.
In drawing judgments regarding causality for the criteria air pollutants, the ISA focuses
on evidence of effects in the range of relevant pollutant exposures or doses, and not on
determination of causality at any dose. Emphasis is placed on evidence of effects at doses
(e.g., blood Pb concentration) or exposures (e.g., air concentrations) that are relevant to,
or somewhat above, those currently experienced by the population. The extent to which
studies of higher concentrations are considered varies by pollutant and major outcome
category, but generally includes those with doses or exposures in the range of one to two
orders of magnitude above current or ambient conditions. Studies that use higher doses or
exposures may also be considered to the extent that they provide useful information to
inform understanding of mode of action, interspecies differences, or factors that may
increase risk of effects for a population. Thus, a causality determination is based on
1

The Center for Disease Control (CDC) and IOM frameworks use a four-category hierarchy for the strength of the
evidence. A five-level hierarchy is used here to be consistent with the EPA Guidelines for Carcinogen Risk
Assessment and to provide a more nuanced set of categories.
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weight of evidence evaluation for health, ecological or welfare effects, focusing on the
evidence from exposures or doses generally ranging from current levels to one or two
orders of magnitude above current levels.
In addition, EPA evaluates evidence relevant to understand the quantitative relationships
between pollutant exposures and health, ecological or welfare effects. This includes
evaluation of the form of concentration-response or dose-response relationships and, to
the extent possible, drawing conclusions on the levels at which effects are observed. The
ISA also draws scientific conclusions regarding important exposure conditions for effects
and populations that may be at greater risk for effects, as described in the following
section.
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Table II

Weight of evidence for causal determination.

Causal
Determination

Health Effects

Ecological and Welfare Effects

Causal
relationship

Evidence is sufficient to conclude that there is a
causal relationship with relevant pollutant exposures
(i.e., doses or exposures generally within one to two
orders of magnitude of current levels). That is, the
pollutant has been shown to result in health effects in
studies in which chance, bias, and confounding could
be ruled out with reasonable confidence. For
example: a) controlled human exposure studies that
demonstrate consistent effects; or b) observational
studies that cannot be explained by plausible
alternatives or are supported by other lines of
evidence (e.g., animal studies or mode of action
information). Evidence includes multiple high-quality
studies

Evidence is sufficient to conclude that there is a
causal relationship with relevant pollutant exposures
i.e., doses or exposures generally within one to two
orders of magnitude of current levels). That is, the
pollutant has been shown to result in effects in
studies in which chance, bias, and confounding could
be ruled out with reasonable confidence. Controlled
exposure studies (laboratory or small- to
medium-scale field studies) provide the strongest
evidence for causality, but the scope of inference
may be limited. Generally, determination is based on
multiple studies conducted by multiple research
groups, and evidence that is considered sufficient to
infer a causal relationship is usually obtained from the
joint consideration of many lines of evidence that
reinforce each other.

Likely to be a
causal
relationship

Evidence is sufficient to conclude that a causal
relationship is likely to exist with relevant pollutant
exposures, but important uncertainties remain. That
is, the pollutant has been shown to result in health
effects in studies in which chance and bias can be
ruled out with reasonable confidence but potential
issues remain. For example: a) observational studies
show an association, but copollutant exposures are
difficult to address and/or other lines of evidence
(controlled human exposure, animal, or mode of
action information) are limited or inconsistent; or b)
animal toxicological evidence from multiple studies
from different laboratories that demonstrate effects,
but limited or no human data are available. Evidence
generally includes multiple high-quality studies.

Evidence is sufficient to conclude that there is a likely
causal association with relevant pollutant exposures.
That is, an association has been observed between
the pollutant and the outcome in studies in which
chance, bias, and confounding are minimized, but
uncertainties remain. For example, field studies show
a relationship, but suspected interacting factors
cannot be controlled, and other lines of evidence are
limited or inconsistent. Generally, determination is
based on multiple studies in multiple research
groups.

Suggestive of a
causal
relationship

Evidence is suggestive of a causal relationship with
relevant pollutant exposures, but is limited. For
example, (a) at least one high-quality epidemiologic
study shows an association with a given health
outcome but the results of other studies are
inconsistent; or (b) a well-conducted toxicological
study, such as those conducted in the National
Toxicology Program (NTP), shows effects in animal
species,

Evidence is suggestive of a causal relationship with
relevant pollutant exposures, but chance, bias and
confounding cannot be ruled out. For example, at
least one high-quality study shows an effect, but the
results of other studies are inconsistent.

Inadequate to
infer a causal
relationship

Evidence is inadequate to determine that a causal
relationship exists with relevant pollutant exposures.
The available studies are of insufficient quantity,
quality, consistency, or statistical power to permit a
conclusion regarding the presence or absence of an
effect.

The available studies are of insufficient quality,
consistency, or statistical power to permit a
conclusion regarding the presence or absence of an
effect.

Not likely to be a
causal
relationship

Evidence is suggestive of no causal relationship with
relevant pollutant exposures. Several adequate
studies, covering the full range of levels of exposure
that human beings are known to encounter and
considering at-risk populations, are mutually
consistent in not showing an effect at any level of
exposure.

Several adequate studies, examining relationships
with relevant exposures, are consistent in failing to
show an effect at any level of exposure.
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Quantitative Relationships: Effects on Human Populations
Once a determination is made regarding the causal relationship between the pollutant and
outcome category, important questions regarding quantitative relationships include:
 What is the concentration-response, exposure-response, or dose-response
relationship in the human population?
 What is the interrelationship between incidence and severity of effect?
 What exposure conditions (dose or exposure, duration and pattern) are
important?
 What populations and lifestages appear to be differentially affected (i.e., more at
risk of experiencing effects)?
In order to address these questions, the entirety of quantitative evidence is evaluated to
characterize pollutant concentrations and exposure durations at which effects were
observed for exposed populations, including populations and lifestages potentially at
increased risk. To accomplish this, evidence is considered from multiple and diverse
types of studies, and a study or set of studies that best approximates the concentrationresponse relationships between health outcomes and the pollutant may be identified.
Controlled human exposure studies provide the most direct and quantifiable exposureresponse data on the human health effects of pollutant exposures. To the extent available,
the ISA evaluates results from epidemiologic studies that characterize the form of
relationships between the pollutant and health outcomes and draws conclusions on the
shape of these relationships. Animal data may also inform evaluation of
concentration-response relationships, particularly relative to MOAs and characteristics of
at-risk populations.
An important consideration in characterizing the public health impacts associated with
exposure to a pollutant is whether the concentration-response relationship is linear across
the range of concentrations or if nonlinear relationships exist along any part of this range.
The shape of the concentration-response curve at and below the level of the current
standards is of particular interest. Various sources of variability and uncertainty, such as
low data density in the lower concentration range, possible influence of exposure
measurement error, and variability between individuals in susceptibility to air pollution
health effects, tend to smooth and “linearize” the concentration-response function, and
thus can obscure the existence of a threshold or nonlinear relationship. Since individual
thresholds vary from person to person due to individual differences such as genetic level
susceptibility or preexisting disease conditions (and even can vary from one time to
another for a given person), it can be difficult to demonstrate that a threshold exists in a
population study. These sources of variability and uncertainty may explain why the
available human data at ambient concentrations for some environmental pollutants
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(e.g., particulate matter [PM], O 3 , lead [Pb], environmental tobacco smoke [ETS],
radiation) do not exhibit thresholds for cancer or noncancer health effects, even though
likely mechanisms include nonlinear processes for some key events.
Finally, identification of the population groups or lifestages that may be at greater risk of
health effects from air pollutant exposures contributes to an understanding of the public
health impact of pollutant exposures. In the ISA, the term “at-risk population” is used to
encompass populations or lifestages that have a greater likelihood of experiencing health
effects related to exposure to an air pollutant due to a variety of factors; other terms used
in the literature include susceptible, vulnerable, and sensitive. These factors may be
intrinsic, such as genetic or developmental factors, race, gender, lifestage, or the presence
of preexisting diseases, or they may be extrinsic, such as socioeconomic status (SES),
activity pattern and exercise level, reduced access to health care, low educational
attainment, or increased pollutant exposures (e.g., near roadways). Epidemiologic studies
can help identify populations potentially at increased risk of effects by evaluating health
responses in the study population. Examples include testing for interactions or effect
modification by factors such as gender, age group, or health status. Experimental studies
using animal models of susceptibility or disease can also inform the extent to which
health risks are likely greater in specific population groups.

Quantitative Relationships: Effects on Ecosystems or Public
Welfare
Key questions for understanding the quantitative relationships between exposure (or
concentration or deposition) to a pollutant and risk to ecosystems or the public welfare
include:
 What elements of the ecosystem (e.g., types, regions, taxonomic groups,
populations, functions, etc.) appear to be affected, or are more sensitive to
effects? Are there differences between locations or materials in welfare effects
responses, such as impaired visibility or materials damage?
 Under what exposure conditions (amount deposited or concentration, duration
and pattern) are effects seen?
 What is the shape of the concentration-response or exposure-response
relationship?
Evaluations of causality generally consider the probability of quantitative changes in
ecological and welfare effects in response to exposure. A challenge to the quantification
of exposure-response relationships for ecological effects is the great regional and local
spatial variability, as well as temporal variability, in ecosystems. Thus, exposureresponse relationships are often determined for a specific ecological system and scale,
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rather than at the national or even regional scale. Quantitative relationships therefore are
estimated site by site and may differ greatly between ecosystems.

Concepts in Evaluating Adversity of Health Effects
In evaluating health evidence, a number of factors can be considered in delineating
between adverse and nonadverse health effects resulting from exposure to air pollution.
Some health outcomes, such as hospitalization for respiratory or cardiovascular diseases,
are clearly considered adverse. It is more difficult to determine the extent of change that
constitutes adversity in more subtle health measures. These include a wide variety of
responses, such as alterations in markers of inflammation or oxidative stress, changes in
pulmonary function or heart rate variability, or alterations in neurocognitive function
measures. The challenge is determining the magnitude of change in these measures when
there is no clear point at which a change becomes adverse. The extent to which a change
in health measure constitutes an adverse health effect may vary between populations.
Some changes that may not be considered adverse in healthy individuals would be
potentially adverse in more at-risk individuals.
The extent to which changes in lung function are adverse has been discussed by the
American Thoracic Society (ATS) in an official statement titled What Constitutes an
Adverse Health Effect of Air Pollution? (ATS, 2000). An air pollution-induced shift in
the population distribution of a given risk factor for a health outcome was viewed as
adverse, even though it may not increase the risk of any one individual to an unacceptable
level. For example, a population of asthmatics could have a distribution of lung function
such that no identifiable individual has a level associated with significant impairment.
Exposure to air pollution could shift the distribution such that no identifiable individual
experiences clinically relevant effects. This shift toward decreased lung function,
however, would be considered adverse because individuals within the population would
have diminished reserve function and therefore would be at increased risk to further
environmental insult. The committee also observed that elevations of biomarkers, such as
cell number and types, cytokines and reactive oxygen species, may signal risk for ongoing
injury and clinical effects or may simply indicate transient responses that can provide
insights into mechanisms of injury, thus illustrating the lack of clear boundaries that
separate adverse from nonadverse effects.
The more subtle health outcomes may be connected mechanistically to health events that
are clearly adverse. For example, air pollution may affect markers of transient myocardial
ischemia such as ST-segment abnormalities or onset of exertional angina. These effects
may not be apparent to the individual, yet may still increase the risk of a number of
cardiac events, including myocardial infarction and sudden death. Thus, small changes in
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physiological measures may not appear to be clearly adverse when considered alone, but
may be a part of a coherent and biologically plausible chain of related health outcomes
that range up to responses that are very clearly adverse, such as hospitalization or
mortality.

Concepts in Evaluating Adversity of Ecological Effects
Adversity of ecological effects can be understood in terms ranging in biological level of
organization; from the cellular level to the individual organism and to the population,
community, and ecosystem levels. In the context of ecology, a population is a group of
individuals of the same species, and a community is an assemblage of populations of
different species interacting with one another that inhabit an area. An ecosystem is the
interactive system formed from all living organisms and their abiotic (physical and
chemical) environment within a given area (IPCC, 2007). The boundaries of what could
be called an ecosystem are somewhat arbitrary, depending on the focus of interest or
study. Thus, the extent of an ecosystem may range from very small spatial scales to,
ultimately, the entire Earth (IPCC, 2007).
Effects on an individual organism are generally not considered to be adverse to public
welfare. However if effects occur to enough individuals within a population, then
communities and ecosystems may be disrupted. Changes to populations, communities,
and ecosystems can in turn result in an alteration of ecosystem processes. Ecosystem
processes are defined as the metabolic functions of ecosystems including energy flow,
elemental cycling, and the production, consumption and decomposition of organic matter
(U.S. EPA, 2002a). Growth, reproduction, and mortality are species-level endpoints that
can be clearly linked to community and ecosystem effects and are considered to be
adverse when negatively affected. Other endpoints such as changes in behavior and
physiological stress can decrease ecological fitness of an organism, but are harder to link
unequivocally to effects at the population, community, and ecosystem level. The degree
to which pollutant exposure is considered adverse may also depend on the location and its
intended use (i.e., city park, commercial, and cropland). Support for consideration of
adversity beyond the species level by making explicit the linkages between stress-related
effects at the species and effects at the ecosystem level is found in A Framework for
Assessing and Reporting on Ecological Condition: an SAB report (U.S. EPA, 2002a).
Additionally, the National Acid Precipitation Assessment Program (NAPAP, 1991) uses
the following working definition of “adverse ecological effects” in the preparation of
reports to Congress mandated by the Clean Air Act: “any injury (i.e., loss of chemical or
physical quality or viability) to any ecological or ecosystem component, up to and
including at the regional level, over both long and short terms.”
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On a broader scale, ecosystem services may provide indicators for ecological impacts.
Ecosystem services are the benefits that people obtain from ecosystems (UNEP, 2003).
According to the Millennium Ecosystem Assessment, ecosystem services include:
“provisioning services such as food and water; regulating services such as regulation of
floods, drought, land degradation, and disease; supporting services such as soil formation
and nutrient cycling; and cultural services such as recreational, spiritual, religious, and
other nonmaterial benefits.” For example, a more subtle ecological effect of pollution
exposure may result in a clearly adverse impact on ecosystem services if it results in a
population decline in a species that is recreationally or culturally important.
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Legislative and Historical Background
Legislative Requirements for the NAAQS Review
Two sections of the Clean Air Act (CAA) govern the establishment and revision of the
NAAQS. Section 108 (42:U.S.C.:7408) directs the Administrator to identify and list
certain air pollutants and then to issue air quality criteria for those pollutants. The
Administrator is to list those air pollutants that in her “… judgment, cause or contribute
to air pollution which may reasonably be anticipated to endanger public health or
welfare; …” and, “… the presence of which in the ambient air results from numerous or
diverse mobile or stationary sources;” and, “… for which … [the Administrator] plans to
issue air quality criteria….” Air quality criteria are intended to “accurately reflect the
latest scientific knowledge useful in indicating the kind and extent of all identifiable
effects on public health or welfare which may be expected from the presence of [a]
pollutant in the ambient air …” (42:U.S.C.:7408([b]). Section 109 (42:U.S.C.:7409)
directs the Administrator to propose and promulgate “primary” and “secondary” NAAQS
for pollutants for which air quality criteria are issued. Section 109(b)(1) 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.” The legislative history of Section 109 indicates that
a primary standard is to be set at “… the maximum permissible ambient air level …
which will protect the health of any [sensitive] group of the population,” and that for this
purpose “… reference should be made to a representative sample of persons comprising
the sensitive group rather than to a single person in such a group…” (S. Rep. No.
91:1196, 91st Cong., 2d Sess. 10 [1970]). A secondary standard, as defined in Section
109(b)(2), must “… specify a level of air quality the attainment and maintenance of
which, in the judgment of the Administrator, based on such criteria, is requisite to protect
the public welfare from any known or anticipated adverse effects associated with the
presence of [the] pollutant in the ambient air.” Welfare effects (as defined in Section
302(h); 42:U.S.C.:7602[h]) include, but are not limited to, “… effects on soils, water,
crops, vegetation, man-made materials, animals, wildlife, weather, visibility and climate,
damage to and deterioration of property, and hazards to transportation, as well as effects
on economic values and on personal comfort and well-being.”
The requirement that primary standards provide an adequate margin of safety was
intended to address uncertainties associated with inconclusive scientific and technical
information available at the time of standard setting. It was also intended to provide a
reasonable degree of protection against hazards that research has not yet identified (Lead
Industries Association v. EPA, 647:F.2d:1130-1154 [D.C.Cir 1980]; American Petroleum
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Institute v. Costle, 665:F.2d:1176-1186 [D.C.Cir. 1981]; American Farm Bureau
Federation v. EPA, 559:F.3d:512-533 [D.C. Cir. 2009]; Association of Battery Recyclers
v. EPA, 604:F.3d:613, 617-618 [D.C. Cir. 2010]). Both kinds of uncertainties are
components of the risk associated with pollution at levels below those at which human
health effects can be said to occur with reasonable scientific certainty. Thus, in selecting
primary standards that provide an adequate margin of safety, the Administrator is seeking
not only to prevent pollution levels that have been demonstrated to be harmful but also to
prevent lower pollutant levels that may pose an unacceptable risk of harm, even if the risk
is not precisely identified as to nature or degree. The CAA does not require the
Administrator to establish a primary NAAQS at a zero-risk level or at background
concentration levels (Lead Industries v. EPA, [647:F.2d:at 1156 n.51]), but rather at a
level that reduces risk sufficiently so as to protect public health with an adequate margin
of safety.
In addressing the requirement for an adequate margin of safety, the EPA considers such
factors as the nature and severity of the health effects involved, the size of sensitive
population(s) at risk, and the kind and degree of the uncertainties that must be addressed.
The selection of any particular approach to providing an adequate margin of safety is a
policy choice left specifically to the Administrator’s judgment (Lead Industries
Association v. EPA, [647:F.2d:1161-1162]; Whitman v. American Trucking Associations,
[531:U.S.:457-495 (2001)]).
In setting standards that are “requisite” to protect public health and welfare as provided in
Section 109(b), EPA’s task is to establish standards that are neither more nor less
stringent than necessary for these purposes. In so doing, EPA may not consider the costs
of implementing the standards (see generally, Whitman v. American Trucking
Associations, [531:U.S.:457, 465-472, 475-476 (2001)]). Likewise, “… [a]ttainability and
technological feasibility are not relevant considerations in the promulgation of national
ambient air quality standards.” (American Petroleum Institute v. Costle,
[665:F.2d:1185]).
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Section 109(d)(1) requires that “not later than December 31, 1980, and at 5-year intervals
thereafter, the Administrator shall complete a thorough review of the criteria published
under Section 108 and the national ambient air quality standards … and shall make such
revisions in such criteria and standards and promulgate such new standards as may be
appropriate … .” Section 109(d)(2) requires that an independent scientific review
committee “shall complete a review of the criteria … and the national primary and
secondary ambient air quality standards … and shall recommend to the Administrator any
new … standards and revisions of existing criteria and standards as may be appropriate
… .” Since the early 1980's, this independent review function has been performed by the
Clean Air Scientific Advisory Committee (CASAC).

History of the NAAQS for Pb
Unlike pollutants such as PM and carbon monoxide (CO), air quality criteria had not
been issued for Pb as of the enactment of the Clean Air Act of 1970, which first set forth
the requirement to set national ambient air quality standards for criteria pollutants. EPA
did not intend to issue air quality criteria for lead, and accordingly had not listed lead
under Section 108. EPA had determined to control lead air pollution through regulations
to phase-out use of lead additives in gasoline and EPA viewed those controls, and
possibly additional federal controls, as the best approach to controlling lead emissions
(See 41 FR 14921 (April 8, 1976). However, the decision not to list lead under Section
108 was challenged by environmental and public health groups and the U.S. District
Court for the Southern District of New York concluded that EPA was required to list lead
under Section 108. (Natural Resources Defense Council v. EPA, 411 F. Supp. 864
[S.D. N.Y. 1976], aff’d, 545 F.2d 320 [2d Cir. 1978]).
Accordingly, on April 8, 1976, EPA published a notice that Pb had been listed under
Section 108 as a criteria pollutant (41 FR 14921) and on October 5, 1978, EPA
promulgated primary and secondary NAAQS for Pb under Section 109 of the Act
(43 FR 46246). Both primary and secondary standards were set at a level of
1.5 micrograms per cubic meter (μg/m3), measured as Pb in total suspended particles (PbTSP), not to be exceeded by the maximum arithmetic mean concentration averaged over
a calendar quarter. These standards were based on the 1977 Pb Air Quality Criteria for
Lead Document (AQCD) (U.S. EPA, 1977).
The first review of the Pb standards was initiated in the mid-1980s. The scientific
assessment for that review is described in the 1986 Pb AQCD (U.S. EPA, 1986a), the
associated Addendum (U.S. EPA, 1986c) and the 1990 Supplement (U.S. EPA, 1990a).
As part of the review, the Agency designed and performed human exposure and health
risk analyses (U.S. EPA, 1989), the results of which were presented in a 1990 Staff Paper

lxxi

(U.S. EPA, 1990c). Based on the scientific assessment and the human exposure and
health risk analyses, the 1990 Staff Paper presented recommendations for consideration
by the Administrator (U.S. EPA, 1990c). After consideration of the documents developed
during the review and the significantly changed circumstances since Pb was listed in
1976, the Agency did not propose any revisions to the 1978 Pb NAAQS. In a parallel
effort, the Agency developed the broad, multi-program, multimedia, integrated U.S.
Strategy for Reducing Lead Exposure (U.S. EPA, 1991). As part of implementing this
strategy, the Agency focused efforts primarily on regulatory and remedial clean-up
actions aimed at reducing Pb exposures from a variety of non-air sources judged to pose
more extensive public health risks to U.S. populations, as well as on actions to reduce Pb
emissions to air, such as bringing more areas into compliance with the existing Pb
NAAQS (U.S. EPA, 1991).
The most recent review of the Pb air quality criteria and standards was initiated in
November, 2004 (69 FR 64926) and the Agency’s plans for preparation of the Air
Quality Criteria Document (AQCD) and conduct of the NAAQS review were contained
in two documents: Project Work Plan for Revised Air Quality Criteria for Lead (U.S.
EPA, 2005e); and Plan for Review of the National Ambient Air Quality Standards for
Lead (U.S. EPA, 2006f). The schedule for completion of this review was governed by a
judicial order in Missouri Coalition for the Environment v. EPA (No. 4:04CV00660
ERW, Sept. 14, 2005; and amended on April 29, 2008 and July 1, 2008), which specified
a schedule for the review of duration substantially shorter than five years.
The scientific assessment for the review is described in the 2006 Air Quality Criteria for
Lead [2006 Pb AQCD; (U.S. EPA, 2006b)], multiple drafts of which received review by
CASAC and the public. EPA also conducted human exposure and health risk assessments
and a pilot ecological risk assessment for the review, after consultation with CASAC and
receiving public comment on a draft analysis plan (U.S. EPA, 2006d). Drafts of these
quantitative assessments were reviewed by CASAC and the public. The pilot ecological
risk assessment was released in December 2006 (ICF, 2006) and the final health risk
assessment report was released in November 2007 (U.S. EPA, 2007g). The policy
assessment based on both of these assessments, air quality analyses and key evidence
from the AQCD was presented in the Staff Paper (U.S. EPA, 2006g), a draft of which
also received CASAC and public review. The final Staff Paper presented OAQPS staff’s
evaluation of the public health and welfare policy implications of the key studies and
scientific information contained in the 2006 Pb AQCD and presented and interpreted
results from the quantitative risk/exposure analyses conducted for this review. Based on
this evaluation, the Staff Paper presented OAQPS staff recommendations that the
Administrator give consideration to substantially revising the primary and secondary
standards to a range of levels at or below 0.2 µg/m3.
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Immediately subsequent to completion of the Staff Paper, EPA issued an advance notice
of proposed rulemaking (ANPR) that was signed by the Administrator on December 5,
2007 (72 FR 71488). 1 CASAC provided advice and recommendations to the
Administrator with regard to the Pb NAAQS based on its review of the ANPR and the
previously released final Staff Paper and risk assessment reports. The proposed decision
on revisions to the Pb NAAQS was signed on May 1, 2008 and published in the Federal
Register on May 20, 2008 (73 FR 29184). Members of the public provided both written
and, at two public hearings, oral comments and the CASAC Pb Panel also provided
advice and recommendations to the Administrator based on its review of the proposal
notice. The final decision on revisions to the Pb NAAQS was signed on October 15, 2008
and published in the Federal Register on November 12, 2008 (73 FR 66964).
The November 2008 notice described EPA’s decision to revise the primary and
secondary NAAQS for Pb from a level of 1.5 µg/m3 to a level of 0.15 µg/m3. EPA’s
decision on the level for the primary standard was based on the much-expanded health
effects evidence on neurocognitive effects of Pb in children. The level of 0.15 μg/m3 was
established to protect against air Pb-related health effects, including intelligence quotient
(IQ) decrements in the most highly exposed children, those exposed at the level of the
standard. Results of the quantitative risk assessment were judged supportive of the
evidence-based framework estimates. The averaging time was revised to a rolling
three-month period with a maximum (not-to-be-exceeded) form, evaluated over a
three-year period. As compared to the previous averaging time of calendar quarter, this
revision was considered to be more scientifically appropriate and more health protective.
The rolling average gives equal weight to all three-month periods, and the new
calculation method gives equal weight to each month within each three-month period.
Further, the rolling average yields 12 three-month averages each year to be compared to
the NAAQS versus four averages in each year for the block calendar quarters pertaining
to the previous standard. The indicator of Pb-TSP was retained, reflecting the evidence
that Pb particles of all sizes pose health risks. The secondary standard was revised to be
identical in all respects to the revised primary standards. 2
Revisions to the NAAQS were accompanied by revisions to the data handling
procedures, the treatment of exceptional events, and the ambient air monitoring and

1

The ANPR was one of the features of the revised NAAQS review process that EPA instituted in 2006. In 2009, this
component of the process was replaced by reinstatement of the OAQPS policy assessment (previously termed the
Staff Paper).
2
The 2008 NAAQS for Pb are specified at 40 CFR 50.16.
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reporting requirements, as well as emissions inventory reporting requirements. 1 One
aspect of the new data handling requirements is the allowance for the use of Pb-PM 10
monitoring for Pb NAAQS attainment purposes in certain limited circumstances at
non-source-oriented sites. The monitoring network requirements resulted in a substantial
number of new monitors being required as of January 2010, Subsequent to the 2008
rulemaking, additional revisions were made to the monitoring network requirements,
which required additional monitors as of December 2011; the complete current
requirements are described in Section 2.4.
On February 26, 2010 (75 FR 8934), EPA formally initiated its current review of the air
quality criteria for Pb, requesting the submission of recent scientific information on
specified topics. Soon after, a science policy workshop was held to identify key policy
issues and questions to frame the review of the Pb NAAQS (75 FR 20843). Drawing
from the workshop discussions, a draft IRP [Integrated Review Plan for the National
Ambient Air Quality Standards for Lead (U.S. EPA, 2011d)], was developed and made
available in late March, 2011 for public comment and consultation with CASAC and was
discussed by the CASAC via a publicly accessible teleconference consultation on May 5,
2011 (76 FR 20347, 76 FR 21346). The final IRP (U.S. EPA, 2011c) was released in
November, 2011 (76 FR 76972).
As part of the science assessment phase of the current review, EPA held a workshop in
December 2010 (75 FR 69078) to discuss, with invited scientific experts, preliminary
draft materials prepared during the ongoing development of the Pb ISA. The first external
review draft ISA for Lead was released on May 6, 2011 (U.S. EPA, 2011e). The CASAC
Pb Review Panel met at a public meeting on July 20, 2011 to review the draft ISA
(76 FR 36120). Subsequently, on December 9, 2011, the CASAC panel provided a
consensus letter for their review to the Administrator of the EPA (Frey and Samet, 2011).
The second external review draft ISA for Lead, (U.S. EPA, 2012a) was discussed at a
public meeting of the CASAC Pb Review Panel on April 10, 2012 (77 FR 14783).
Subsequently, the CASAC panel provided a consensus letter for their review to the
Administrator of the EPA(Frey, 2012). The third external review draft ISA for Lead was
released on November 27, 2012(U.S. EPA, 2012b). The CASAC panel met at a public
meeting on February 5, 2013, to review the draft ISA (78 FR 938). Subsequently, on June
4, 2013, the CASAC provided a consensus letter for their review to the Administrator of
the EPA (Frey, 2013).

1

The 2008 federal regulatory measurement methods for Pb are specified in 40 CFR 50, Appendix G and 40 CFR
part 53. Consideration of ambient air measurements with regard to judging attainment of the standards is specified in
40 CFR 50, Appendix R. The Pb monitoring network requirements are specified in 40 CFR 58, Appendix D,
Section 4.5. Guidance on the approach for implementation of the new standards was described in the Federal
Register notices for the proposed and final rules (73 FR 29184; 73 FR 66964).
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Executive Summary
Introduction
This Integrated Science Assessment (ISA) is a synthesis and evaluation of the most
policy-relevant science that forms the scientific foundation for the review of the primary
(health-based) and secondary (welfare-based) 1 national ambient air quality standard
(NAAQS) for Lead (Pb). In 2008, the levels of the primary and secondary NAAQS for
Pb were lowered ten-fold, from the 1978 level of 1.5 µg/m3, to a level of 0.15 µg/m3. The
averaging time was revised to a rolling three-month period with a maximum (not-to-beexceeded) form, evaluated over a three-year period. EPA’s decision on the level for the
revised primary standard in 2008 was based on the substantially expanded body of health
effects evidence available at that time, including that on cognitive effects of Pb in
children. The revised standard was established to protect against air Pb-related human
health effects, including intelligence quotient (IQ) loss, in the most highly exposed
children.
The Preamble discusses the general framework for conducting the science assessment
and developing an ISA, including criteria for selecting studies for inclusion in the ISA,
evaluating and integrating the scientific evidence and developing scientific conclusions
regarding the causal association of air pollution with health and environmental effects.
As described in Table II of the Preamble, the ISA uses a five-level hierarchy that
classifies the weight of evidence for causation:
 Causal relationship
 Likely to be a causal relationship
 Suggestive of a causal relationship
 Inadequate to infer a causal relationship
 Not likely to be a causal relationship
Studies most relevant to the review of the NAAQS are highlighted in the ISA. In drawing
judgments regarding causality for the criteria air pollutants, evidence of health and
environmental effects in the range of relevant pollutant exposures or biomarker
concentrations is considered. Considerations that are specific to the causal determinations
drawn for the health and ecological effects of Pb are described in more detail in
1

Welfare effects as defined in Clean Air Act (CAA) Section 302(h) [42 U.S.C. 7602(h)] include, but are not limited
to, “effects on soils, water, crops, vegetation, man-made materials, animals, wildlife, weather, visibility and climate,
damage to and deterioration of property, and hazards to transportation, as well as effects on economic values and on
personal comfort and well-being.”
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Section 1.1. Briefly, both long and short-term Pb exposures were considered. Evidence
from experimental animal studies observing effects of exposures resulting in blood Pb
levels within an order of magnitude of those currently experienced by the U.S. general
population was emphasized. With regard to the epidemiologic evidence,
population-based studies using Pb biomarkers (i.e., blood or bone Pb concentrations)
were emphasized over occupational studies. Relevant concentrations for drawing
causality judgments for the welfare effects of Pb were determined considering Pb
concentrations generally within one or two orders of magnitude above those which have
been observed in the environment and the available evidence for concentrations at which
effects were observed in plants, invertebrates, and vertebrates. Once conclusions are
drawn, evidence relevant to quantifying the health or environmental risks is assessed.

Sources, Fate and Transport of Lead in the Environment, and the
Resulting Human Exposure and Dose
Emissions of Pb to ambient air declined by more than two orders of magnitude over the
period 1970 to 2008 following the ban on alkyl-Pb additives for on-road gasoline and
tightened industrial emission standards. Air emissions in the U.S. were estimated to be
950 tons in 2008, a small fraction of the Pb processed in U.S. Pb-related industries. More
than half of these emissions were from piston-engine aircraft. Other important sources of
ambient air Pb, beginning with the next largest, include metals processing, fossil fuel
combustion, other industrial sources, and roadway-related sources.
During the same period that saw the dramatic decrease in Pb emissions, ambient air Pb
concentrations 1 also declined. The median value (across monitoring sites) for the
maximum 3-month average concentration in 2010, 0.03 micrograms per cubic meter
(μg/m3), was approximately thirty times lower than it was in 1980. The sharpest drop in
Pb concentration occurred from 1980-1990; concentrations continued to decline up to
2010. Specific levels near Pb sources as well as away from Pb sources have also shown a
sharp decrease (Section 1.2.2).
The history of atmospheric deposition has led to measurable Pb concentrations in rain,
snowpack, soil, surface waters, sediments, agricultural plants, livestock, and wildlife
across the world, with the highest concentrations near Pb sources, such as smelters. After
1

The original indicator for the Pb NAAQS is the mass of the Pb portion of total suspended particles (Pb-TSP). The
Pb-TSP indicator was retained in 2008 in recognition of the role of all particulate matter (PM) sizes in ambient air
Pb exposures (Section 1.2.2). The Federal Reference Method (FRM) Pb-TSP sampler’s size-selective performance
is known to be affected by wind speed and direction, and collection efficiency has been demonstrated to decline with
particle size. Under certain conditions regulatory Pb monitoring can also be performed for ambient Pb sampled
using the FRM for Pb sampled in particles with an upper 50% cut-point of 10 ± 0.5 micrometer (µm) aerodynamic
diameter (Pb-PM10). Pb-PM10 is allowed in certain instances where the expected Pb concentration does not approach
the NAAQS and no sources of ultracoarse Pb particles are nearby.

lxxviii

the phase-out of Pb from on-road gasoline and declining industrial emissions in the U.S.,
Pb concentrations have decreased considerably in rain, snowpack, and surface waters. Pb
is retained in soils and sediments, where it provides a historical record of deposition and
associated concentrations. The national average Pb concentration in soil in non-urban
locations was 18.9 milligrams of Pb per kilogram (mg Pb/kg), measured in over 1,300
non-urban, generally vegetated sampling locations from 1961 through 1997. The national
median fresh surface water dissolved Pb concentration (1991-2003) was 0.5 micrograms
per liter (µg/L) (Section 1.2.3). In remote lakes, sediment profiles indicate higher Pb
concentrations in near surface sediment as compared to pre-industrial era sediment from
greater depth; sediment profiles indicate peak Pb concentrations between 1960 and 1980
(when industrial and mobile source Pb emissions in the U.S. were at their peak ).
The size distribution of Pb-bearing particulate matter (PM), (i.e., PM having Pb as one of
its components) depends on whether there are contributions from industrial sources or
near-road environments (Section 1.2.2). Airborne particles containing Pb (Pb bearing
PM 1) tend to be small (much of the distribution <10 µm) compared with soil or dust
particles containing Pb (~50 µm to several hundred µm). Coarse Pb-bearing PM (i.e.,
approximately 2.5 – 10 µm) deposits to a great extent near its source, contributing to
local soil Pb contamination, while fine Pb-bearing PM (i.e., smaller than approximately
2.5 µm) can be transported long distances and possibly deposit in remote areas.
Depending on local conditions, deposited particles may be resuspended and redeposited
multiple times before further transport becomes unlikely.
There are multiple sources of Pb in the environment, and human exposure to Pb involves
multiple pathways. Figure ES-1 shows how Pb can move through multiple environmental
media. The “air/soil/water” arrows of the figure depict Pb exposures to plants, animals,
and/or humans through contact with Pb-containing media. Air-related pathways of
ambient Pb exposure are the focus of this assessment. Pathways of exposure to Pb from
ambient air include both inhalation of Pb and ingestion of Pb in dust or soil that
originated in the ambient air. For example, dietary Pb exposure may be air-related if
ambient air Pb deposits on plant materials or in water that becomes available for human
consumption. Dust and soil particles containing Pb are typically in the size range that is
ingested rather than inhaled. However, soil can act as a reservoir for deposited Pb
emissions, and exposure to soil contaminated with deposited Pb can occur through
resuspended PM as well as hand-to-mouth contact, which is the main pathway of
childhood exposure to Pb. The primary contribution of ambient air Pb to young children’s
blood Pb concentrations is generally due to ingestion of Pb following its deposition in
soils and dusts rather than inhalation of ambient air (Section 3.1.1.2). Non-ambient, non1

Pb-bearing PM larger than 10 µm have a sharp concentration gradient with distance from the source, because
larger particles have greater settling velocities.
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air-related exposures include hand-to-mouth contact with Pb-containing consumer goods,
hand-to-mouth contact with dust or chips of peeling Pb-containing paint, or ingestion of
Pb in drinking water conveyed through Pb pipes. As a result of the multitude of possible
exposure pathways, the contribution from specific pathways (e.g., consumer products,
diet, soil, ambient air) to blood Pb concentrations is situation specific.

Note: This Venn diagram illustrates the passage of Pb through multiple environmental media compartments through which plant,
animal, and human exposures can occur.

Figure ES-1

Conceptual model of multimedia Pb exposure.

The majority of Pb in the body is stored in bone (roughly 90% in adults, 70% in
children). Much of the remaining Pb is found in soft tissues; only about 1% of Pb is
found in the blood. Pb in blood is primarily (~99%) bound to red blood cells [RBCs]).
The small fraction of Pb in blood plasma (<1% of Pb in blood) may be the more
biologically labile and toxicologically active fraction of the circulating Pb. Both
Pb uptake to and elimination from soft tissues are much faster than they are in bone. Pb
accumulates in bone regions undergoing the most active calcification at the time of
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exposure. Pb in bone becomes distributed in trabecular (e.g., patella [knee cap]) and the
more dense cortical bones (e.g., tibia [shin bone]).
Blood Pb is the most common index of Pb exposure in epidemiologic studies of Pb health
effects. Overall, blood Pb levels have been decreasing among U.S. children and adults for
the past thirty-five years. The median blood Pb level for the U.S. population is 1.1
micrograms per deciliter (μg/dL), with a 95th percentile blood Pb level of 3.3 μg/dL
based on the 2009‑2010 National Health and Nutrition Examination Survey (NHANES)
data. Among children aged 1-5 years, the median and 95th percentiles are slightly higher
at 1.2 μg/dL and 3.4 μg/dL, respectively. Other common Pb exposure metrics used in
epidemiologic studies are Pb in bone, which generally reflects cumulative exposure over
long periods (months to years), and Pb in cord blood, which is an indicator of prenatal
and neonatal blood Pb concentration.
Blood Pb is dependent on both the recent exposure history of the individual, as well as
the long-term exposure history that determines total body burden and the amount of Pb
stored in the bone. The contribution of bone Pb to blood Pb changes throughout an
individual’s life time, and depends on the duration and intensity of the exposure, age, and
various other physiological stressors (e.g., nutritional status, pregnancy, menopause,
extended bed rest, hyperparathyroidism) that may affect bone remodeling, which
normally and continuously occurs. In children, largely due to faster exchange of Pb to
and from bone, blood Pb is both an index of recent exposure and potentially an index of
body burden. Generally, bone Pb is an index of cumulative exposure and body burden. Pb
is sequestered in two types of bone compartments; Pb in trabecular bone exchanges more
rapidly with the blood than Pb in denser cortical bone. Therefore, Pb in cortical bone is a
better marker of cumulative exposure, and Pb in trabecular bone is more likely to be
correlated with blood Pb concentration. During pregnancy, Pb is transferred from the
mother to the fetus. Transplacental transfer of Pb may be facilitated by an increase in the
plasma/blood Pb concentration ratio during pregnancy. Maternal-to-fetal transfer of Pb
appears to be related partly to the mobilization of Pb from the maternal skeleton.

Integrative Overview of Health and Ecological Effects
There is substantial overlap between the ecological and human health endpoints related to
Pb exposure, which can be mediated through multiple, interconnected modes of action
(MOAs). The cellular/subcellular effect constituting the principal MOA for human health
and ecological endpoints is altered ion status. Other related MOAs include protein
binding, oxidative stress, inflammation, endocrine disruption, and cell death and
genotoxicity (Figure ES-2). Since the mechanisms of Pb toxicity in some organ systems
are the same or similar across species, many of the downstream health and ecological

lxxxi

effects are similar across species from invertebrates to vertebrates, including humans
(Section 1.8.1).

Pb
Exposure

Altered Ion
Status
(4.2.2)

Protein
Binding
(4.2.3)
Cell Death
and
Genotoxicity
(4.2.7)

Oxidative
Stress
(4.2.4)

Inflammation
(4.2.5)

Endocrine
Disruption
(4.2.6)

Note: The subsections where these MOAs are discussed are indicated in parentheses.
(Section 4.2.2; Section 4.2.3; Section 4.2.4; Section 4.2.5; Section 4.2.6; and Section 4.2.7).

Figure ES-2

Schematic representation of the relationships between the
various MOAs by which Pb exerts its effects.

Health Effects of Pb
Evidence from epidemiologic and toxicological studies was considered in combination
with the evidence from other disciplines such as toxicokinetics in determining the causal
relationships for the health endpoints discussed in this assessment. Detailed discussions
of the evidence relating to conclusions regarding the health effects of Pb are in
Section 1.6 and Chapter 4. The major conclusions regarding health effects from Pb
exposure in children and adults are presented in Table ES-1 and summarized below.
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Table ES-1 Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Nervous System Effects (Section 1.6.1)
Children – Nervous System Effects (Section 1.6.1.1)
Cognitive Function Decrements

Causal Relationship (Table 4-17)

Clear evidence of cognitive function decrements (as measured by Full Scale IQ, academic performance, and
executive function) in young children (4 to 11 years old) with mean or group blood Pb levels measured at
various lifestages and time periods between 2 and 8 µg/dL. Clear support from animal toxicological studies that
demonstrate decrements in learning, memory, and executive function with dietary exposures resulting in
relevant blood Pb levels of 10-25 µg/dL. Plausible MOAs are demonstrated.
Externalizing Behaviors:
b,d, e
Attention, Impulsivity and Hyperactivity

Causal Relationship (Table 4-17)

Clear evidence of attention decrements, impulsivity and hyperactivity (assessed using objective
neuropsychological tests and parent and teacher ratings) in children 7-17 years and young adults ages 19-20
years. The strongest evidence for blood Pb-associated increases in these behaviors was found in prospective
studies examining prenatal (maternal or cord), age 3-60 months, age 6 years, or lifetime average (to age 11-13
years) mean blood Pb levels of 7 to 14 µg/dL and groups with early childhood (age 30 months) blood Pb levels
>10 µg/dL. Biological plausibility is provided by animal toxicological studies demonstrating impulsivity or
impaired response inhibition with relevant prenatal, lactational, post-lactational and lifetime Pb exposures.
Plausible MOAs are demonstrated.
Externalizing Behaviors:
Conduct Disorders in Children and Young Adultsc, d

Likely Causal Relationship (Table 4-17)

Prospective epidemiologic studies find that early childhood (age 30 months, 6 years) or lifetime average (to age
11-13 years) blood Pb levels or tooth Pb levels (from ages 6-8 years) are associated with criminal offenses in
young adults ages 19-24 years and with higher parent and teacher ratings of behaviors related to conduct
disorders in children ages 8-17 years. Pb-associated increases in conduct disorders were found in populations
with mean blood Pb levels 7 to14 µg/dL; associations with lower blood Pb levels as observed in cross-sectional
studies were likely to be influenced by higher earlier Pb exposures. There is coherence in epidemiologic findings
among related measures of conduct disorders. Evidence of Pb induced aggression in animals was mixed, with
increases in aggression found in some studies of adult animals with gestational plus lifetime Pb exposure but
not juvenile animals. The lack of clear biological plausibility produces some uncertainty.
Internalizing Behaviors

Likely Causal Relationship (Table 4-17)

Prospective epidemiologic studies find associations of higher lifetime average blood (mean: ~14 µg/dL) or
childhood tooth (from ages 6-8 years) Pb levels with higher parent and teacher ratings of internalizing behaviors
such as symptoms of depression or anxiety, and withdrawn behavior in children ages 8-13 years. Consideration
of potential confounding by parental caregiving was not consistent and findings from cross-sectional studies in
populations ages 5 and 7 years with mean blood Pb levels of 5 µg/dL were mixed. Animal toxicological studies
demonstrate depression-like behaviors and increases in emotionality with relevant lactational exposures.
Plausible MOAs are demonstrated.
Auditory Function Decrements

Likely Causal Relationship (Table 4-17)

A prospective epidemiologic study and large cross-sectional studies indicate associations between blood Pb
levels and increased hearing thresholds at ages 4-19 years. Across studies, associations were found with blood
Pb levels measured at various time periods, including prenatal maternal, neonatal (10 day, mean 4.8 µg/dL),
lifetime average, and concurrent (ages 4-19 years) blood Pb levels (median 8 µg/dL). Plausible MOAs are
demonstrated. The lack of biological plausibility in animals with relevant exposures produces some uncertainty.

lxxxiii

Table ES-1 (Continued): Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Visual Function Decrements

Inadequate to Infer a Causal Relationship (Table 4-17)

The available epidemiologic and toxicological evidence is of insufficient, quantity, quality and consistency.
Motor Function Decrements

Likely Causal Relationship (Table 4-17)

Prospective epidemiologic studies provide evidence of associations of fine and gross motor function decrements
in children ages 4-17 years with lifetime average blood Pb levels and with blood Pb levels measured at various
time periods with means generally ranging from 4.8 to 12 µg/dL. Results were inconsistent in cross sectional
studies with concurrent blood Pb level means 2-5 µg/dL. Limited evidence in animal toxicological studies with
relevant Pb exposures.
Adults – Nervous System Effects (Section 1.6.1.2)
Cognitive Function Decrements

Likely Causal Relationship (Table 4-17)

Prospective studies indicate associations of higher baseline bone Pb levels with declines in cognitive function
(executive function, visuospatial skills, learning and memory) in adults (>age 50 years) over 2- to 4-year
periods. Cross-sectional studies provide additional support. Uncertainties remain regarding the timing,
frequency, duration and level of the Pb exposures contributing to the effects observed and residual confounding
by age. Biological plausibility is provided by findings that relevant lifetime Pb exposures from gestation, birth, or
after weaning induce learning impairments in adult animals and by evidence demonstrating plausible MOAs.
Psychopathological Effects

Likely Causal Relationship (Table 4-17)

Cross-sectional studies in a few populations demonstrate associations of higher concurrent blood or tibia Pb
levels with self-reported symptoms of depression and anxiety in adults. Uncertainties remain regarding the
timing, frequency, duration and level of Pb exposures contributing to the observed associations and residual
confounding by age. Observations of depression-like behavior in animals with dietary lactational Pb exposure,
with some evidence at relevant blood Pb levels, and evidence demonstrating plausible MOAs in experimental
animals provides support.
Auditory Function Decrements

Suggestive of a Causal Relationship (Table 4-17)

A high-quality prospective epidemiologic study finds associations of higher tibia Pb level with a greater rate of
elevations in hearing threshold over 20 years. Some evidence indicates effects on relevant MOAs but important
uncertainties remain related to effects on auditory function in animals with relevant Pb exposures.
Visual Function Decrements

Inadequate to Infer a Causal Relationship (Table 4-17)

The available epidemiologic and toxicological evidence is of insufficient, quantity, quality and consistency.
Neurodegenerative Diseases

Inadequate to Infer a Causal Relationship (Table 4-17)

The available epidemiologic and toxicological evidence is of insufficient, quantity, quality and consistency.
Cardiovascular Effects (Section 1.6.2)
Hypertension

Causal Relationship (Table 4-24)

Prospective epidemiologic studies with adjustment for multiple potential confounders consistently find
associations of blood and bone Pb levels with hypertension incidence and increased blood pressure (BP) in
adults. Cross-sectional studies provide supporting evidence. Meta-analyses underscore the consistency and
reproducibility of the Pb associated increase in blood pressure and hypertension (a doubling of concurrent blood
Pb level (between 1 and 40 µg/dL) is associated with a 1 mmHg increase in systolic BP); however, uncertainties
remain regarding the timing, frequency, duration and level of Pb exposures contributing to the effects observed in
epidemiologic studies. Experimental animal studies demonstrate effects on BP after long-term Pb exposure
resulting in mean blood Pb levels of 10 µg/dL or greater. Plausible MOAs are demonstrated.
Subclinical Atherosclerosis

Suggestive of a Causal Relationship (Table 4-24)

Cross-sectional analyses of NHANES data find associations of blood Pb level with peripheral artery disease
(PAD) in adults. Animal toxicological evidence is limited to studies of MOA (oxidative stress, inflammation,
endothelial cell dysfunction) that demonstrate biologically plausible mechanisms through which Pb exposure may
initiate atherosclerotic vessel disease.
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Table ES-1 (Continued): Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Coronary Heart Disease

Causal Relationship (Table 4-24)

Prospective epidemiologic studies consistently find associations of Pb biomarkers with cardiovascular mortality
and morbidity, specifically myocardial infarction (MI), ischemic heart disease (IHD), or HRV; however,
uncertainties remain regarding the timing, frequency, duration and level of Pb exposures contributing to the
effects observed in epidemiologic studies. Thrombus formation was observed in animals after relevant long term
exposure and MOAs (hypertension, decreased HRV, increased corrected QT (QTc) interval, and corrected QRS
complex (QRSc) duration in electrocardiogram [ECG]) are demonstrated in humans and animals.
Cerebrovascular Disease

Inadequate to Infer a Causal Relationship (Table 4-24)

The available epidemiologic and toxicological evidence is of insufficient, quantity, quality, and/or consistency.
Plausible MOAs, which are shared with hypertension and atherosclerosis, are demonstrated.
Renal Effects (Section 1.6.3)
Reduced Kidney Function

Suggestive of a Causal Relationship (Table 4-31)

Multiple high quality epidemiologic studies provide evidence that Pb exposure is associated with reduced kidney
function; however, uncertainty remains regarding the potential for reverse causality to explain findings in humans.
Further, inconsistencies and limitations in occupational studies, epidemiologic studies of children and clinical trials
of chelation of CKD patient preclude strong inferences to be drawn based on their results. Although longitudinal
studies found Pb-associated decrements in renal function in populations with mean blood Pb levels of 7 and 9
µg/dL, the contributions of higher past Pb exposures cannot be excluded. Animal toxicological studies
demonstrate Pb-induced kidney dysfunction at blood Pb levels greater than 30 µg/dL; however, evidence in
animals with blood Pb levels < 20 µg/dL is generally not available. At blood Pb levels between 20 and 30 µg/dL
studies provide some evidence for dysfunction in kidney function measures (e.g., decreased creatinine clearance,
increased serum creatinine, increased BUN). Plausible MOAs (Pb induced hypertension, renal oxidative stress
and inflammation, morphological changes, and increased uric acid) are demonstrated.
Immune System Effects (Section 1.6.4)
Atopic and Inflammatory Responses

Likely Causal Relationship (Table 4-34)

Prospective studies of children ages 1-5 years indicate associations of prenatal cord and childhood blood Pb
levels with asthma and allergy. This evidence is supported by cross-sectional associations between higher
concurrent blood Pb levels (>10 µg/dL) in children and higher IgE. Uncertainties related to potential confounding
by SES, smoking or allergen exposure are reduced through consideration of the evidence from experimental
animal studies. The biological plausibility for the effects of Pb on IgE is provided by consistent findings in animals
with gestational or gestational-lactational Pb exposures, with some evidence at blood Pb levels relevant to
humans. Strong evidence of Pb-induced increases in Th2 cytokine production and inflammation in animals
demonstrates MOA.
Decreased Host Resistance

Likely Causal Relationship (Table 4-34)

Animal toxicological studies provide the majority of the evidence for Pb-induced decreased host resistance.
Dietary Pb exposure producing relevant blood Pb levels (7-25 µg/dL) results in increased susceptibility to bacterial
infection and suppressed delayed type hypersensitivity. Further, evidence demonstrating plausible MOA,
including suppressed production of Th1 cytokines and decreased macrophage function in animals, provides
coherence.
Autoimmunity

Inadequate to Infer a Causal Relationship (Table 4-34)

The available toxicological and epidemiologic studies do not sufficiently inform Pb-induced generation of autoantibodies with relevant Pb exposures.

lxxxv

Table ES-1 (Continued): Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Hematologic Effects (Section 1.6.5)
Decreased Red Blood Cell (RBC) Survival and
Function

Causal Relationship (Table 4-35)

Animal toxicological studies demonstrate that exposures resulting in blood Pb levels relevant to humans (2-7
µg/dL) alter several hematological parameters (Hemoglobin [Hb], Hematocrit [Hct], and mean corpuscular volume
[MCV]),increase measures of oxidative stress and increase cytotoxicity in red blood cell (RBC) precursor cells.
Limited body of epidemiologic studies provides additional support for the association of Pb exposure with these
endpoints. Plausible MOAs are demonstrated in experimental animals.
Altered Heme Synthesis

Causal Relationship (Table 4-35)

Consistent findings from studies in experimental adult animal studies report that relevant exposures (e.g. blood
Pb levels of 6.5 µg/dL) cause decreased ALAD and ferrochelatase activities. Additional support is garnered from a
larger body of ecotoxicological studies demonstrating decreased ALAD activity across a wide range of species
and a limited body of epidemiologic studies. Plausible MOAs are demonstrated in experimental animals.
Reproductive and Developmental Effects (Section 1.6.6)
Development

Causal Relationship (Table 4-48)

Multiple cross-sectional epidemiologic studies report associations between concurrent blood Pb levels and
delayed pubertal onset for girls (6-18 years) and boys (8-15 years). These associations are consistently observed
in populations with concurrent blood Pb levels 1.2-9.5 µg/dL. Few studies consider confounding by nutrition.
Uncertainties remain regarding the timing, frequency, duration and level of Pb exposures contributing to the
effects observed in epidemiologic studies of older children. Experimental animal studies demonstrate delayed
onset of puberty in female pups with blood Pb levels of 1.3-13 µg/dL and delayed male sexual maturity at blood
Pb levels of 34 µg/dL.
Birth Outcomes (e.g., low birth weight, spontaneous
abortion)

Suggestive of Causal Relationship (Table 4-48)

Some well-conducted epidemiologic studies report associations of maternal Pb biomarkers or cord blood Pb with
preterm birth and low birth weight/fetal growth; however, the epidemiologic evidence is inconsistent overall and
findings from experimental animal studies are mixed.
Male Reproductive Function

Causal Relationship (Table 4-48)

Key evidence is provided by toxicological studies in rodents, non-human primates, and rabbits showing
detrimental effects on semen quality, sperm and fecundity/fertility with supporting evidence in epidemiologic
studies. Toxicological studies with relevant Pb exposure routes leading to blood Pb concentrations ranging from
5-43 µg/dL reported effects on sperm quality and sperm production rate, sperm DNA damage, and histological or
ultrastructural damage to the male reproductive organs. Consistent associations in studies of occupational
populations with concurrent blood Pb levels of 25 µg/dL and greater, report detrimental effects of Pb on sperm;
however, uncertainties remain regarding the timing, frequency, duration and level of Pb exposures contributing to
the effects observed in epidemiologic studies.
Female Reproductive Function

Suggestive of Causal Relationship (Table 4-48)

Although findings are mixed overall, the body of evidence include some high-quality epidemiologic and
toxicological studies, suggesting that Pb may affect some aspects of female reproductive function (hormone level,
placental pathology).
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Table ES-1 (Continued): Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Cancer (Section 1.6.7)
Cancer

Likely Causal Relationship (Table 4-50)

The animal toxicological literature provides the strong evidence for long-term exposure (i.e., 18 months or 2
years) to high concentrations of Pb (> 2,600 ppm) inducing tumor development; findings from epidemiologic
studies inconsistent. Plausible MOAs are demonstrated.
a

In drawing conclusions regarding the causal relationship between Pb exposure and human health effects, evidence in the range of
relevant pollutant exposures or biomarker levels was considered. Specifically, population-based epidemiology studies were
emphasized with the recognition that many of the U.S populations studied included individuals with higher past than recent Pb
exposures. Evidence from toxicological studies of effects observed in experimental animals at biomarker levels (e.g. blood Pb)
comparable to those currently experienced by the U.S. general population were emphasized. Generally, studies with dietary
exposures resulting in blood Pb levels within one order of magnitude above the upper end of the distribution of U.S. blood Pb levels
were considered in forming concusions, with the majority of studies reporting blood Pb levels below 30 µg/dL. Studies with higher
blood Pb levels were considered if they informed the evaluation of MOA, mechanisms, or kinetics. (Preamble, Section 1.1).
b

Within the attention deficit hyperactivity disorder domain of externalizing behaviors, studies of Pb exposure have focused primarily
on attention, impulsivity, and hyperactivity. Because the studies of ADHD were limited in terms of their design and did not
adequately consider potential confounding by factors such as SES, parental education, or parental caregiving quality, they were not
a major consideration in drawing conclusions about the relationship between Pb exposure and attention, impulsivity, and
hyperactivity.
c

Two domains of conduct disorders,(i.e., undersocialized aggressive conduct disorder and socialized aggressive conduct disorder),
are combined for the purpose of this assessment because it is difficult to differentiate between these two domains in the available
epidemiologic studies, which examine multiple endpoints such as delinquent behavior, aggression, antisocial behavior. Criminal
offenses are included in the evaluation because they can be predicted by earlier conduct disorders (Section 4.3.3.2).
d

There was limited evaluation of potential confounding by parental psychopathology, which is a strong risk factor for externalizing
behaviors, in the majority of the epidemiologic studies; however, evidence of an association of between psychopathology in parents
and Pb exposure in their children is not available (Section 4.3.3).
e

Strong evidence from experimental animal studies reduces uncertainty related to confounding generally.

Effects of Pb Exposure in Children
Multiple epidemiologic studies conducted in diverse populations of children consistently
demonstrate the harmful effects of Pb exposure on cognitive function (as measured by IQ
decrements, decreased academic performance and poorer performance on tests of
executive function). Blood Pb-associated effects on cognitive function were found in
populations of children (ages 4-10) with mean or group blood Pb levels measured
concurrently or earlier in the range of 2-8 µg/dL 1. Evidence suggests that some Pb-related
cognitive effects may be irreversible and that the neurodevelopmental effects of Pb
exposure may persist into adulthood (Section 1.9.4). Epidemiologic studies also
demonstrate that Pb exposure is associated with decreased attention, and increased
impulsivity and hyperactivity in children (externalizing behaviors). This is supported by
findings in animal studies demonstrating both analogous effects and biological
plausibility at relevant exposure levels. Pb exposure can also exert harmful effects on
blood cells and blood producing organs, and is likely to cause an increased risk of
symptoms of depression and anxiety and withdrawn behavior (internalizing behaviors),
1

The age range and blood Pb levels are based on studies described in detail in Section 4.3.2.
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decreases in auditory and motor function, asthma and allergy, as well as conduct
disorders in children and young adults. There is some uncertainty about the Pb exposures
contributing to the effects and blood Pb levels observed in epidemiologic studies;
however, these uncertainties are greater in studies of older children and adults than in
studies of young children (Section 1.9.5). Despite these uncertainties, it is clear that Pb
exposure in childhood presents a risk; further, there is no evidence of a threshold below
which there are no harmful effects on cognition from Pb exposure.

Effects of Pb Exposure in Adults
A large body of evidence from both epidemiologic studies of adults and experimental
studies in animals demonstrates the effect of long-term Pb exposure on increased blood
pressure (BP) and hypertension (Section 1.6.2). In addition to its effect on BP, Pb
exposure can also lead to coronary heart disease and death from cardiovascular causes
and is associated with cognitive function decrements, symptoms of depression and
anxiety, and immune effects in adult humans. The extent to which the effects of Pb on the
cardiovascular system are reversible is not well-characterized. Additionally, the
frequency, timing, level, and duration of Pb exposure causing the effects observed in
adults has not been pinpointed, and higher past exposures may contribute to the
development of health effects measured later in life. It is clear however, that Pb exposure
can result in harm to the cardiovascular system that is evident in adulthood and may also
affect a broad array of organ systems.

Ecological Effects of Pb
Ecological effects of Pb are summarized for terrestrial, freshwater and saltwater
ecosystems, and the ISA discusses endpoints common to plants, invertebrates and
vertebrates along with considerations of uncertainties in relating atmospheric Pb
concentrations to ecosystem effects. Effects of Pb in ecosystems are primarily associated
with Pb deposition onto soil and water, subsequent transport, and exposure through
environmental media (soil, water, sediment, biota). The 2006 Pb Air Quality Criteria
Document (AQCD) (U.S. EPA, 2006b) and previous EPA assessments reported effects of
Pb exposure on both terrestrial and aquatic organisms that included reduced survival,
reproduction and growth as well as effects on behavior, development, and heme
production. Studies reviewed in this ISA generally support the ecological findings of
previous Pb assessments with some effects observed in additional species and at lower
concentrations. Reproduction, growth, and survival are endpoints commonly used in
ecological risk assessment because they can lead to effects at the population, community,
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and ecosystem levels of biological organization. Impacts on hematological,
neurobehavioral and physiological stress endpoints may increase susceptibility to other
stressors and affect the fitness of individual organisms. Increasing exposures generally
result in increasing responses in laboratory and field experiments but the relationship of
exposure and responses is difficult to characterize quantitatively in natural systems
because of the influence of multiple environmental variables on both Pb bioavailability
and toxicity, and substantial species and lifestage differences in Pb sensitivity.
A brief discussion of the conclusions from this assessment and earlier Pb AQCDs
regarding Pb effects on reproduction, growth, and survival is provided below and
summarized in Table ES-2 along with effects of Pb on neurobehavior, hematological, and
stress endpoints. Causal determinations for ecological effects were based on integration
of information on biogeochemistry, bioavailability, biological effects, and exposureresponse relationships of Pb in terrestrial, freshwater, and saltwater environments. In
general, the number of studies available for assessing causality is greater for freshwater
organisms than for marine environments. A detailed discussion for all relevant welfare
effects (i.e., ecological effects) is provided in Section 1.7 and Chapter 6.

lxxxix

Table ES-2 Summary of causal determinations for the relationship between Pb
exposure and effect on plants, invertebrates, and vertebrates.
Level

Terrestriala

Freshwatera

Saltwatera

Likely Causal

Likely Causal

Inadequate

Reproductive and Developmental EffectsPlants (Section 1.7.3.1)

Inadequate

Inadequate

Inadequate

Reproductive and Developmental EffectsInvertebrates (Section 1.7.3.1)

Causal

Causal

Suggestive

Reproductive and Developmental EffectsVertebrates (Section 1.7.3.1)

Causal

Causal

Inadequate

Growth-Plants (Section 1.7.3.2)

Causal

Likely Causal

Inadequate

Growth-Invertebrates (Section 1.7.3.2)

Likely Causal

Causal

Inadequate

Growth-Vertebrates (Section 1.7.3.2)

Inadequate

Inadequate

Inadequate

Survival-Plants (Section 1.7.3.3)

Inadequate

Inadequate

Inadequate

Survival- Invertebrates (Section 1.7.3.3)

Causal

Causal

Inadequate

Survival- Vertebrates (Section 1.7.3.3)

Likely Causal

Causal

Inadequate

Neurobehavioral EffectsInvertebrates (Section 1.7.3.4)

Likely Causal

Likely Causal

Inadequate

Neurobehavioral EffectsVertebrates (Section 1.7.3.4)

Likely Causal

Likely Causal

Inadequate

Hematological EffectsInvertebrates (Section 1.7.3.5)

Inadequate

Likely Causal

Suggestive

Hematological Effects-Vertebrates (Section 1.7.3.5) Causal

Causal

Inadequate

Physiological Stress-Plants (Section 1.7.3.6)

Likely Causal

Inadequate

Physiological Stress-Invertebrates (Section 1.7.3.6) Likely Causal

Likely Causal

Suggestive

Physiological Stress-Vertebrates (Section 1.7.3.6)

Likely Causal

Inadequate

Effect

Organism–Level Responses
Sub-organismal
Responses

Population–Level Endpoints

CommunityCommunity and Ecosystem Effects
and Ecosystem (Section 1.7.3.7)

a

Causal

Likely Causal

Conclusions are based on the weight of evidence for causal determination in Table II of the ISA Preamble. Ecological effects
observed at or near ambient Pb concentrations measured in soil, sediment and water in the most recent available studies (Table
1-1). were emphasized and studies generally within one to two orders of magnitude above the reported range of these values were
considered in the body of evidence for terrestrial (Section 6.3.12), freshwater (Section 6.4.12) and saltwater (Section 6.4.21)
ecosystems.
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Effects on Development and Reproduction
Reduced reproduction at the level of individual organisms can result in lowered
population numbers or extermination, decreased species diversity, and a decline in
relative or absolute population numbers at the community level. Effects of Pb on various
development, fertility, and hormone maintenance endpoints have been documented in
multiple species of terrestrial and freshwater organisms. In plants, only a few studies
have addressed reproductive effects of Pb exposure. Among the animal species tested,
freshwater invertebrates were the most sensitive to Pb with respect to reproduction
(Section 1.7.3.1).

Effects on Growth
Effects on growth observed at the species level can translate into effects at the ecosystem
level. Exposure to Pb has been shown to have effects on growth in plants and in some
species of invertebrates and vertebrates. Evidence for effects of Pb on growth is strongest
in terrestrial plants. These effects are typically found in laboratory studies with high Pb
exposure concentrations or in field studies near stationary sources such as metal
industries or mines where concentrations of multiple metals are elevated relative to nonpolluted locations. Many of those laboratory and field studies evaluate the effects of
increasing levels of Pb exposure, and find that effects on plant growth increase with
increasing exposure (“biological gradients”). Evidence for Pb effects on growth in
invertebrates has been observed most extensively in freshwater species, with growth
inhibition in a few sensitive species occurring in the range of Pb concentration values
available for U.S. surface waters. In general, juvenile organisms are more sensitive than
adults. There are only limited data on growth effects in vertebrates (Section 1.7.3.2).

Effects on Survival
Decreased survival of individuals within a population can have ecosystem-level impacts.
Pb is generally not toxic to aquatic or terrestrial plants at concentrations found in the
environment away from stationary sources, probably due to the fact that plants often
sequester large amounts of Pb in roots, with little translocation to other parts of the plant.
Aquatic invertebrates are generally more sensitive to Pb exposure than other types of
organisms, with survival reduced in laboratory studies of a few species at concentrations
occurring near Pb sources, as well as at concentrations occasionally encountered in the
general environment (that is, far from major Pb sources). Many terrestrial invertebrates
tolerate higher concentrations of Pb. Limited studies with vertebrates showed adverse
effects of Pb on survival at concentrations higher than typical ambient Pb levels in the
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environment, although juvenile organisms are usually more sensitive than adults
(Section 1.7.3.3).

Neurobehavioral Effects
Historical and recent evidence from Pb-exposed animals indicates that Pb affects
behaviors, such as food consumption, avoidance and escape from predators, behavioral
regulation of body temperature, and prey capture. Alterations to these behaviors can
decrease the overall fitness of the organism. Evidence from laboratory studies has shown
effects of Pb exposure on nervous system endpoints in both terrestrial and freshwater
animal taxa (Section 1.7.3.4).

Hematological Effects
Changes in hematological characteristics including ALAD (delta-aminolevulinic acid
dehydratase, an important rate-limiting enzyme needed for heme production) activity,
blood cell counts, and serum profiles are associated with Pb exposure in both aquatic and
terrestrial animals. It is commonly recognized that ALAD is an indicator of Pb exposure
across a wide range of animals as shown in both field and laboratory studies. Studies
conducted over the last two decades have shown that hematological responses are
associated with Pb in the environment (Section 1.7.3.5).

Effects on Physiological Stress
Increased levels of antioxidant enzymes (in response to oxidative stress or altered cell
signaling) and increased lipid peroxidation (the process by which free radicals induce the
oxidation of fatty acids, leading to cell membrane damage) are considered to be reliable
biomarkers of stress. Alterations in these biomarkers are associated with Pb exposure in
plants, invertebrates and vertebrates, and they may be indicative of increased
susceptibility to other stressors, as well as reduction in individual fitness. Markers of
oxidative damage and antioxidant activity have been observed in field studies in a wide
range of species in terrestrial and aquatic environments when Pb is present (along with
other chemicals), and also following laboratory exposures (Section 1.7.3.6).

Community and Ecosystem Effects
The effects of Pb on growth, reproduction, and survival at the level of individual
organisms, especially when considered cumulatively, are likely to result in effects on
population, community and ecosystem structure and function. Effects at those higher
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levels of biological organization are confirmed by both laboratory and field experiments.
In these experiments decreases in abundance, reduced species diversity, shifts in soil
microbial and plant community composition (in terrestrial ecosystems), and sedimentassociated and aquatic plant community composition (in freshwater ecosystems) have
been observed following Pb exposure. However, such ecosystem-wide effects can only
be tested directly in a few of the cases where individual organism effects are found.
Quantitative characterization of exposure-response relationships is difficult at the
community and ecosystem levels because potential confounders such as the presence of
other metals, physico-chemical variables and other stressors cannot be controlled and
their effects are incompletely characterized (Section 1.7.3.7).

Policy Relevant Considerations
Public Health Significance
The 2006 Pb AQCD (U.S. EPA, 2006b) concluded that neurodevelopmental effects in
children and cardiovascular effects in adults were of the greatest public health concern
because the evidence indicated that these effects occurred at the lowest blood Pb levels,
compared to other health effects. The evidence reviewed in the current assessment
supports and builds upon this conclusion. Small shifts in the population mean IQ can be
highly significant from a public health perspective because such shifts could translate into
a larger proportion of the population functioning at the low end of the IQ distribution
(Section 1.9.1), as well as a smaller proportion of population functioning at the high end
of the distribution 1. Additionally, small Pb-associated increases in the population mean
blood pressure could result in an increase in the proportion of the population with
hypertension that is significant from a public health perspective.

Air Lead(Pb)-to-Blood Lead(Pb) Relationships
A limited number of epidemiologic studies evaluated relationships between air Pb and
blood Pb (Section 1.9.2). Regression models are typically used to produce slopes that
estimate the change in blood Pb per change in air Pb concentration (µg/dL per µg Pb/m3).
The larger the slope, the larger is the estimated contribution of air Pb to the blood Pb
level in exposed populations.
The range of air-to-blood slope estimates is 4 to 9 µg/dL per µg/m3 in studies of children.
The differences in the estimates across studies, at least in part, reflect the choice of model
1

This statement follows from the conceptual model described by Weiss et al. (1988), which assumes that the
incremental concentration-response between Pb exposure and IQ is similar across the full range of IQ and is not
based on actual data.
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(e.g., some models predict an increase in the blood Pb-air Pb slope with decreasing air Pb
concentration while other models predict a constant blood Pb-air Pb slope across all air
Pb concentrations). In addition, differences in the estimates across studies may reflect the
different terms that are included in the model (e.g., soil Pb); these terms may account for
some of the variation in blood Pb that is attributable to air Pb. Other factors that may
explain the variation in the derived blood Pb-air Pb slope include differences in the
populations examined and Pb sources (e.g., leaded gasoline or smelter).

Concentration-Response Relationships for Health Effects
Previous assessments found that progressively lower blood Pb levels were associated
with cognitive deficits in children, and newly available evidence is generally consistent
with findings of the previous review (Section 1.9.3). Compelling evidence for a larger
incremental effect of Pb on children’s IQ at lower blood Pb levels compared to higher
blood Pb levels was presented in the 2006 Pb AQCD based on the international pooled
analysis of seven prospective cohort studies, as well as several individual studies. This
was supported by a subsequent reanalysis of the pooled data focusing on the shape of the
concentration-response function. Several recent studies also support the findings of the
original pooled analysis. The majority of the epidemiologic evidence from stratified
analyses comparing the lower and the higher ends of the blood Pb distributions also
indicates larger effect of Pb on IQ at lower blood Pb levels. The shape of concentrationresponse relationships is not well characterized for association of health effects with
blood or bone Pb concentrations in adults (Section 1.9.3).

Pb Exposure and Neurodevelopmental Deficits in Children
Information about the patterns of exposure that contribute to the blood Pb levels and
effects observed in epidemiologic studies is generally lacking. Although, blood Pb may
reflect both recent exposures as well as past exposures because Pb is both taken up by
and released from the bone, uncertainty regarding the role of recent exposure is greater in
adults and older children than in young children who do not have lengthy exposure
histories. Several lines of evidence inform the interpretation of epidemiologic studies of
young children with regard to the exposures that contribute to observed health effects
(Section 1.9.4). Epidemiologic studies find associations of cognitive function with
several different blood Pb metrics that represent blood Pb during lifestages or time
periods from the prenatal period through adolescence. This epidemiologic evidence is
supported by studies of rodents and monkeys indicating that Pb exposures during
multiple lifestages and time periods, including prenatal only, prenatal plus lactational,
postnatal only, and lifetime are observed to induce impairments in learning. These
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findings are consistent with the fact that the nervous system continues to develop
throughout childhood.

Potentially At-Risk Populations
The NAAQS are intended to protect public health with an adequate margin of safety. In
so doing, protection is provided for both the population as a whole and those groups at
increased risk for health effects in response to the air pollutant for which each NAAQS is
set. Children are at increased risk for the effects of Pb exposure. Among children, the
youngest age groups were observed to be most at risk of elevated blood Pb levels, with
levels decreasing with increasing age of the children. Evidence related to childhood and
other at-risk factors is described in Section 1.9.6.

Pb Concentrations Corresponding to Ecological Effects
There is limited evidence to relate ambient air concentrations of Pb to levels of deposition
onto terrestrial and aquatic ecosystems and to subsequent movement of atmosphericallydeposited Pb through environmental compartments (e.g., soil, sediment, water, and biota)
(Section 1.9.7). The contribution of atmospheric Pb to specific sites is not clear, and the
connection between air concentration of Pb and ecosystem exposure continues to be
poorly characterized. Furthermore, the level at which Pb elicits a specific effect is
difficult to establish in terrestrial and aquatic systems, due to the influence of other
environmental variables (e.g., pH, organic matter) on both Pb bioavailability and toxicity,
and also to substantial species differences in Pb sensitivity. Current evidence indicates
that Pb is bioaccumulated in biota; however, the sources of Pb in biota have only been
identified in a few studies, and the relative contribution of Pb from all sources is usually
not known.

Summary
Overall, the evidence evaluated for the current review expands upon findings of the
2006 Pb AQCD and previous assessments, which concluded that there was a strong body
of evidence substantiating the health effects from Pb exposure as well as strong evidence
of the effects from Pb exposure on some ecological endpoints.
Pb exposure exerts harmful effects on a broad array of organ systems. Cognitive function
decrements in children are the effects that are best substantiated as occurring at the lowest
blood Pb concentrations (Section 1.6.1.1). There is also a strong body of evidence
demonstrating that Pb exposure can cause cardiovascular effects; this evidence strongly
suggests that long-term Pb exposure plays a role. Since Pb exposures were generally
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higher in the past than they are today, uncertainties exist regarding the relative
importance of recent versus past exposure in the development of the Pb-related health
effects in the adult populations studied.
With regard to the ecological effects of Pb, uptake of Pb into fauna and subsequent
effects on reproduction, growth and survival are established and are further supported by
more recent evidence. These may lead to effects at the population, community, and
ecosystem level of biological organization. In both terrestrial and aquatic organisms,
gradients in response are observed with increasing concentration of Pb and some studies
report effects within the range of Pb detected in environmental media over the past
several decades. Specifically, effects on reproduction, growth, and survival in sensitive
freshwater invertebrates are well-characterized from controlled studies at concentrations
at or near Pb concentrations occasionally encountered in U.S. fresh surface waters.
Hematological and stress related responses in some terrestrial and aquatic species were
also associated with elevated Pb levels in polluted areas. However, in natural
environments, modifying factors affect Pb bioavailability and toxicity and there are
considerable uncertainties associated with generalizing effects observed in controlled
studies to effects at higher levels of biological organization. Furthermore, available
studies on community and ecosystem-level effects are usually from contaminated areas
where Pb concentrations are much higher than typically encountered in the environment.
The contribution of atmospheric Pb to specific sites is not clear and the connection
between air concentration of Pb and ecosystem exposure continues to be poorly
characterized. Furthermore, the level at which Pb elicits a specific effect is difficult to
establish in terrestrial and aquatic systems, due to the influence of other environmental
variables (e.g., pH, organic matter) on both Pb bioavailability and toxicity, and also to
substantial species differences in Pb sensitivity.

References for Executive Summary
U.S. EPA (U.S. Environmental Protection Agency). (2006b). Air quality criteria for lead: Volume I of
II [EPA Report]. (EPA/600/R-05/144aF). Research Triangle Park, NC.
http://cfpub.epa.gov/ncea/CFM/recordisplay.cfm?deid=158823
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CHAPTER 1
1.1

INTEGRATIVE SUMMARY

ISA Development and Scope
This chapter summarizes and synthesizes the recently available scientific evidence and is
intended to provide a concise synopsis of the ISA conclusions and findings that best
inform the review of the current NAAQS for lead (Pb). The Integrated Review Plan (IRP)
for the National Ambient Air Quality Standards for Lead (U.S. EPA, 2011c) identifies a
series of policy-relevant questions (in Chapter 3 of the plan) that provide the framework
for this assessment. These questions also frame the entire review of the NAAQS for Pb,
and thus are informed by both science and policy considerations.
The ISA organizes, presents, and integrates the scientific evidence, which is considered,
along with findings from risk analyses and policy considerations, to help the U.S.
Environmental Protection Agency (EPA) address these questions during the NAAQS
review for Pb. The ISA includes:
 An integration of the evidence on the human health effects associated with Pb
exposure, a discussion of important uncertainties identified in the interpretation
of the scientific evidence, and an integration across different scientific
disciplines and across individual endpoints within major outcome categories.
 An integration of the evidence on the welfare effects 1 of Pb in terrestrial,
freshwater and saltwater ecosystems, discussion of endpoints common to plants,
invertebrates and vertebrates and consideration of uncertainties in relating
atmospheric Pb concentrations to welfare effects.
 An integration of the effects associated with exposure to Pb across the scientific
disciplines for health and ecology, focusing on common modes of action.
 Discussion of policy relevant considerations, such as potentially at-risk
populations and concentration-response relationships.
EPA has a systematic process for evaluating the scientific evidence and for drawing
conclusions and judgments regarding the causal association of air pollution with health
and environmental effects. The ISA process includes literature search strategies, criteria
for selecting and evaluating studies, approaches for evaluating weight of the evidence,
and a framework for making causality determinations. As part of this process, the ISA is
reviewed by the public and peer reviewed by a formal panel of scientific experts (the
Clean Air Scientific Advisory Committee [CASAC]). The process and causality

1

Welfare effects as defined in Clean Air Act (CAA) Section 302(h) [42 U.S.C. 7602(h)] include, but are not limited
to, “effects on soils, water, crops, vegetation, man-made materials, animals, wildlife, weather, visibility and climate,
damage to and deterioration of property, and hazards to transportation, as well as effects on economic values and on
personal comfort and well-being.”
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framework are described in more detail in the Preamble to the ISA. This section provides
a brief overview of the process for development of this ISA.
EPA initiated the current review of the Pb NAAQS in February 2010 with a call for
information from the public (75 FR 8934). In addition, literature searches were conducted
routinely to identify studies published since the last review, focusing on studies published
from 2006 (close of the previous scientific assessment) through September 2011.
References that were considered for inclusion or actually cited in this ISA can be found at
http://hero.epa.gov/lead.
This ISA evaluates relevant epidemiologic, animal toxicological, and welfare effects
studies, including those related to concentration-response relationships, mode(s) of action
(MOA), and susceptible populations. Additionally, air quality and emissions data, studies
on environmental fate and transport, and issues related to Pb toxicokinetics and exposure
were considered for inclusion in the document. Previous AQCDs (U.S. EPA, 2006b,
1986b, 1977) have included an extensive body of evidence on these topics. In this ISA,
the conclusions and key findings from previous reviews are summarized at the beginning
of each section, to provide the foundation for consideration of evidence from recent
studies. Results of key studies from previous reviews are included in discussions or tables
and figures, as appropriate, and conclusions are drawn based on the synthesis of evidence
from recent studies with the extensive literature summarized in previous reviews.
The Preamble discusses the general framework for conducting the science assessment
and developing an ISA, including criteria for selecting studies for inclusion in the ISA
evaluating and integrating the scientific evidence and developing scientific conclusions.
In selecting the studies for inclusion in the Pb ISA, particular emphasis is placed on those
studies most relevant to the review of the NAAQS.
In drawing judgments regarding causality for the criteria air pollutants, evidence of health
effects in the range of relevant pollutant exposures or doses is considered. Evidence from
experimental animal studies observing effects at biomarker levels comparable to, or
somewhat above, those currently experienced by the U.S. general population were
emphasized. Generally studies with dietary exposures resulting in blood Pb levels within
one order of magnitude above the upper end of the distribution of U.S. blood Pb levels
were considered in forming conclusions 1 with the majority of studies reporting blood Pb
levels below 30 µg/dL. Studies with higher blood Pb levels were considered if they
informed the evaluation of modes of action, mechanisms, or kinetics. For toxicological
studies where blood Pb levels were not measured, judgments regarding how to
1

For example, the 95th percentile of the NHANES (2009-2010) distribution of blood Pb level in children 1-5 years
old is 3.4 µg/m3 (CDC, 2013); however, the proportion of individuals with blood Pb levels that exceed this
concentration varies depending on factors including age and sex (Section 3.4).
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distinguish high from the more relevant low doses were made considering the range of
doses across the available body of evidence and emphasizing studies at the lower end of
the range.
With respect to the epidemiologic evidence, population-based studies using Pb
biomarkers (i.e. blood or bone Pb concentrations) were emphasized with the recognition
that many of the U.S populations studied included individuals with higher past than
recent Pb exposures. For example, in U.S. population studies during years past (19681980) when air concentrations in the U.S. were much higher than they are today, the
population geometric mean blood Pb levels were roughly an order of magnitude above
current population geometric mean blood Pb levels (Sections 3.4, 5.1, and 4.4.1). Recent
occupational studies of populations with relatively high mean blood Pb levels were
considered insofar as they addressed a topic area that was of particular relevance to the
NAAQS review (e.g., longitudinal studies designed to examine recent versus historical
Pb exposure).
Relevant concentrations for drawing causality judgments for the welfare effects of Pb
were determined considering the range of Pb concentrations in the environment and the
available evidence for concentrations at which effects were observed in plants,
invertebrates, and vertebrates. Effects observed at or near ambient Pb concentrations
measured in soil, sediment and water in the most recent available studies (Table 1-1)
were emphasized and studies generally within one to two orders of magnitude above the
reported range of these values were considered in the body of evidence for terrestrial,
freshwater and saltwater ecosystems. Studies at higher concentrations were used to the
extent that they informed modes of action and illustrated the wide range of sensitivity to
Pb across taxa.
The causal determinations for terrestrial, freshwater, and saltwater effects are divided into
two categories. The first category includes endpoints that are commonly used in
ecological risk assessment (reproduction, growth, and survival). Impacts on these
endpoints have the potential to lead to population-level (e.g., abundance, production,
extirpation), community-level (e.g., taxa richness, relative abundance) and ecosystemlevel effects (Ankley et al., 2010; Suter et al., 2005). The second category includes
organism- and sub-organism-level responses such as physiological stress, hematological
effects, and neurobehavioral effects. As recognized in EPA's Framework for Ecological
Risk Assessment (U.S. EPA, 1992), and in the adverse outcome pathway (AOP)
framework (Ankley et al., 2010) endpoints that are measured at one level of biological
organization may be related to an endpoint at a higher level. The AOP conceptual
framework was proposed to link mechanistic data from initiating events at the molecular
level through a series of higher order biological responses to growth, survival and
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reproductive endpoints that can be used in ecological risk assessment, i.e., at the
population level and higher. In the case of Pb, sub-organismal responses
(i.e., physiological stress, hematological effects) and organism-level responses
(neurobehavioral alterations) may decrease the overall fitness of an organism, even
though their connection to effects at higher levels of biological organization may not
have been characterized. Furthermore, the effects of Pb on ecosystems necessarily begin
with some initial effects at the molecular level of specific organisms within the
ecosystem (U.S. EPA, 1986b). There are many different molecular and cellular level
effects, and toxicity of Pb in ecosystems may be attained through multiple modes of
action.
The ISA considers evidence of health effects for both short- and long-term pollutant
exposures. Since biomarkers are typically used as an index of exposure or dose in
epidemiologic studies, there is uncertainty regarding the timing, frequency, level, and
duration of the exposure(s) associated with the observed effects and blood Pb (or other
biomarker) levels measured in these studies. Some animal toxicological studies provide
evidence to inform the exposure patterns that can induce effects in animals and these
studies are drawn upon to interpret the human health effects evidence. Exposure regimens
used in toxicological studies typically include chronic exposure (i.e., over 10% of the
lifespan of the animal), long-term exposure (e.g., greater than 4 weeks in rodents) and
acute or short-term exposure (e.g., less than 4 weeks in rodents). For the purpose of this
assessment, short-term human exposures are generally defined to include exposures of
months (e.g., <one year) while long-term human exposures include those greater than
one year in duration. Information including the age of the population studied, study
period and study location is also used to aid in the interpretation of findings from
epidemiologic studies because Pb exposures have declined over time and exposures vary
depending on proximity to Pb sources.
As described in the Preamble (Table II), this ISA uses a five-level hierarchy that
classifies the weight of evidence for causation:
 Causal relationship
 Likely to be a causal relationship
 Suggestive of a causal relationship
 Inadequate to infer a causal relationship
 Not likely to be a causal relationship
Briefly, evidence is judged sufficient to conclude that there is a causal relationship with
relevant Pb exposures when chance, bias and confounding can be ruled out with
reasonable confidence. The weight of evidence may be judged “likely to be a causal
relationship” or “suggestive of a causal relationship” when important uncertainties
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remain. A conclusion of “likely causal” may be appropriate if evidence is available from
multiple studies or several lines of evidence including cases where the weight of the
health effects evidence is largely derived from multiple animal toxicological studies. A
conclusion that the evidence is suggestive of a causal relationship reflects generally
limited evidence, but may include “at least one high-quality epidemiology study” or “a
well conducted toxicological study”. Evidence is inadequate to determine whether a
causal relationship exists when the available studies are of insufficient quantity, quality,
consistency, or statistical power. If several adequate studies, covering the full range of
exposure levels that human beings are known to encounter, considering at-risk
populations, are mutually consistent in not showing an effect, the relationship may be
judged not likely to be causal.
Beyond judgments regarding causality are questions relevant to quantifying health or
environmental risks based on the understanding of the quantitative relationships between
pollutant exposures and health or welfare effects. Once a determination is made regarding
the causal relationship between the pollutant and outcome category, important questions
regarding quantitative relationships include:
 What is the concentration-response, exposure-response, or dose-response
relationship in the human population?
 What exposure conditions (dose or exposure, exposure pathways, duration and
pattern) are important?
 What populations and lifestages appear to be differentially affected i.e., at
greater risk of Pb-related health effects?
 What elements of the ecosystem (e.g., types, regions, taxonomic groups,
populations, functions, etc.) appear to be affected or are more sensitive to
effects?
This ISA is composed of a Preamble, a Legislative and Historical Background, an
Executive Summary, and six chapters. Chapter 1 presents an Integrative Summary.
Chapter 2 highlights key concepts or issues relevant to understanding the sources,
ambient concentrations, and fate and transport of Pb in the environment. Chapter 3
summarizes key concepts and recent findings on Pb exposures, toxicokinetics, and
biomarkers reflecting Pb exposure and body burden. Chapter 4 presents a discussion of
the MOA of Pb and evaluates and integrates epidemiologic and animal toxicological
information on health effects related to Pb exposure. Chapter 5 summarizes the evidence
on potentially at-risk populations. Chapter 6 evaluates welfare effects evidence that is
relevant to the review of the secondary NAAQS for Pb.
This chapter summarizes and integrates the newly available scientific evidence that best
informs consideration of the policy-relevant questions that frame this assessment. The
organization of this chapter generally follows the organization of the document as a

1-5

whole, with several additional sections including: a discussion of the assessment
development and scope (Section 1.1); an integration of the evidence across the disciplines
of health and ecology (Section 1.8); a discussion of policy-relevant considerations
(Section 1.9); and, an overall summary (Section 1.10).

1.2
1.2.1

Ambient Pb: Source to Concentration
Sources, Fate and Transport of Ambient Pb
The findings of this review build upon those from the 2006 Pb AQCD (U.S. EPA,
2006b), which documented the decline in ambient air Pb emissions following the phase
out of alkyl-Pb additives for on-road gasoline and reductions in industrial facility
emissions of Pb. Pb emissions declined by 98% from 1970 to 1995 and then by an
additional 77% from 1995 to 2008. The 2008 National Emissions Inventory (NEI)
reported ambient air Pb emissions of 950 tons. Air Pb emissions represent just a small
fraction (by weight) of the Pb processed in U.S. Pb-related industries.
As at the time of the last review, the 2008 NEI (U.S. EPA, 2011a), indicates that
piston-engine aircraft emissions comprise the largest share (58%) of total atmospheric Pb
emissions in the U.S. Other sources of ambient air Pb, beginning with the next largest,
include metal working and mining, fossil fuel combustion, other industrial sources, and
miscellaneous sources. On a site-specific basis, emissions are greatest at metal industry
sites. Over the period 1991-2010, the amount of Pb used in secondary Pb processing
increased by 37%. Exports of Pb increased by 103%, with 2010 exports sent to Mexico as
refined Pb; to Canada, China, and Japan in spent Pb-acid batteries; and, to the Republic
of Korea as Pb in concentrate (USGS, 2012).
Global atmospheric Pb deposition peaked in the 1970s, followed by a decline
(Section 2.2). Pb deposition is greater near Pb emission sources. Both wet and dry
deposition are important mechanisms for removing Pb from the atmosphere, and the
atmosphere is the main environmental transport media for Pb which is deposited onto
surface water and soil. Wet deposition is more important for the fine fraction while the
coarse fraction is usually removed by dry deposition. Pb associated with coarse PM
deposits to a great extent near local industrial sources, contributing to soil Pb
concentrations in those locations, while fine Pb-bearing PM can be transported long
distances, contributing Pb contamination in remote areas. Depending on local conditions,
once they are deposited, particles may be resuspended and redeposited before reaching a
site where further transport is unlikely, especially for dry deposition (Section 2.3).
Surface waters act as an important reservoir, with Pb lifetimes in the water column
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largely controlled by deposition and resuspension of Pb in sediments. Substantial
amounts of Pb may be input to surface waters and sediments by wastewater discharges
and through transport of Pb from vehicle wear and building materials in runoff waters
without having become airborne. Pb containing sediment particles can be remobilized
into the water column (Section 2.3).

1.2.2

Monitoring and Concentrations of Ambient Air Pb
The indicator for the Pb NAAQS is Pb in total suspended particles (Pb-TSP). The Federal
Reference Method (FRM) for Pb-TSP specifies that ambient air is drawn through a
high-volume TSP sampler onto a glass fiber filter. The Pb-TSP sampler’s size selective
performance is known to be affected by wind speed and direction, and collection
efficiency has been demonstrated to decline with increasing particle size with an
uncertain upper size limit (Wedding et al., 1977). There have been only a few studies
since the publication of the 2006 Pb AQCD with regard to sampling error in the Pb-TSP
FRM or alternatives to the existing Pb-TSP sampling technology. In addition to monitors
used historically for sampling Pb-PM, several single stage and multi-stage impactors and
inlets used for sampling PM concentrations are also potential options for Pb-PM
monitoring when the majority of particles are smaller than 15 µm. Ambient air Pb
monitoring requirements have undergone several changes since publication of the
2006 Pb AQCD. The current Pb monitoring network design requirements include two
types of FRM monitoring sites: source-oriented and non-source-oriented (Section 2.4).
For the purpose of analyzing data for the ISA, monitors reporting to the U.S. EPA Air
Quality System (AQS) database were considered to be source-oriented if they were
designated in AQS as source-oriented, or if they were located within 1 mile of a 0.5 ton
per year or greater source, identified using emissions estimates in the 2005 or 2008 NEI
(U.S. EPA, 2008a) (U.S. EPA, 2011a). Source-oriented FRM Pb-TSP monitoring sites
are required near sources of air Pb emissions which are expected to or have been shown
to contribute to ambient air Pb concentrations in excess of the NAAQS.
Non-source-oriented FRM (Pb-TSP or Pb-PM 10 ) monitoring is also required at national
core multipollutant monitoring network (NCore) sites in Core Based Statistical Areas
(CBSA) with a population of at least 500,000. In addition to FRM monitoring, Pb is also
routinely measured in smaller particle fractions in the chemical speciation network
(CSN), interagency monitoring of protected visual environment (IMPROVE), and the
national air toxics trends station (NATTS) networks. While monitoring in multiple
networks provides extensive geographic coverage, measurements between networks are
not directly comparable in all cases because there are differences in the methods,
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including the different particle size ranges sampled in the different networks. Depending
on monitoring network, Pb is monitored in TSP, PM 10 , or PM 2.5 .
Ambient air Pb concentrations have declined drastically over the period 1980-2010
(Section 2.5). The median value (across monitoring sties) for the maximum 3-month
average concentration within a year has dropped by 97% from 0.87 μg/m3 in 1980 to
0.03 μg/m3 in 2010. The mean of maximum 3-month average Pb concentrations at
source-oriented sites was skewed toward the 75th percentile of the data distribution and
exceeded the level of the NAAQS, suggesting that ambient air Pb concentrations are high
near a subset of industrial sources of airborne Pb. Studies in the peer-reviewed literature
have shown slightly elevated Pb concentrations downwind of industrial sources and
airports. Estimates for the natural background Pb concentrations from sources including
volcanoes, sea-salt spray, and biogenic sources are ~0.00002 to 0.001 µg/m3.
The size distribution of Pb-bearing PM has changed over time and varies by site
(Section 2.5.3). Recent study results indicate that the size distribution has generally
shifted upward since the 1980s, with the mode of the size distribution of Pb-PM particles
now falling between 2.5 µm and 10 µm (Cho et al., 2011). The Pb-PM size distribution
depends on whether there are contributions from industrial sources or near-road
environments. In contrast to Cho et al. (2011), analysis of the distributional properties of
the Pb-PM measured by the AQS monitors, which are often sited near sources, suggests
that the largest proportion of particles is still below 2.5 µm in diameter.

1.2.3

Ambient Pb Concentrations in Non-Air Media and Biota
Releases of Pb to the atmosphere have contributed to measurable increases in Pb in rain,
snowpack, soil, surface waters, sediments, agricultural plants, livestock, and wildlife
across the world, with highest concentrations near Pb sources, such as smelters. After the
phase-out of Pb from on-road gasoline and with reductions in industrial emissions, Pb
concentrations have decreased considerably in rain, snowpack, and surface waters.
Declining Pb concentrations in tree foliage, trunk sections, and grasses, as well as surface
sediments and soils, have also been observed (U.S. EPA, 2006b).
Often, Pb is retained in soils and sediments, where it provides a historical record of
deposition. In remote lakes, sediment profiles indicate higher Pb concentrations in near
surface sediment as compared to pre-industrial era sediment from greater depth and
indicate peak concentrations between 1960 and 1980 (when leaded on-road gasoline was
at peak use). Concentrations of Pb in moss, lichens, peat, and aquatic bivalves have been
used to understand spatial and temporal distribution patterns of air Pb concentrations.
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Ingestion and water intake are the major routes of Pb exposure for aquatic organisms, and
food, drinking water, and inhalation are major routes of exposure for livestock and
terrestrial wildlife.
Overall, Pb concentrations have decreased substantially in media through which Pb is
rapidly transported, such as air and water. Substantial Pb remains in soil and sediment
sinks. In areas less affected by major local sources, the highest concentrations are below
the surface layers and reflect the phase-out of Pb from on-road gasoline and emission
reductions from other sources.
Information on ambient Pb concentrations in non-air media and biota is reported in
Section 2.6, and concentrations considered in the interpretation of the ecological evidence
are tabulated in Table 1-1. As noted in the Preamble, the ecological causal determinations
focus on studies where effects of Pb exposure are observed at or near ambient levels of
Pb and studies generally within the range of one to two orders of magnitude above
current or ambient conditions were also considered in the body of evidence.

1-9

Table 1-1

Media

Soil (non-urban)

Freshwater
Sediment
Saltwater
Sediment

Pb concentrations in non-air media and biota considered for
ecological assessment.
Years Data
Obtained

References

Contiguous U.S. Median: 15 mg Pb/kg (dry weight)
Contiguous U.S. 95th Percentile:
50 mg Pb/kg (dry weight)

1961-1976

Shaklette (1984)

National Average: 18.9 mg Pb/kg (dry weight)
Range of state averages:
5-38.6 mg Pb/kg (dry weight)

1961-1997

U.S. EPA
(2007d, 2006b,
2003b)

Median: 73 mg Pb/kg (dry weight)

1996-2001

Mahler et al.
(2006)

Median: 28 mg Pb/kgb (dry weight)

1991-2003

U.S. EPA
(2006b)

Range: 0.6 to 1,050 mg Pb/kga

Dates not
available

Sadiq (1992)

1991-2003

U.S. EPA
(2006b)

Range: 0.0003-0.075 µg Pb/L
(Set of National Parks in western U.S.)

2002-2007

Field and
Sherrell (2003),
U.S. National
Park Service
(2011)

Range: 0.01–27 µg Pb/L

Dates not
available

Sadiq (1992)

Lichens: 0.3-5 mg Pb/kg (dry weight)
(Set of National Parks in western U.S.)

2002-2007

U.S. National
Park Service
(2011)

Pb Concentration

b
Median: 0.50 µg Pb/L ;
Max: 30 µg Pb/L, 95th percentile 1.1 µg Pb/L

Fresh Surface
Water
(Dissolved Pb)b

Saltwaterc

Vegetation
Grasses:
Geometric Mean: 0.31 kg Pb/kg (dry weight)

Vertebrates

1980s-2000s

Vandenhove et
al. (2009)

Fish:
Geometric Mean: 0.59 mg Pb/kg (dry weight)
(whole fish)
Geometric Mean: 0.15 mg Pb/kg (dry weight) (liver)
Range: 0.08-22.6 mg Pb/kg (dry weight) (whole fish)
Range: 0.01-12.7 mg Pb/kg (dry weight) (liver)

1991-2003

U.S. EPA
(2006b)

Fish (from a set of national parks in western U.S.):
0.0033 (fillet) to 0.97 (liver) mg Pb/kg (dry weight)
Moosed,e: 0.008-0.029 mg Pb/kg (dry weight) (meat)
Moosed,e: 0.012-0.023 mg Pb/kg (dry weight) (liver)

2002-2007

U.S. National
Park Service
(2011)

a

No information available regarding wet or dry weight

b

Based on synthesis of National Water-Quality Assessment (NAWQA) data reported in 2006 Pb AQCD (U.S. EPA, 2006b)

c

Data from a combination of brackish and marine saltwater samples. In general, Pb in seawater is higher in coastal areas and
estuaries since these locations are closer to sources of Pb contamination and loading from terrestrial systems.
d

The reference cited and its source citations show that observations date from studies published in 1977-1990, indicating that the
data were obtained no later than those years. Further, these measurements seem to be for non-U.S. locations, including the max,
which is well above other reported values in these refs.
e

Three moose in one Alaskan park
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1.3

Exposure to Ambient Pb
Human Pb exposure is difficult to assess because Pb has multiple sources in the
environment and passes through various media (Section 3.1). Air-related pathways of Pb
exposure are the focus of this assessment. In addition to inhalation of Pb in ambient air,
air-related Pb exposure pathways include inhalation and ingestion of Pb in indoor dust
and/or outdoor soil that originated from recent or historic ambient air (e.g., air Pb that has
penetrated into the residence either via the air or tracking of soil), ingestion of Pb in
drinking water drawn from surface water contaminated from atmospheric deposition or
contaminated from surface runoff of deposited Pb, and ingestion of Pb in dietary sources
after uptake by plants or grazing animals. Soil can act as a reservoir for deposited Pb
emissions. Exposure to soil contaminated with deposited Pb can occur through
resuspended PM as well as hand-to-mouth contact, which is the main pathway of
childhood air-related exposure to Pb. The primary contribution of ambient air Pb to
young children’s blood Pb concentrations is generally due to ingestion of Pb following its
deposition in soils and dusts rather than inhalation of ambient air (Section 3.1.1.2).
Non-ambient air-related exposures include hand-to-mouth contact with dust or chips of
peeling Pb-containing paint, or ingestion of Pb in drinking water conveyed through Pb
pipes. Several study results indicate that Pb-containing paint in the home and home age
(often a surrogate for the presence of Pb paint) are important residential factors that
increase risk of elevated blood Pb (Sections 1.9.6 and 5.2.6). Most Pb biomarker studies
do not indicate species or isotopic signature. As a consequence, non-air exposures are
reviewed in this section, because they can also contribute to Pb body burden.
A number of monitoring and modeling techniques have been employed for ambient Pb
exposure assessment. Environmental Pb concentration data can be collected from
ambient air Pb monitors, soil Pb samples, dust Pb samples, and dietary Pb samples to
estimate human exposure. Exposure estimation error depends in part on the collection
efficiency of these methods; collection efficiency for ambient air Pb FRM samplers is
described in Section 2.4. Models, such as the Integrated Exposure Uptake Biokinetic
(IEUBK) model, simulate human exposure to Pb from multiple sources and through
various routes including inhalation and ingestion. IEUBK model inputs include soil-Pb
concentration, air-Pb concentration, dietary-Pb intake including drinking water, Pb-dust
ingestion, human activity, and biokinetic factors. The relative contribution from specific
exposure pathways (e.g., water, diet, soil, ambient air) to blood Pb concentrations is
situation specific. Measurements and/or assumptions can be utilized when formulating
the model inputs; errors in measurements and assumptions thus have the potential to
propagate through exposure models.
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The size distribution of dust particles containing Pb differs from the size distribution of
inhalable ambient Pb-bearing PM (Sections 2.5 and 3.1). Airborne particles containing Pb
tend to be small (much of the distribution <10 µm) compared with soil or dust particles
containing Pb (~50 µm to several hundred µm). Ingestion through hand-to-mouth contact
is the predominant exposure pathway for the larger particles in soil and dust containing
Pb.

1.4

Toxicokinetics
The majority of Pb in the body is found in bone (roughly 90% in adults, 70% in children);
only about 1% of Pb is found in the blood. Pb in blood is primarily (~99%) bound to red
blood cells (RBCs). It has been suggested that the small fraction of Pb in plasma (<1%)
may be the more biologically labile and toxicologically active fraction of the circulating
Pb. The relationship between Pb in blood and plasma is pseudo-linear at relatively low
daily Pb intakes (i.e., <10 μg/kg per day) and at blood Pb concentrations <25 µg/dL, and
becomes curvilinear at higher blood Pb concentrations due to saturable binding to RBC
proteins. As blood Pb level increases and the higher affinity binding sites for Pb in RBCs
become saturated, a larger fraction of the blood Pb is available in plasma to distribute to
brain and other Pb-responsive tissues. See Section 3.2 for additional details.
The burden of Pb in the body may be viewed as divided between a dominant slow
(i.e., uptake and elimination) compartment (bone) and smaller fast compartment(s) (soft
tissues). Pb uptake to and elimination from soft tissues is much faster than in bone. Pb
accumulates in bone regions undergoing the most active calcification at the time of
exposure. During infancy and childhood, bone calcification is most active in trabecular
bone (e.g., patella); whereas, in adulthood, calcification occurs at sites of remodeling in
cortical (e.g., tibia) and trabecular bone (Aufderheide and Wittmers, 1992). A high bone
formation rate in early childhood results in the rapid uptake of circulating Pb into
mineralizing bone; however, in early childhood bone Pb is also recycled to other tissue
compartments or excreted in accordance with a high bone resorption rate (O'Flaherty,
1995). Thus, much of the Pb acquired early in life is not permanently fixed in the bone.
The exchange of Pb from plasma to the bone surface is a relatively rapid process. Pb in
bone becomes distributed in trabecular and the more dense cortical bone. The proportion
of cortical to trabecular bone in the human body varies by age, but on average is about
80% cortical to 20% trabecular. Of the bone types, trabecular bone is more reflective of
recent exposures than is cortical bone due to the slow turnover rate and lower blood
perfusion of cortical bone. Some Pb diffuses to kinetically deeper bone regions where it
is relatively inert, particularly in adults. These bone compartments are much more labile
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in infants and children than in adults as reflected by half-times for movement of Pb from
bone into the plasma (e.g., cortical half-time = 0.23 years at birth, 3.7 years at 15 years of
age, and 23 years in adults; trabecular half-time = 0.23 years at birth, 2.0 years at
15 years of age, and 3.8 years in adults) (Leggett, 1993). See Section 3.2 for additional
details.
Evidence for maternal-to-fetal transfer of Pb in humans is derived from cord blood to
maternal blood Pb ratios (i.e., cord blood Pb concentration divided by mother’s blood
Pb). Group mean ratios range from about 0.7 to 1.0 at the time of delivery for mean
maternal blood Pb levels ranging from 1.7 to 8.6 µg/dL. Transplacental transfer of Pb
may be facilitated by an increase in the plasma/blood Pb concentration ratio during
pregnancy. Maternal-to-fetal transfer of Pb appears to be related partly to the
mobilization of Pb from the maternal skeleton. See Section 3.2.2.4 for additional details.
The dominant elimination phase of Pb kinetics in the blood, exhibited shortly after a
change in exposure occurs, has a half-life of ~20-30 days. An abrupt change in Pb uptake
gives rise to a relatively rapid change in blood Pb, to a new quasi-steady state, achieved
in ~75-100 days (i.e., 3-4 times the blood elimination half-life). A slower phase of Pb
clearance from the blood may become evident with longer observation periods following
a decrease in exposure due to the gradual redistribution of Pb among bone and other
compartments. See Section 3.3 for additional details.

1.5

Pb Biomarkers
Overall, blood Pb levels have been decreasing among U.S. children and adults over the
past 35 years (Section 3.4). The median blood Pb level for the entire U.S. population is
1.1 μg/dL and the 95th percentile blood Pb level is 3.3 μg/dL, based on the 2009-2010
National Health and Nutrition Examination Survey (NHANES) data (CDC, 2013).
Among children aged 1-5 years, the median and 95th percentiles were slightly higher, at
1.2 μg/dL and 3.4 μg/dL, respectively.
Blood Pb is dependent on both the recent exposure history of the individual, as well as
the long-term exposure history that determines body burden and Pb in bone. The
contribution of bone Pb to blood Pb changes, depending on the duration and intensity of
the exposure, age, and various other physiological stressors (e.g., nutritional status,
pregnancy, menopause, extended bed rest, hyperparathyroidism) that may affect bone
remodeling, which normally and continuously occurs. In children, largely due to faster
exchange of Pb to and from bone, blood Pb is both an index of recent exposure and
potentially an index of body burden. In adults and children whose exposure to Pb has
effectively ceased or greatly decreased, there is a rapid decline in blood Pb over the first
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few months followed by a more gradual, slow decline in blood Pb concentrations over the
period of years due to the gradual release of Pb from bone. Bone Pb is an index of
cumulative exposure and body burden. Even bone compartments should be recognized as
reflective of differing exposure periods with Pb in trabecular bone exchanging more
rapidly than Pb in cortical bone with the blood. Consequently, Pb in cortical bone is a
better marker of cumulative exposure, while Pb in trabecular bone is more likely to be
correlated with blood Pb, even in adults. See Section 3.3 for additional details.
Sampling frequency is an important consideration when evaluating blood Pb and bone Pb
levels in epidemiologic studies, particularly when the exposure is not well characterized.
It is difficult to determine what blood Pb is reflecting in cross-sectional studies that
sample blood Pb once, whether recent exposure or movement of Pb from bone into blood
from historical exposures. In contrast, cross-sectional studies of bone Pb and longitudinal
samples of blood Pb concentrations over time provide more of an index of cumulative
exposure and are more reflective of average Pb body burdens over time. The degree to
which repeated sampling will reflect the actual long-term time-weighted average blood
Pb concentration depends on the sampling frequency in relation to variability in
exposure. High variability in Pb exposures can produce episodic (or periodic) oscillations
in blood Pb concentration that may not be captured with low sampling frequencies.
Furthermore, similar blood Pb concentrations in two individuals (or populations),
regardless of their age, do not necessarily translate to similar body burdens or similar
exposure histories.
The concentration of Pb in urine follows blood Pb concentration. There is added
complexity with Pb in urine because concentration is also dependent upon urine flow
rate, which requires timed urine samples that is often not feasible in epidemiologic
studies. Other biomarkers have been utilized to a lesser extent (e.g., Pb in teeth). See
Section 3.3.

1.6

Health Effects
This section summarizes and evaluates the evidence from toxicological and
epidemiologic studies of the health effects associated with Pb exposure and integrates
that evidence across these disciplines. The coherence of the findings from experimental
animal and epidemiologic studies, including evidence for potential MOA, is evaluated to
establish biological plausibility and address uncertainties in the epidemiologic evidence
due to biases from factors such as reverse causality and confounding. Both short- and
long-term Pb exposures are considered (Section 1.1); information on the frequency,
timing, level and duration of exposure in animal toxicological studies is used to inform
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the interpretation of epidemiologic studies regarding the relevant patterns of exposure
that are likely to be associated with the health effects.
The health evidence is organized into groups of related endpoints (e.g., cognitive
function, externalizing behaviors, neurodegenerative diseases). This evidence is
considered in combination with the evidence from other fields (e.g., toxicokinetics) and
weighed against the attributes described in the framework for causal determination
(Table II of the Preamble) to draw conclusions regarding the causal relationship between
Pb exposure and the health effects evaluated in this assessment. A more detailed
discussion of the underlying evidence used to formulate each causal determination can be
found in Chapter 5 of this document. Table 1-2 summarizes the conclusions formed
regarding the causal relationships between Pb exposure and health effects.

Table 1-2

Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Nervous System Effects (Section 4.3.15)
Children – Nervous System Effects
Cognitive Function Decrements

Causal Relationship (Table 4-17)

Clear evidence of cognitive function decrements (as measured by Full Scale IQ, academic performance, and
executive function) in young children (4 to 11 years old) with mean or group blood Pb levels measured at
various lifestages and time periods between 2 and 8 µg/dL. Clear support from animal toxicological studies that
demonstrate decrements in learning, memory, and executive function with dietary exposures resulting in
relevant blood Pb levels of 10-25 µg/dL. Plausible MOAs are demonstrated.
Externalizing Behaviors:
b,d, e
Attention, Impulsivity and Hyperactivity

Causal Relationship (Table 4-17)

Clear evidence of attention decrements, impulsivity and hyperactivity (assessed using objective
neuropsychological tests and parent and teacher ratings) in children 7-17 years and young adults ages 19-20
years. The strongest evidence for blood Pb-associated increases in these behaviors was found in prospective
studies examining prenatal (maternal or cord), age 3-60 months, age 6 years, or lifetime average (to age 11-13
years) mean blood Pb levels of 7 to 14 µg/dL and groups with early childhood (age 30 months) blood Pb levels
>10 µg/dL. Biological plausibility is provided by animal toxicological studies demonstrating impulsivity or
impaired response inhibition with relevant prenatal, lactational, post-lactational and lifetime Pb exposures.
Plausible MOAs are demonstrated.
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Table 1-2 (Continued): Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Externalizing Behaviors:
c, d
Conduct Disorders in Children and Young Adults

Likely Causal Relationship (Table 4-17)

Prospective epidemiologic studies find that early childhood (age 30 months, 6 years) or lifetime average (to age
11-13 years) blood Pb levels or tooth Pb levels (from ages 6-8 years) are associated with criminal offenses in
young adults ages 19-24 years and with higher parent and teacher ratings of behaviors related to conduct
disorders in children ages 8-17 years. Pb-associated increases in conduct disorders were found in populations
with mean blood Pb levels 7 to14 µg/dL; associations with lower blood Pb levels as observed in cross-sectional
studies were likely to be influenced by higher earlier Pb exposures. There is coherence in epidemiologic findings
among related measures of conduct disorders. Evidence of Pb induced aggression in animals was mixed, with
increases in aggression found in some studies of adult animals with gestational plus lifetime Pb exposure but
not juvenile animals. The lack of clear biological plausibility produces some uncertainty.
Internalizing Behaviors

Likely Causal Relationship (Table 4-17)

Prospective epidemiologic studies find associations of higher lifetime average blood (mean: ~14 µg/dL) or
childhood tooth (from ages 6-8 years) Pb levels with higher parent and teacher ratings of internalizing behaviors
such as symptoms of depression or anxiety, and withdrawn behavior in children ages 8-13 years. Consideration
of potential confounding by parental caregiving was not consistent and findings from cross-sectional studies in
populations ages 5 and 7 years with mean blood Pb levels of 5 µg/dL were mixed. Animal toxicological studies
demonstrate depression-like behaviors and increases in emotionality with relevant lactational exposures.
Plausible MOAs are demonstrated.
Auditory Function Decrements

Likely Causal Relationship (Table 4-17)

A prospective epidemiologic study and large cross-sectional studies indicate associations between blood Pb
levels and increased hearing thresholds at ages 4-19 years. Across studies, associations were found with blood
Pb levels measured at various time periods, including prenatal maternal, neonatal (10 day, mean 4.8 µg/dL),
lifetime average, and concurrent (ages 4-19 years) blood Pb levels (median 8 µg/dL). Plausible MOAs are
demonstrated. The lack of biological plausibility in animals with relevant exposures produces some uncertainty.
Visual Function Decrements

Inadequate to Infer a Causal Relationship (Table 4-17)

The available epidemiologic and toxicological evidence is of insufficient, quantity, quality and consistency.
Motor Function Decrements

Likely Causal Relationship (Table 4-17)

Prospective epidemiologic studies provide evidence of associations of fine and gross motor function decrements
in children ages 4-17 years with lifetime average blood Pb levels and with blood Pb levels measured at various
time periods with means generally ranging from 4.8 to 12 µg/dL. Results were inconsistent in cross sectional
studies with concurrent blood Pb level means 2-5 µg/dL. Limited evidence in animal toxicological studies with
relevant Pb exposures.
Adults – Nervous System Effects
Cognitive Function Decrements

Likely Causal Relationship (Table 4-17)

Prospective studies indicate associations of higher baseline bone Pb levels with declines in cognitive function
(executive function, visuospatial skills, learning and memory) in adults (>age 50 years) over 2- to 4-year
periods. Cross-sectional studies provide additional support. Uncertainties remain regarding the timing,
frequency, duration and level of the Pb exposures contributing to the effects observed and residual confounding
by age. Biological plausibility is provided by findings that relevant lifetime Pb exposures from gestation, birth, or
after weaning induce learning impairments in adult animals and by evidence demonstrating plausible MOAs.
Psychopathological Effects

Likely Causal Relationship (Table 4-17)

Cross-sectional studies in a few populations demonstrate associations of higher concurrent blood or tibia Pb
levels with self-reported symptoms of depression and anxiety in adults. Uncertainties remain regarding the
timing, frequency, duration and level of Pb exposures contributing to the observed associations and residual
confounding by age. Observations of depression-like behavior in animals with dietary lactational Pb exposure,
with some evidence at relevant blood Pb levels, and evidence demonstrating plausible MOAs in experimental
animals provides support.
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Table 1-2 (Continued): Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Auditory Function Decrements

Suggestive of a Causal Relationship (Table 4-17)

A high-quality prospective epidemiologic study finds associations of higher tibia Pb level with a greater rate of
elevations in hearing threshold over 20 years. Some evidence indicates effects on relevant MOAs but important
uncertainties remain related to effects on auditory function in animals with relevant Pb exposures.
Visual Function Decrements

Inadequate to Infer a Causal Relationship (Table 4-17)

The available epidemiologic and toxicological evidence is of insufficient, quantity, quality and consistency.
Neurodegenerative Diseases

Inadequate to Infer a Causal Relationship (Table 4-17)

The available epidemiologic and toxicological evidence is of insufficient, quantity, quality and consistency.
Cardiovascular Effects (Section 4.4.7)
Hypertension

Causal Relationship (Table 4-24)

Prospective epidemiologic studies with adjustment for multiple potential confounders consistently find
associations of blood and bone Pb levels with hypertension incidence and increased blood pressure (BP) in
adults. Cross-sectional studies provide supporting evidence. Meta-analyses underscore the consistency and
reproducibility of the Pb associated increase in blood pressure and hypertension (a doubling of concurrent blood
Pb level (between 1 and 40 µg/dL) is associated with a 1 mmHg increase in systolic BP); however, uncertainties
remain regarding the timing, frequency, duration and level of Pb exposures contributing to the effects observed in
epidemiologic studies. Experimental animal studies demonstrate effects on BP after long-term Pb exposure
resulting in mean blood Pb levels of 10 µg/dL or greater. Plausible MOAs are demonstrated.
Subclinical Atherosclerosis

Suggestive of a Causal Relationship (Table 4-24)

Cross-sectional analyses of NHANES data find associations of blood Pb level with peripheral artery disease
(PAD) in adults. Animal toxicological evidence is limited to studies of MOA (oxidative stress, inflammation,
endothelial cell dysfunction) that demonstrate biologically plausible mechanisms through which Pb exposure may
initiate atherosclerotic vessel disease.
Coronary Heart Disease

Causal Relationship (Table 4-24)

Prospective epidemiologic studies consistently find associations of Pb biomarkers with cardiovascular mortality
and morbidity, specifically myocardial infarction (MI), ischemic heart disease (IHD), or HRV; however,
uncertainties remain regarding the timing, frequency, duration and level of Pb exposures contributing to the
effects observed in epidemiologic studies. Thrombus formation was observed in animals after relevant long term
exposure and MOAs (hypertension, decreased HRV, increased corrected QT (QTc) interval, and corrected QRS
complex (QRSc) duration in electrocardiogram [ECG]) are demonstrated in humans and animals.
Cerebrovascular Disease

Inadequate to Infer a Causal Relationship (Table 4-24)

The available epidemiologic and toxicological evidence is of insufficient, quantity, quality, and/or consistency.
Plausible MOAs, which are shared with hypertension and atherosclerosis, are demonstrated.
Renal Effects (Section 4.5.5)
Reduced Kidney Function

Suggestive of a Causal Relationship (Table 4-31)

Multiple high quality epidemiologic studies provide evidence that Pb exposure is associated with reduced kidney
function; however, uncertainty remains regarding the potential for reverse causality to explain findings in humans.
Further, inconsistencies and limitations in occupational studies, epidemiologic studies of children and clinical trials
of chelation of CKD patient preclude strong inferences to be drawn based on their results. Although longitudinal
studies found Pb-associated decrements in renal function in populations with mean blood Pb levels of 7 and 9
µg/dL, the contributions of higher past Pb exposures cannot be excluded. Animal toxicological studies
demonstrate Pb-induced kidney dysfunction at blood Pb levels greater than 30 µg/dL; however, evidence in
animals with blood Pb levels < 20 µg/dL is generally not available. At blood Pb levels between 20 and 30 µg/dL
studies provide some evidence for dysfunction in kidney function measures (e.g., decreased creatinine clearance,
increased serum creatinine, increased BUN). Plausible MOAs (Pb induced hypertension, renal oxidative stress
and inflammation, morphological changes, and increased uric acid) are demonstrated.
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Table 1-2 (Continued): Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Immune System Effects (Section 4.6.8)
Atopic and Inflammatory Responses

Likely Causal Relationship (Table 4-34)

Prospective studies of children ages 1-5 years indicate associations of prenatal cord and childhood blood Pb
levels with asthma and allergy. This evidence is supported by cross-sectional associations between higher
concurrent blood Pb levels (>10 µg/dL) in children and higher IgE. Uncertainties related to potential confounding
by SES, smoking or allergen exposure are reduced through consideration of the evidence from experimental
animal studies. The biological plausibility for the effects of Pb on IgE is provided by consistent findings in animals
with gestational or gestational-lactational Pb exposures, with some evidence at blood Pb levels relevant to
humans. Strong evidence of Pb-induced increases in Th2 cytokine production and inflammation in animals
demonstrates MOA.
Decreased Host Resistance

Likely Causal Relationship (Table 4-34)

Animal toxicological studies provide the majority of the evidence for Pb-induced decreased host resistance.
Dietary Pb exposure producing relevant blood Pb levels (7-25 µg/dL) results in increased susceptibility to bacterial
infection and suppressed delayed type hypersensitivity. Further, evidence demonstrating plausible MOA,
including suppressed production of Th1 cytokines and decreased macrophage function in animals, provides
coherence.
Autoimmunity

Inadequate to Infer a Causal Relationship (Table 4-34)

The available toxicological and epidemiologic studies do not sufficiently inform Pb-induced generation of autoantibodies with relevant Pb exposures.
Hematologic Effects (Section 4.7.4)
Decreased Red Blood Cell (RBC) Survival and
Function

Causal Relationship (Table 4-35)

Animal toxicological studies demonstrate that exposures resulting in blood Pb levels relevant to humans (2-7
µg/dL) alter several hematological parameters (Hemoglobin [Hb], Hematocrit [Hct], and mean corpuscular volume
[MCV]),increase measures of oxidative stress and increase cytotoxicity in red blood cell (RBC) precursor cells.
Limited body of epidemiologic studies provides additional support for the association of Pb exposure with these
endpoints. Plausible MOAs are demonstrated in experimental animals.
Altered Heme Synthesis

Causal Relationship (Table 4-35)

Consistent findings from studies in experimental adult animal studies report that relevant exposures (e.g. blood
Pb levels of 6.5 µg/dL) cause decreased ALAD and ferrochelatase activities. Additional support is garnered from a
larger body of ecotoxicological studies demonstrating decreased ALAD activity across a wide range of species
and a limited body of epidemiologic studies. Plausible MOAs are demonstrated in experimental animals.
Reproductive and Developmental Effects (Section 4.8.5)
Development

Causal Relationship (Table 4-48)

Multiple cross-sectional epidemiologic studies report associations between concurrent blood Pb levels and
delayed pubertal onset for girls (6-18 years) and boys (8-15 years). These associations are consistently observed
in populations with concurrent blood Pb levels 1.2-9.5 µg/dL. Few studies consider confounding by nutrition.
Uncertainties remain regarding the timing, frequency, duration and level of Pb exposures contributing to the
effects observed in epidemiologic studies of older children.Experimental animal studies demonstrate delayed
onset of puberty in female pups with blood Pb levels of 1.3-13 µg/dL and delayed male sexual maturity at blood
Pb levels of 34 µg/dL.
Birth Outcomes (e.g., low birth weight, spontaneous
abortion)

Suggestive of Causal Relationship (Table 4-48)

Some well-conducted epidemiologic studies report associations of maternal Pb biomarkers or cord blood Pb with
preterm birth and low birth weight/fetal growth; however, the epidemiologic evidence is inconsistent overall and
findings from experimental animal studies are mixed.
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Table 1-2 (Continued): Summary of causal determinations for the relationship between
exposure to Pb and health effects.
Causality Determinationa
(Table with Key Evidence)

Health Outcome
Male Reproductive Function

Causal Relationship (Table 4-48)

Key evidence is provided by toxicological studies in rodents, non-human primates, and rabbits showing
detrimental effects on semen quality, sperm and fecundity/fertility with supporting evidence in epidemiologic
studies. Toxicological studies with relevant Pb exposure routes leading to blood Pb concentrations ranging from
5-43 µg/dL reported effects on sperm quality and sperm production rate, sperm DNA damage, and histological or
ultrastructural damage to the male reproductive organs. Consistent associations in studies of occupational
populations with concurrent blood Pb levels of 25 µg/dL and greater, report detrimental effects of Pb on sperm;
however, uncertainties remain regarding the timing, frequency, duration and level of Pb exposures contributing to
the effects observed in epidemiologic studies.
Female Reproductive Function

Suggestive of Causal Relationship (Table 4-48)

Although findings are mixed overall, the body of evidence include some high-quality epidemiologic and
toxicological studies, suggesting that Pb may affect some aspects of female reproductive function (hormone level,
placental pathology).
Cancer (Section 4.10.5)
Cancer

Likely Causal Relationship (Table 4-50)

The animal toxicological literature provides the strong evidence for long-term exposure (i.e., 18 months or 2
years) to high concentrations of Pb (> 2,600 ppm) inducing tumor development; findings from epidemiologic
studies inconsistent. Plausible MOAs are demonstrated.
a

In drawing conclusions regarding the causal relationship between Pb exposure and human health effects, evidence in the range of
relevant pollutant exposures or biomarker levels was considered. Specifically, population-based epidemiology studies were
emphasized with the recognition that many of the U.S populations studied included individuals with higher past than recent Pb
exposures. Evidence from toxicological studies of effects observed in experimental animals at biomarker levels (e.g. blood Pb)
comparable to those currently experienced by the U.S. general population were emphasized. Generally, studies with dietary
exposures resulting in blood Pb levels within one order of magnitude above the upper end of the distribution of U.S. blood Pb levels
were considered in forming concusions, with the majority of studies reporting blood Pb levels below 30 µg/dL. Studies with higher
blood Pb levels were considered if they informed the evaluation of MOA, mechanisms, or kinetics. (Preamble, Section 1.1).
b

Within the attention deficit hyperactivity disorder domain of externalizing behaviors, studies of Pb exposure have focused primarily
on attention, impulsivity, and hyperactivity. Because the studies of ADHD were limited in terms of their design and did not
adequately consider potential confounding by factors such as SES, parental education, or parental caregiving quality, they were not
a major consideration in drawing conclusions about the relationship between Pb exposure and attention, impulsivity, and
hyperactivity.
c

Two domains of conduct disorders,(i.e., undersocialized aggressive conduct disorder and socialized aggressive conduct disorder),
are combined for the purpose of this assessment because it is difficult to differentiate between these two domains in the available
epidemiologic studies, which examine multiple endpoints such as delinquent behavior, aggression, antisocial behavior. Criminal
offenses are included in the evaluation because they can be predicted by earlier conduct disorders (Section 4.3.3.2).
d

There was limited evaluation of potential confounding by parental psychopathology, which is a strong risk factor for externalizing
behaviors, in the majority of the epidemiologic studies; however, evidence of an association of between psychopathology in parents
and Pb exposure in their children is not available (Section 4.3.3).
e

Strong evidence from experimental animal studies reduces uncertainty related to confounding generally.
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1.6.1

Nervous System Effects
The collective body of epidemiologic and toxicological evidence integrated across that
reviewed in the 2006 Pb AQCD (U.S. EPA, 2006b) coupled with recently available data
demonstrates the effects of Pb exposure on a range of nervous system effects. In children,
these effects include cognitive function (Sections 4.3.2.1, 4.3.2.2, 4.3.2.3, 4.3.2.4,
4.3.2.5), externalizing behaviors (Section 4.3.3), internalizing behaviors (Section 4.3.4),
auditory function (Section 4.3.6.1), visual function (Section 4.3.6.2), and motor function
(Section 4.3.7). In adults, nervous system effects examined in relation to Pb exposure
include cognitive function (Section 4.3.2.7), psychopathological effects (Section 4.3.5),
auditory function (Section 4.3.6.1), visual function (Section 4.3.6.2), and
neurodegenerative diseases (Section 4.3.9).

1.6.1.1

Children

Cognitive Function Decrements
Multiple prospective studies conducted in diverse populations consistently demonstrate
associations of higher blood and tooth Pb levels with lower full scale IQ (FSIQ),
executive function, and academic performance and achievement. Most studies examined
representative populations and had moderate to high follow-up participation without
indication of selective participation among children with higher blood Pb levels and
lower cognitive function. Associations between blood Pb level and cognitive function
decrements were found with adjustment for several potential confounding factors, most
commonly, socioeconomic status (SES), parental IQ, parental education, and parental
caregiving quality. In children ages 4-11 years, associations were found with prenatal,
early childhood, childhood average, and concurrent blood Pb levels in populations with
mean or group blood Pb levels in the range 2-8 µg/dL (Section 4.3.2). Neither
epidemiologic nor toxicological evidence has identified an individual critical lifestage or
duration of Pb exposure within childhood that is associated with cognitive function
decrements. Several epidemiologic studies found a supralinear concentration-response
relationship. A threshold for cognitive function decrements is not discernable from the
available evidence (i.e., examination of early childhood blood Pb or concurrent [with
peak <10 µg/dL] blood Pb in the range of < 1 to 10 µg/dL). Evidence in children was
clearly supported by observations of Pb-induced impairments in learning, memory, and
executive function in juvenile animals. Several studies in animals indicated learning
impairments with prenatal, lactational, post-lactational and lifetime (with or without
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prenatal) Pb exposures that resulted in blood Pb levels of 10-25 µg/dL. The mode of
action for Pb-associated cognitive function decrements is supported by observations of
Pb-induced impairments in neurogenesis, synaptogenesis and synaptic pruning, long term
potentiation, and neurotransmitter function in the hippocampus, prefrontal cortex, and
nucleus accumbens. The associations consistently found for FSIQ and other measures of
cognitive function in prospective studies of children with adjustment for SES, parental
education, and parental caregiving quality and the biological plausibility provided by
evidence in animals for impairments in learning, memory, and executive function with
relevant Pb exposures and evidence describing modes of action is sufficient to conclude
that there is a causal relationship between Pb exposure and decrements in cognitive
function in children.

Externalizing Behaviors
There are three domains of externalizing behaviors (Section 4.3.3). These domains are
attention deficit hyperactivity disorder, undersocialized aggressive conduct disorder, and
socialized aggressive conduct disorder. Studies of the effect of Pb exposure on the
domain of attention deficit hyperactivity disorder have focused primarily on attention,
impulsivity, and hyperactivity not diagnosis of ADHD. For the purpose of this
assessment, the two domains of conduct disorders are combined because it is difficult to
differentiate between these two domains based on the available epidemiologic studies of
Pb exposure, which examine multiple endpoints such as delinquent behavior, aggression,
and antisocial behavior. Criminal offenses are included within domain because they can
be predicted by earlier conduct disorders.

Attention, Impulsivity and Hyperactivity
Although examined less extensively than cognitive function, several prospective studies
demonstrated associations of blood or tooth Pb levels measured years before outcomes
with attention decrements and hyperactivity in children 7-17 years and young adults ages
19-20 years as assessed using objective neuropsychological tests and rated by parents and
teachers. Most of these prospective studies examined representative populations without
indication of participation conditional on blood Pb levels and behavior. The results from
prospective studies were adjusted for potential confounding by SES as well as parental
education and caregiving quality, with some studies also considering parental cognitive
function, birth outcomes, substance abuse, and nutritional factors. In prospective studies,
blood Pb-associated attention decrements and hyperactivity were found in populations
with prenatal (maternal or cord), age 3-60 month average, age 6 year, or lifetime average
(to age 11-13 years) mean blood Pb levels of 7 to 14 µg/dL and groups with age
30 month blood Pb levels >10 µg/dL. Most well-conducted cross-sectional studies that
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examined several potential confounding factors found associations of attention
decrements, impulsivity, and hyperactivity in children ages 5-7.5 years with concurrent
blood Pb levels with means of 5-5.4 µg/dL but cannot establish temporality or exclude
the influence of higher blood Pb levels earlier in childhood. Biological plausibility for
observations in children is provided by several findings in animals for increases in
impulsivity or impaired response inhibition with relevant post-weaning and lifetime Pb
exposures that resulted in blood Pb levels of 11 to 30 µg/dL. The mode of action for
Pb-associated attention decrements, impulsivity, and hyperactivity is supported by
observations of Pb-induced impairments in neurogenesis, synaptic pruning, and
dopamine transmission in the prefrontal cerebral cortex, cerebellum, and hippocampus.
The consistency of epidemiologic evidence for attention decrements and hyperactivity
from prospective studies and the biological plausibility provided by evidence for
Pb-induced impulsivity in animals and for underlying modes of action is sufficient to
conclude that there is a causal relationship between Pb exposure and effects on attention,
impulsivity, and hyperactivity in children.

Conduct Disorders in Children and Young Adults
Prospective studies consistently indicate that earlier childhood (e.g., age 30 months, 6
years) or lifetime average (to age 11-13 years) blood Pb levels or tooth (from ages 6-8
years) Pb levels are associated with criminal offenses in young adults ages 19-24 years
and with higher parent and teacher ratings of behaviors related to conduct disorders in
children ages 7-17 years. Pb-associated increases in conduct disorders were found in
populations with mean blood Pb levels 7-14 µg/dL. Associations with lower blood Pb
levels that are not influenced by higher earlier Pb exposures are not well characterized.
These associations were found without indication of strong selection bias and with
adjustment for SES, parental education and IQ, parental caregiving quality, family
functioning, smoking, and substance abuse. Supporting evidence is provided by crosssectional evidence of children participating in NHANES and a meta-analysis of
prospective and cross-sectional studies. Additionally, there is coherence in epidemiologic
findings among related measures of conduct disorders. Evidence for Pb-induced
aggression in animals is mixed with increases in aggression found in some studies of
adult animals with gestational plus lifetime Pb exposure but not juvenile animals. The
consistent epidemiologic evidence from prospective and cross-sectional studies for
criminal offenses and ratings of behaviors related to conduct disorders but uncertainty
due to lack of clear evidence for aggression in animals is sufficient to conclude that a
causal relationship is likely to exist between Pb exposure and conduct disorders in
children and young adults.
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Internalizing Behaviors
Prospective studies in a few populations demonstrate associations of higher lifetime
average blood (mean: ~14 µg/dL) or childhood tooth (from ages 6-8 years) Pb levels with
higher parent and teacher ratings of internalizing behaviors such withdrawn behavior and
symptoms of depression and anxiety in children ages 8-13 years. The lack of selective
participation by blood Pb level and associations found with parental and teacher ratings
do not provide strong indication of biased reporting of behaviors for children with higher
blood Pb levels. The few cross-sectional associations in populations with mean
concurrent blood Pb levels of 5 µg/dL were inconsistent. Pb-associated increases in
internalizing behaviors were found with adjustment for maternal education and SESrelated variables. Consideration for potential confounding by parental caregiving quality
was inconsistent. Despite some uncertainty in the epidemiologic evidence, the biological
plausibility for the effects of Pb on internalizing behaviors is provided by a few findings
in animals with dietary lactational Pb exposure, with some evidence at blood Pb levels
relevant to humans. Additional toxicological evidence supports modes of action,
including Pb-induced changes in the HPA axis and dopaminergic and GABAergic
systems. The evidence from prospective studies in a few populations of children and the
coherence with evidence from a few animal studies with relevant Pb exposures and mode
of action but some uncertainty related to potential confounding by parental caregiving
quality in studies of children is sufficient to conclude that a causal relationship is likely to
exist between Pb exposure and internalizing behaviors in children.

Auditory Function Decrements
Evidence from a prospective study and cross-sectional studies in a few U.S. populations
of children indicates associations of higher blood Pb level with increases in hearing
thresholds and decreases auditory processing or auditory evoked potentials with
adjustment for potential confounding by SES in most studies and by child health and
nutritional factors in some studies. The high participation rates, particularly in the
prospective study with follow-up from birth, reduce the likelihood of biased participation
by children with higher blood Pb levels. Across studies, associations were found with
blood Pb levels measured at various time periods, including prenatal maternal, neonatal
(10 day, mean 4.8 µg/dL), lifetime average (to age 5 years), and concurrent (ages 4-19
years) blood Pb levels (median 8 µg/dL). Evidence for Pb-associated increases in hearing
thresholds or latencies of auditory evoked potentials was found in adult monkeys with
lifetime dietary Pb exposure. However, these effects in adult animals were found with
higher peak or concurrent blood Pb levels (i.e., 33-150 µg/dL) than those relevant to this
ISA; thus, the biological plausibility for epidemiologic observations is unclear. The
evidence in children, particularly that from a prospective study and observations of
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decreased auditory evoked potentials in animals indicating a possible mode of action, but
uncertainties related to effects on auditory function in juvenile animals with relevant Pb
exposures, is sufficient to conclude that a causal relationship is likely to exist between Pb
exposure and decrements in auditory function in children.

Visual Function Decrements
A study in children and a few studies in animals show Pb-associated increases in
supernormal electroretinograms, the biological relevance of which is unclear. Because the
available epidemiologic and toxicological evidence is of insufficient quantity, quality,
and consistency, the evidence is inadequate to determine that a causal relationship exists
between Pb exposure and visual function in children.

Motor Function Decrements
Evidence from prospective studies in a few populations indicates associations of
decrements in fine and gross motor function with higher neonatal, concurrent, and
lifetime average blood Pb levels in children ages 4.5-6 years and with higher earlier
childhood (ages 0-5 year average, age 78 months) blood Pb levels in children ages 15-17
years. The means for these blood Pb metrics ranged from 4.8 to 12 µg/dL. These
associations were found with adjustment for several potential confounding factors,
including SES, parental caregiving quality, and child health and without indication of
substantial selection bias. Evidence from cross-sectional studies was less consistent. The
biological plausibility for associations observed in children is provided by a study that
found poorer balance in male mice with relevant gestational to early postnatal (PND10)
Pb exposures. The limited available evidence in a few prospective cohorts of children,
but uncertainty because of the limited available findings in mice with relevant exposures
is sufficient to conclude that a causal relationship is likely to exist between Pb exposure
and decrements in motor function in children.

1.6.1.2

Adults

Cognitive Function
In adults without occupational exposure, recent prospective studies in the NAS and BMS
cohorts indicate associations of higher baseline tibia (means 19, 20 µg/g) or patella (mean
25 µg/g) Pb levels with declines in cognitive function in adults (>age 50 years) over 2- to
4-year periods. While the specific covariates differed between studies, these bone
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Pb-associated cognitive function decrements were found with adjustment for potential
confounding factors such as age, education, SES, current alcohol use, and current
smoking. Supporting evidence is provided by cross-sectional analyses of the NAS, BMS,
and the Nurses' Health Study, which found stronger associations with bone Pb level than
concurrent blood Pb level. Cross-sectional studies also considered more potential
confounding factors, including dietary factors, physical activity, medication use, and
comorbid conditions. The multiple exposures and health outcomes examined in many
studies reduces the likelihood of biased participation specifically by adults with higher Pb
exposure and lower cognitive function. The collective evidence indicates associations in
cohorts of white men and women and a cohort of more ethnically diverse men and
women. The specific timing, frequency, duration, and magnitude of Pb exposures
contributing to the associations observed with bone Pb levels are not discernable from the
evidence. Also, there is potential for residual confounding by age. The effects of recent
Pb exposures on cognitive function decrements in adults were indicated in Pb-exposed
workers by associations found with blood Pb levels, although these studies did not
consider potential confounding by other workplace exposures. The biological plausibility
for the effects of Pb exposure on cognitive function decrements in adults is provided by
findings that relevant lifetime Pb exposures from gestation, birth, or after weaning induce
learning impairments in adult animals and by evidence for the effects of Pb altering
neurotransmitter function in hippocampus, prefrontal cortex, and nucleus accumbens. The
associations between bone Pb level and cognitive function decrements consistently found
in the few prospective and cross-sectional studies of adults without occupational Pb
exposure, the coherence with animal findings, and toxicological evidence supporting
modes of action but uncertainties related to potential residual confounding by age in
epidemiologic studies are sufficient to conclude that a causal relationship is likely to exist
between long-term cumulative Pb exposure and cognitive function decrements in adults.

Psychopathological Effects
Cross-sectional studies in a few populations demonstrate associations of higher
concurrent blood or tibia Pb levels with self-reported symptoms of depression and
anxiety in adults. The examination of multiple exposures and outcomes in the available
studies does not provide strong indication of biased reporting of psychopathological
effects specifically by adults with higher Pb exposures. In adults, Pb-associated increases
in depression and anxiety were found with adjustment for age, SES, and in the NAS,
daily alcohol intake. The biological plausibility for epidemiologic evidence is provided
by observations of depression-like behavior in animals with dietary lactational Pb
exposure, with some evidence at relevant blood Pb levels and by toxicological evidence
supporting modes of action, including Pb-induced changes in the HPA axis and
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dopaminergic and GABAergic systems. The associations of blood and bone Pb level with
self-reported psychopathological effects found in the few studies of adults without
occupational Pb exposure, the biological plausibility provided by the coherence with
findings from a few animal studies and evidence for underlying modes of action, but
uncertainties related to residual confounding of bone Pb results by age in epidemiologic
studies are sufficient to conclude that a causal relationship is likely to exist between Pb
exposure and psychopathological effects in adults.

Auditory Function Decrements
The the evidence provided by the analysis of NAS men for associations of higher tibia Pb
level with a higher rate of elevations in hearing threshold over 20 years and observations
of decreased auditory evoked potentials in animals indicating a possible mode of action
but uncertainties related to effects on auditory function in adult animals with relevant Pb
exposures, is suggestive of a causal relationship between Pb exposure and auditory
function decrements in adults.

Visual Function Decrements
Studies in adult animals show differential effects on ERGs, depending on the timing and
concentration of exposure. A case control study finds higher Pb in retinal tissue from
macular degeneration cases but lacks rigorous statistical analysis and examination of
potential confounding. Because the available epidemiologic and toxicological evidence is
of insufficient quantity, quality, and consistency, the evidence is inadequate to determine
that a causal relationship exists between Pb exposure and visual function in adults.

1-26

Neurodegenerative Disease
While evidence is inconclusive for Amyotrophic Lateral Sclerosis (ALS)and Alzheimer’s
disease, a few case-control studies each found higher blood Pb levels in adults with
essential tremor and higher bone Pb levels in adults with Parkinson’s disease. Because of
the inconclusive evidence for some diseases and limitations such as reverse causation for
essential tremor and the lack of consideration for potential confounding by manganese
(Mn) exposure for both essential tremor and Parkinson’s disease, the evidence is
inadequate to determine that a causal relationship exists between Pb exposure and
neurodegenerative diseases.

1.6.2

Cardiovascular Effects
The 2006 Pb AQCD (U.S. EPA, 2006b) concluded that there was a relationship between
higher blood Pb and bone Pb and cardiovascular effects in adults, in particular increased
BP and increased incidence of hypertension, and recent evidence strengthens this
conclusion. For the evaluation of causal relationships with Pb exposure, evidence was
grouped in categories using the U.S. Surgeon General’s Report on Smoking as a
guideline (CDC, 2004). In addition to hypertension (Section 4.4.7.1) these categories
include subclinical atherosclerosis (Section 4.4.7.2), coronary heart disease
(Section 4.4.7.3), and cerebrovascular disease (Section 4.4.7.4). Examination of measures
of subclinical atherosclerosis provides the opportunity to assess the pathogenesis of
vascular disease at an earlier stage. Studies that examine markers of subclinical
atherosclerosis (such as PAD [i.e., ankle-brachial index]) and generalized atherosclerosis
(i.e., IMT) are included in this category. Coronary heart disease (CHD) results from
interruption of the blood supply to a part of the heart resulting from atherosclerosis of the
coronary arteries, with acute injury and scarring leading to permanent damage to the heart
muscles. A disrupted HRV has been associated with a higher mortality after MI and is
used as a predictor of the physiological processes underlying CHD (Buccelletti et al.,
2009). Studies that examine incidence of MI, IHD, HRV, and mortality from CHD, MI,
or IHD are included in this category. Cerebrovascular disease describes a group of
conditions involving the cerebral blood vessels that result in transient or permanent
disruption of blood flow to the brain. These conditions include stroke, transient ischemic
attack, and subarachnoid hemorrhage. Both hypertension and atherosclerosis are risk
factors for cerebrovascular disease and the mechanisms for these outcomes also apply to
cerebrovascular disease.
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Hypertension
Prospective epidemiologic studies consistently find associations of blood and bone Pb
levels with hypertension incidence and increased blood pressure (BP). These findings
have been replicated across multiple high-quality studies comprising large and diverse
populations. Further support is provided by multiple cross-sectional analyses. While the
adjustment for specific factors varied by study, the collective body of epidemiologic
evidence included adjustment for multiple potential key confounding factors, including
age, diet, sex, body mass index (BMI), blood pressure lowering medication use, SES,
race/ethnicity, alcohol consumption, cholesterol, smoking, pre-existing disease
(i.e., diabetes), measures of renal function, and co-exposures (i.e., Cd) thus reducing the
uncertainties related to confounding bias. Meta-analyses underscore the consistency and
reproducibility of the Pb-associated increases in BP and hypertension (Navas-Acien et
al., 2008; Nawrot et al., 2002). Nawrot et al. (2002) found that a doubling of concurrent
blood Pb level (between 1 and >40 μg/dL) was associated with a 1 mmHg increase in
systolic BP and a 0.6 mmHg increase in diastolic BP. Navas-Acien et al. (2008) found an
association of higher bone Pb levels with increased BP in their pooled analysis. Although
recent epidemiologic studies in adults report associations in populations with relatively
low mean concurrent blood Pb levels, the majority of individuals in these adult
populations were likely to have had higher levels of Pb exposure earlier in life. Thus,
there is uncertainty concerning the specific Pb exposure level, timing, frequency, and
duration contributing to the associations observed in the epidemiologic studies. A causal
relationship of Pb exposure with hypertension is supported by evidence from
experimental animal studies that demonstrate effects on BP after long-term Pb exposure
resulting in mean blood Pb levels of greater than 10 µg/dL or greater (Figure 4-21).
Further, there was no evidence of a threshold below which no significant association of
blood Pb level with BP was observed among the NHANES II population, 20-74 years old
between 1976 and 1980 with concurrent blood Pb levels ranging from 7-34 µg/dL
(Schwartz, 1991). Relevant mode of action is demonstrated and coherence for the
evidence of the effect of Pb exposure on BP and hypertension is further provided by
epidemiologic evidence indicating associations with cardiovascular conditions related to
increased BP including mortality, CHD, stroke, and cardiac failure. Thus, the overall
evidence is sufficient to conclude that there is a causal relationship between Pb exposure
and hypertension.

Subclinical Atherosclerosis
A limited number of studies have evaluated markers of subclinical atherosclerosis
following Pb exposure in humans or animals. An NHANES analysis of adults (19992000) found an association between concurrent blood Pb and PAD that was robust to
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adjustment for cadmium (Cd) and other potential confounding factors (Navas-Acien et
al., 2004). A second more recent analysis with adjustment for numerous potential
confounders reported an increasing trend in the odds of PAD across concurrent blood Pb
level groups in adults within the NHANES population (Muntner et al., 2005). Evidence
of plausible biological mechanisms (e.g., oxidative stress, inflammation, endothelial cell
dysfunction) is clearly described in the animal toxicological literature but animal studies
have provided only limited evidence to suggest Pb exposure may initiate atherosclerotic
vessel disease. Further, the specific Pb exposure level, timing, frequency, and duration
contributing to the observed association with PAD is not discernable from the
epidemiologic evidence. Thus, the combined limited epidemiologic and toxicological
evidence is suggestive of a causal relationship between Pb exposure and subclinical
atherosclerosis.

Coronary Heart Disease
Prospective epidemiologic studies of cohorts of adults during the period 1976-1994
consistently report that blood Pb level is associated with risk of CHD-related mortality
from cardiovascular disease, specifically MI, IHD, and HRV (Figure 4-29 and Table
4-23). Several recent studies also report associations between biomarkers of Pb and
incidence of CHD-related outcomes including a prospective analysis reporting an
increased incidence of IHD (physician confirmed MI, angina pectoris) with blood and
bone Pb levels. In addition, Weisskopf et al. (2009) found that patella bone Pb levels
were associated with increased mortality from IHD (similar magnitude non-statistically
significant associations were observed with tibia Pb levels) among men enrolled in the
NAS. The level, timing, frequency, and duration of Pb exposure contributing to CHD in
adult populations with higher past than recent exposure is not discernable from the
evidence. However, coherence for the associations in humans is supported by the
observation of thrombus formation in animals after long term Pb exposure
(Sections 4.4.7.3 and 4.4.3) and mode of action for Pb-induced CHD (i.e., hypertension,
HRV, increased corrected QT (QTc) interval, and corrected QRS complex (QRSc)
duration in electrocardiogram [ECG]) in humans and animals (Sections 4.4.2 and
4.4.3.4). The overall evidence is sufficient to conclude that there is a causal relationship
between Pb exposure and coronary heart disease.

Cerebrovascular Disease
Both hypertension and atherosclerosis are risk factors for cerebrovascular disease and the
mechanisms for these outcomes also apply to cerebrovascular disease. Despite strong
evidence for hypertension and CHD and Pb exposure, very few epidemiologic or
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toxicological studies have examined the effects of Pb exposure on cerebrovascular
disease (Section 4.4.7). These epidemiologic studies provide limited evidence for
increased risk of mortality from stroke and are insufficient evidence to inform the
presence or absence of a causal relationship between cerebrovascular disease and Pb
exposure. Thus, the current evidence is inadequate to determine that a causal relationship
exists between Pb exposure and cerebrovascular disease.

1.6.3

Renal Effects
Recent epidemiologic and toxicological studies evaluated in the current review support
and expand upon the strong body of evidence presented in the 2006 Pb AQCD (U.S.
EPA, 2006b) indicating that Pb exposure is associated with reduced kidney function
(Section 4.5.5). The causal determination for reduced kidney function is informed by
evidence for reduced GFR, reduced creatinine clearance, and increased serum creatinine.

Reduced Kidney Function
There are multiple high quality epidemiologic studies and clear biological plausibility but
uncertainty regarding the potential for reverse causality to explain findings in humans.
Among epidemiologic studies, key evidence is provided by the few available longitudinal
studies which better characterized the temporal sequence between Pb exposure and
changes in renal function by showing associations between baseline bone or blood Pb
levels and reduced kidney function over time in men in the Boston, MA area and greater
progression of kidney disease in CKD patients. Evidence from longitudinal studies also
addressed the potential for reverse causality by showing the persistence of blood Pbassociated decrements in kidney function in the range of normal kidney function and
demonstrated stronger associations than cross-sectional analyses of the same data. Crosssectional adult studies provide supportive evidence but are weighed less than the
prospective studies in conclusions because by design they do not inform directionality
(i.e., reverse causality). Inconsistencies were noted in occupational studies and studies of
children, and important study design limitations were noted in clinical trials of chelation
in CKD patients. These inconsistencies and limitations preclude strong inferences from
the results of these three study groups. Longitudinal studies found Pb-associated
decrements in renal function in populations with mean blood Pb levels of 7 and 9 µg/dL.
However, the contributions of higher past Pb exposures cannot be excluded. Animal
toxicological studies provide clear biological plausibility with evidence for Pb-induced
kidney dysfunction at blood Pb levels greater than 30 µg/dL; however, evidence in
animals with blood Pb levels < 20 µg/dL is generally not available. Studies with mean
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blood Pb levels between 20 and 30 µg/dL provide some evidence for dysfunction in
kidney function measures (e.g., decreased creatinine clearance, increased serum
creatinine, increased BUN). Animal studies also provide biological plausibility for the
associations observed between blood Pb levels and reduced kidney function with
evidence for Pb-induced hypertension, renal oxidative stress and inflammation,
morphological changes, and increased uric acid. Collectively, the evidence integrated
across epidemiologic and toxicological studies with uncertainties related to the potential
for reverse causation, is suggestive of a causal relationship between Pb exposures and
reduced kidney function among adults.

1.6.4

Immune System Effects
The cumulative body of epidemiologic and toxicological evidence from the
2006 Pb AQCD (U.S. EPA, 2006b) and the current assessment describes several effects
of Pb exposure on the immune system related to a shift from T-derived lymphocyte
helper (Th)1 - to Th2 -type responses, including an increase in atopic and inflammatory
conditions and a decrease in host resistance (Section 4.6.8). Outcomes related to an
increase in atopic and inflammatory conditions (Section 4.6.8.1) include asthma, allergy,
increased IgE, and mode of action endpoints such as selective differentiation of Th2 cells,
increased production of Th2 cytokines, B cell activation, and inflammation. Outcomes
related to decreased host resistance (Section 4.6.8.2) include enhanced susceptibility to
bacterial and viral infection, suppressed delayed type hypersensitivity (DTH), and those
describing mode of action, i.e., decreased production of Th1 cytokines, reduced
phagocyte function, and increased inflammation. A small body of studies indicates the
effects of Pb exposure on autoimmunity (Section 4.6.8.3).

Atopic and Inflammatory Conditions
Prospective studies in a few populations of children ages 1-5 years indicate associations
of asthma and allergy with prenatal cord blood Pb levels or blood Pb levels measured
sometime before the outcome, with a cross-sectional study providing supporting evidence
with associations with concurrent blood Pb level. Prospective design, lack of selective
participation of subjects, and objective assessment of outcomes reduce the likelihood of
undue selection bias and reverse causation. These few studies varied in their
consideration for potential confounding by SES and exposure to smoking or allergens.
Thus, uncertainty remains regarding residual confounding in associations observed
between blood Pb levels and asthma and allergy in children. The evidence for asthma and
allergy is supported by cross-sectional associations found between higher concurrent
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blood Pb levels in children and higher IgE, an important mediator of asthma and allergy.
The biological plausibility for the effects of Pb on IgE is provided by consistent findings
in animals with gestational or gestational-lactational Pb exposures, with some evidence at
blood Pb levels relevant to humans. In epidemiologic studies, higher IgE and higher
asthma prevalence were examined and found mostly in children with concurrent blood Pb
levels >10 µg/dL. Coherence for the evidence of Pb-associated increases in asthma,
allergy, and IgE is found with evidence for most of the examined endpoints related to
mode of action, i.e., Pb-induced increases in Th2 cytokine production and inflammation
in animals. Neither toxicological nor epidemiologic evidence clearly identifies an
individual critical lifestage or duration of Pb exposure associated with atopic and
inflammatory conditions but points to an influence of gestational and cumulative Pb
exposures. The combined epidemiologic evidence in a few populations and toxicological
evidence supporting a relationship between Pb exposure and asthma, allergy, and shift to
a Th2 phenotype as an underlying mode action but some uncertainty regarding potential
confounding is sufficient to conclude that a causal relationship is likely to exist between
Pb exposures and an increase in atopic and inflammatory conditions.

Decreases in Host Resistance
Much of the evidence on decreased host resistance was available in the 2006 Pb AQCD
(U.S. EPA, 2006b) and is summarized in Section 4.6.5.1 (and Section 4.6.8.2). Animal
toxicological observations are the primary contributors to the evidence for Pb-induced
decreased host resistance. Several studies in rodents show that dietary Pb exposure
producing relevant blood Pb levels (7-25 µg/dL) results in increased susceptibility to
bacterial infection and suppressed DTH. Further, coherence is found with evidence
describing modes of action, including suppressed production of Th1 cytokines and
decreased macrophage function in animals. These effects were found with gestational,
lactational, adult-only, and lifetime Pb exposures of animals, without an individual
critical lifestage of exposure identified. A few cross-sectional epidemiologic studies
indicate Pb-associated increases in respiratory infections but limitations, including the
lack of rigorous methodology and consideration for potential confounding produce
uncertainty in the epidemiologic evidence for decreased host resistance in humans. The
consistent toxicological evidence in animals for increased susceptibility to bacterial
infection, suppressed DTH, and related modes of action but uncertainty in the
epidemiologic evidence in humans is sufficient to conclude that a causal relationship is
likely to exist between Pb exposure and decreased host resistance.
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Autoimmunity
Toxicological evidence describes the potential of Pb to increase autoimmunity, with a
few previous studies showing Pb-induced generation of auto-antibodies (Hudson et al.,
2003; Bunn et al., 2000; El-Fawal et al., 1999; Waterman et al., 1994) and recent studies
providing indirect evidence by showing formation of neoantigens that could result in the
formation of auto-antibodies (Table 4-34). Several observations were made in animals
injected with Pb, which is a route of exposure with less relevance to humans. Higher
levels of auto-antibodies also were found in Pb-exposed battery workers; however,
implications are limited because of the high blood Pb levels (range: 10-40 µg/dL) of
some of the workers and lack of consideration for potential confounding by several
factors, including other occupational exposures (El-Fawal et al., 1999). Because results
from both available toxicological and epidemiologic studies do not sufficiently inform
Pb-induced generation of auto-antibodies with relevant Pb exposures, the evidence is
inadequate to determine if there is a causal relationship between Pb exposure and
autoimmunity.

1.6.5

Hematological Effects
Recent toxicological and epidemiologic studies support evidence presented in in previous
assessments including the 2006 Pb AQCD (U.S. EPA, 2006b) describes the effect of
exposure to Pb on hematological outcomes such as RBC survival and function
(Section 4.7.4.1) and altered heme synthesis (Section 4.7.4.2) . Endpoints considered
within the category of RBC survival and function include alterations in multiple
hematological parameters (e.g., Hb, Hct, MCV), oxidative stress (altered antioxidant
enzyme activities, decreased cellular glutathione [GSH], and increased lipid
peroxidation), increased cytotoxicity in RBC precursor cells, and mode of action
endpoints such as decreased intracellular calcium concentrations [Ca2+] i , decreased
adenosine-triphosphase (ATPase) activity, and increased phosphatidylserine expression.
Endpoints related to altered heme synthesis include decreased activities of ALAD and
ferrochelatase, and decreased levels of Hb.

Decreased Red Blood Cell Survival and Function
Experimental animal studies demonstrate that exposures via drinking water and gavage,
resulting in blood Pb levels relevant to humans, alter several hematological parameters,
increase measures of oxidative stress and increase cytotoxicity in red blood cell (RBC)
precursor cells. Some of these effects have been observed in animal toxicological studies
with exposures resulting in blood Pb levels 2-7 µg/dL. Support for these findings is
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provided by biologically plausible modes of action including decreased intracellular
calcium concentrations [Ca2+] i , decreased ATPase activity, and increased
phosphatidylserine expression. Epidemiologic studies find associations in both adults and
children of blood Pb levels with altered hematological endpoints, increased measures of
oxidative stress, and altered hematopoiesis. Although the majority of these epidemiologic
studies are limited by their lack of rigorous methodology, some studies in children did
adjust for some potential confounding factors including age, sex, mouthing behavior,
anemia, dairy product consumption, maternal age, education, employment, marital status,
family structure, SES-related variables, strengthening their support for findings in
experimental animals. Collectively, the strong evidence from toxicological studies that is
supported by findings from mode of action and epidemiologic studies is sufficient to
conclude that there is a causal relationship between Pb exposures and decreased RBC
survival and function.

Heme Synthesis
Altered heme synthesis is demonstrated by a small, but consistent, body of studies in
adult animals reporting that exposures via drinking water and gavage resulting in blood
Pb levels relevant to humans (e.g., 6.5 µg/dL result in decreased ALAD and
ferrochelatase activities. Supporting this evidence is a larger body of ecotoxicological
studies that demonstrate decreased ALAD activity across a wide range of taxa exposed to
Pb. Epidemiologic studies find associations in both adults and children between higher
blood Pb levels and decreased ALAD and ferrochelatase activities. Although the majority
of these studies are limited by their lack of rigorous methodology and consideration for
potential confounding, some studies in children did adjust for or consider potential
confounding factors (i.e. age, sex, urban/rural residence, height, weight, BMI),
strengthening their support for the findings in the animal toxicological studies. Evidence
for altered heme synthesis is also provided by a large body of toxicological and
epidemiologic studies that report decreased Hb concentrations in association with Pb
exposure or blood Pb levels. Collectively, the strong evidence from toxicological and
ecotoxicological studies that is supported by findings from epidemiologic studies is
sufficient to conclude that there is a causal relationship between Pb exposures and altered
heme synthesis.

1.6.6

Reproductive and Developmental Effects
Many epidemiologic and toxicological studies of the effects of Pb on reproductive and
developmental outcomes have been conducted since the 2006 Pb AQCD. The evaluation
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of causal relationships with Pb exposure focuses on four areas: developmental effects
(Section 4.8.5.1), birth outcomes (Section 4.8.5.2), male reproductive function
(Section 4.8.5.3), and female reproductive function (Section 4.8.5.4).

Development
In cross-sectional epidemiologic studies of girls (ages 6-18 years) with mean and/or
median concurrent blood Pb levels from 1.2-9.5 µg/dL consistent associations with
delayed pubertal onset (measured by age at menarche, pubic hair development, and breast
development) were observed. Although fewer studies were conducted in boys overall,
associations between blood Pb levels and delayed puberty onset in boys (ages 8-15 years)
were observed in cross-sectional and one longitudinal study (mean and/or median blood
Pb levels 3-9.5 µg/dL). Potential confounders considered in the epidemiologic studies of
both boys and girls that performed regression analyses varied across studies, with few
studies considering confounding by nutritional factors. A limitation across most of the
epidemiologic studies of blood Pb levels and delayed puberty is their cross-sectional
design, which does not allow for an understanding of temporality. There is uncertainty
with regard to the exposure frequency, timing, duration, and level that contributed to the
associations observed in these studies. Experimental animal studies demonstrate that
puberty onset in both males and females is delayed with Pb exposure. A recent animal
study indicates that delayed pubertal onset may be one of the more sensitive
developmental effects of Pb exposure with effects observed after gestational exposures
leading to blood Pb levels in the female pup of 1.3-13 µg/dL. Experimental animal
studies have also reported delayed male sexual maturity as measured with sex organ
weight, among other outcomes, seeing significant decrements at blood Pb levels of
34 µg/dL. Findings from epidemiologic studies of the effect of Pb on postnatal growth
are inconsistent and findings from the toxicological literature of the effect of Pb exposure
are mixed with recent growth findings showing adult onset male obesity after gestational
and lactational Pb exposure. Toxicological studies demonstrated effects of Pb exposure
on other organ systems (effects on the eye, and alterations in the hematopoietic, hepatic
systems and teeth.) The collective body of evidence integrated across epidemiologic and
toxicological studies, based on the findings of delayed pubertal onset among males and
females, is sufficient to conclude that there is a causal relationship between Pb exposure
and developmental effects.

Birth Outcomes
Overall, epidemiologic studies of the association of various Pb exposure indicators with
preterm birth report inconsistent findings. A recent epidemiologic study reported no
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association between maternal blood Pb and neural tube defects. Some associations were
observed between Pb and low birth weight when epidemiologic studies used measures of
postpartum maternal bone Pb or air exposures. The associations were less consistent for
maternal blood Pb measured during pregnancy or at delivery or umbilical cord and
placenta Pb (maternal blood Pb or umbilical cord and placenta Pb were the biomarkers
most commonly used in studies of low birth weight) but some associations between
increased Pb biomarker levels and decreased low birth weight/fetal growth were
observed. The effects of Pb exposure during gestation in animal toxicological studies
included mixed findings with some studies showing reduction in litter size, implantation,
and birth weight, and some showing no effect. Because some associations were observed
in well-conducted epidemiologic studies of preterm birth and low birth weight/fetal
growth, the evidence is suggestive of a causal relationship between Pb exposure and birth
outcomes.

Male Reproductive Function
Key evidence is provided by toxicological studies in rodents, non-human primates, and
rabbits showing detrimental effects on semen quality, sperm and fecundity/fertility with
supporting evidence in epidemiologic studies of associations between blood Pb levels and
detrimental effects on sperm. Pb exposures resulting in blood Pb levels from 5-43 µg/dL
induced lower sperm quality and sperm production rate, sperm DNA damage, and
histological or ultrastructural damage to the male reproductive organs. These effects were
found in animals exposed to Pb during peripuberty or as adults for 1 week to 3 months.
Pb exposure of male rats also was associated with subfecundity in female mates and
lower fertilization of eggs in vitro. Detrimental effects of Pb on sperm were observed in
epidemiologic studies with concurrent blood Pb levels of 25 µg/dL and greater among
men occupationally exposed; however, these studies were limited because of their lack of
consideration of potential confounding factors, including occupational exposures other
than Pb. Additional epidemiologic studies among men with lower Pb biomarker levels
were limited to infertility clinic studies that may lack generalizability; however, a wellconducted epidemiologic study that controlled for other metals as well as smoking
reported a positive association with various detrimental effects in sperm (Telisman et al.,
2007). The median concurrent blood Pb level in this study was 4.92 µg/dL. The specific
timing, frequency, duration and level of Pb exposure associated with the blood Pb level
and effects observed is not discernable from the epidemiologic evidence, however. Mode
of action support is provided by several recent animal toxicological studies that showed
that Pb induced oxidative stress within the male sex organs, increase apoptosis of
spermatocytes and germ cells, and impaired germ cell structure and function. Based on
the consistency and coherence of findings for the detrimental effects of Pb exposure on
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sperm and semen in the toxicological literature, the support from epidemiologic studies,
and biological plausibility provided by mode of action evidence, the evidence is
sufficient to conclude that there is a causal relationship between Pb exposures and male
reproductive function.

Female Reproductive Function
Epidemiologic and toxicological studies of reproductive function among females
investigated whether Pb biomarker levels were associated with hormone levels, fertility,
estrus cycle changes, and morphology or histology of female reproductive organs
including the placenta (Section 4.8.5.4). Toxicological studies of experimental animals
reported in the 2006 Pb AQCD (U.S. EPA, 2006b) demonstrated associations between Pb
exposure and female reproductive function, although little evidence was provided by
epidemiologic studies. Some studies have shown associations with concurrent blood Pb
levels and altered hormone levels in adults, with inconsistency across studies may be due
to the different hormones examined and the different timing in the menstrual and life
cycles. There is some evidence of a potential relationship between Pb exposure and
female fertility, but findings are also mixed. The majority of the epidemiologic studies
are cross-sectional, and adjustment for potential confounders varies from study to study,
with some potentially important confounders, such as BMI, not included in all studies.
Also, most of the studies have small samples sizes and are generally of women attending
infertility clinics. Animal toxicological studies that employ relevant prenatal or early
postnatal Pb exposures observe that Pb contributes to placental pathology and
inflammation, decreased ovarian antioxidant capacity, altered ovarian steroidogenesis and
aberrant gestational hormone levels. Although epidemiologic and toxicological studies
provide information on different exposure periods, both types of studies support the
conclusion that Pb possibly affects at least some aspects of female reproductive function.
Overall, the relationship observed with female reproductive outcomes, such as fertility,
placental pathology, and hormone levels in some epidemiologic and toxicological studies,
is sufficient to conclude that evidence is suggestive of a causal relationship between Pb
exposure and female reproductive function.

1.6.7

Cancer
The toxicological literature provides the strong evidence for the effect of long-term
exposure (i.e., 18 months or 2 years) to high concentrations of Pb (> 2,600 ppm) on
cancer. The consistent evidence indicating Pb-induced carcinogenicity in animal models
is substantiated by the mode of action findings from multiple high-quality toxicological
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studies in animal and in vitro models from different laboratories. Based on such evidence,
IARC has classified inorganic Pb compounds as a probable human carcinogen and the
National Toxicology Program has listed Pb and Pb compounds as “reasonably anticipated
to be human carcinogens.” Strong evidence from animal toxicological studies
demonstrates an association between Pb and cancer, genotoxicity or epigenetic
modification. Carcinogenicity in animal toxicology studies with relevant routes of Pb
exposure has been reported in the kidneys, testes, brain, adrenals, prostate, pituitary, and
mammary gland, albeit at high doses of Pb. Epidemiologic studies of cancer incidence
and mortality reported inconsistent results; one strong epidemiologic study demonstrated
an association between blood Pb and increased cancer mortality, but the other studies
reported weak or no associations. In the 2006 Pb AQCD, various indicators of Pb
exposure were found to be associated with stomach cancer, and a recent study on
stomach cancer and occupational Pb exposure reported mixed findings depending on the
type of Pb exposure (organic Pb, inorganic Pb, or Pb from gasoline emissions). Similarly,
some studies in the 2006 Pb AQCD reported associations between Pb exposure indicators
and lung cancer. Recent epidemiologic studies of lung cancer focused on occupational
exposures and reported inconsistent associations. The majority of epidemiologic studies
of brain cancer had null results overall, but positive associations between Pb exposure
indicators and brain cancer were observed among individuals with certain genotypes.
Overall, the consistent and strong body of evidence from toxicological studies on
carcinogenicity and potential modes of action but inconsistent epidemiologic evidence is
sufficient to conclude that a causal relationship is likely to exist between Pb exposure and
cancer.

1.7

Ecological Effects of Pb
Sections 1.7.1 and 1.7.2 are summaries of the evidence evaluated in Chapter 6 in which
the effects of Pb on terrestrial and aquatic ecosystems are presented separately. The
evidence supporting ecological causal determinations is synthesized across endpoints
(reproduction, growth, survival, neurobehavioral effects, hematological effects,
physiological stress) common to terrestrial, freshwater and saltwater biota in Section
1.7.3 (Table 1-3). An integration of the evidence across endpoints examined in both
human health and ecological studies follows (Section 1.8). Consideration of atmospheric
deposition of Pb as related to ecological effects is discussed under policy relevant
considerations (Section 1.9.7).
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1.7.1

Summary of Effects on Terrestrial Ecosystems
Historically, Pb poisoning is one of the earliest recognized toxicoses of terrestrial biota,
occurring primarily through ingestion of spent shot by birds (Section 6.3.4.3). At the time
of the 1977 Pb AQCD, few studies of Pb exposure and effects in wild animals other than
birds were available. A limited number of rodent trapping studies and observations from
grazing animals near smelters provided evidence for differences in Pb sensitivity among
species and these findings were further supported in the 1986 and 2006 Pb AQCDs (U.S.
EPA, 2006b, 1986b, 1977). Commonly observed effects of Pb on terrestrial organisms
include decreased survival, reproduction, and growth, as well as effects on development,
behavior, and ALAD activity (U.S. EPA, 2006b, 1986b, 1977).
In plants, Pb effects have been studied for several decades. At the time of the 1977 Pb
AQCD, it was understood that Pb uptake in plants varied with species and with the size
of the pool of Pb in the soil, and that most of the Pb taken up from the soil by plants other
than trees remains in the roots, with translocation to other portions of the plant varying
with species (U.S. EPA, 1977). Plant growth was recognized as an endpoint of Pb
toxicity in plants in the 1977 Pb AQCD and additional effects of Pb on growth processes
were reported in subsequent Pb AQCDs (U.S. EPA, 2006b, 1986b, 1977). In the 1977 Pb
AQCD evidence for effects of Pb on forest-nutrient cycling and shifts in arthropod
community composition was found in one study conducted in the vicinity of a smelting
complex. In subsequent AQCDs, other ecosystem-level effects, including decreased
species diversity, changes in floral and faunal community composition, and decreasing
vigor of terrestrial vegetation have been reported near stationary sources of Pb (U.S.
EPA, 2006b, 1986b, 1977; Watson et al., 1976).
Pb is either deposited directly onto plant surfaces, or onto soil where it can bind with
organic matter or dissolve in pore water. The amount of Pb dissolved in soil pore water
determines the impact of soil Pb on terrestrial ecosystems to a much greater extent than
the total amount present. It has long been established that the amount of Pb dissolved in
soil solution is controlled by at least six factors: (1) solubility equilibria;
(2) adsorption-desorption relationship of total Pb with inorganic compounds;
(3) adsorption-desorption reactions of dissolved Pb phases on soil organic matter; (4) pH;
(5) cation exchange capacity (CEC); and (6) aging. Since 2006, further studies have
contributed to the understanding of the role of pH, CEC, organic matter, and aging.
Smolders et al. (2009) demonstrated that the two most important determinants of both Pb
solubility and toxicity in soils are pH and CEC. However, they had previously shown that
experimental aging, primarily in the form of initial leaching following addition of Pb,
decreases soluble metal fraction by approximately one order of magnitude (Smolders et
al., 2009). Since 2006, organic matter has been confirmed as an important influence on
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Pb sequestration, leading to longer-term retention in soils with higher organic matter
content, and also creating the potential for later release of deposited Pb. Aging, both
under natural conditions and simulated through leaching, was shown to substantially
decrease bioavailability to plants, microbes, and vertebrates.
Evidence over several decades of research, previously reviewed in Pb AQCDs and in
more recent studies, shows that Pb accumulates in terrestrial plants, invertebrates and
vertebrates. Studies with herbaceous plant species growing at various distances from
smelters added to the existing strong evidence that atmospherically transported Pb is
taken up by those plants. In most species tested, soil Pb taken up by the roots is not
translocated into the stem and leaves. These studies did not establish the relative
proportion that originated from atmospheric Pb deposited in the soil, as opposed to that
taken up directly from the atmosphere through the leaves. In trees, studies have found
that soil Pb generally is translocated to other parts, in contrast to herbaceous plants, and
recent studies have shown that the proportion of Pb that is taken up through the leaves
and trunk is likely substantial. One study attempted to quantify this proportion Pb that is
taken up directly from the atmosphere suggested it amounts to 50% of the Pb contained
in Scots pine (Pinus sylvestris) in Sweden (Klaminder et al., 2005).
Since the 2006 Pb AQCD, various species of terrestrial snails have been found to
accumulate Pb from both diet and soil. Recent studies with earthworms have found that
both internal concentration of Pb and mortality increase with decreasing soil pH and
CEC, and the importance of the interaction of those factors with soil Pb has been strongly
confirmed, but only very partially quantified. Tissue concentration differences have been
found between species of earthworms that burrow in different soil layers, but it is
unknown whether those tissue concentration differences are a direct result of species
differences, a result of differences in soil variables such as in pH and CEC, or
interactions among those factors. Because earthworms often sequester Pb in granules,
some authors have suggested that earthworm Pb is not bioavailable to their predators.
There is some evidence that earthworm activity increases Pb availability in soil, but it is
inconsistent. In various arthropods collected at contaminated sites, recent studies found
gradients in accumulated Pb that corresponded to gradients in soil with increasing
distance from stationary sources.
There are a few recent studies of Pb bioavailability and uptake in birds since the
2006 Pb AQCD. Several found tissue levels in birds that indicated exposure to Pb, but
none of the locations for these studies was in proximity to stationary anthropogenic
sources, and the origin of the Pb could not be identified. A study at the Anaconda Smelter
Superfund site found increasing Pb accumulation in gophers with increasing soil Pb
around the location of capture. A study of swine fed various Pb-contaminated soils
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showed that the form of Pb determined accumulation. Recent studies were able to
measure Pb in the components of various food chains that included soil, plants,
invertebrates, and vertebrates. They confirmed that trophic transfer of Pb is pervasive, but
no consistent evidence of trophic magnification was found.
Evidence in this review further supports the findings of the previous Pb AQCDs that
biological effects of Pb on terrestrial organisms vary with species and lifestage, duration
of exposure, form of Pb, and soil characteristics. In photosynthetic organisms,
experimental studies have added to the existing evidence of photosynthesis impairment in
plants exposed to Pb, and have found damage to photosystem II due to alteration of
chlorophyll structure, as well as decreases in chlorophyll content in diverse taxa,
including lichens and mosses. Evidence of oxidative stress in response to Pb exposure has
also been observed in plants. Reactive oxygen species were found to increase in broad
bean and tomato plants exposed to increasing concentrations of soil Pb, and a
concomitant increase in superoxide dismutase, glutathione, peroxidases, and lipid
peroxidation, as well as decreases in catalase were observed in the same plants. Monocot,
dicot, and bryophytic taxa grown in Pb-contaminated soil or in experimentally spiked soil
all responded to increasing exposure with increased antioxidant activity. In addition,
reduced growth was observed in some experiments, as well as genotoxicity, decreased
germination, and pollen sterility.
In terrestrial invertebrates, evidence for Pb effects has included neurological and
reproductive endpoints. Recently published studies have shown neuronal damage in
nematodes exposed to concentrations of Pb [2.5 μM (0.5 mg Pb/L)] in laboratory settings,
accompanied by behavioral abnormalities. Reproductive adverse effects were found at
lower exposure in younger nematodes, and effects on longevity and fecundity were
shown to persist for several generations. Increased mortality was found in earthworms,
but was strongly dependent on soil characteristics including pH, CEC, and aging. Snails
exposed to Pb through either topical application or through consumption of Pb-exposed
plants had increased antioxidant activity, and decreased food consumption, growth, and
shell thickness. Effects on arthropods exposed through soil or diet varied with species and
exposure conditions, and included diminished growth and fecundity, endocrine and
reproductive anomalies, and body malformations. Within each study, increasing
concentration of Pb in the exposure medium generally resulted in increased effects, but
the relationship between concentration and effects varied between studies, even when the
same medium, e.g., soil, was used. Evidence suggested that aging and pH are important
modifiers.
ALAD was identified in the 1977 Pb AQCD as a sensitive indicator of exposure to Pb in
rats and waterfowl, and became regarded as a biomarker of exposure in many terrestrial
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vertebrates. Other effects of Pb on vertebrates reviewed in Pb AQCDs and the current
document include decreased white blood cell counts and behavioral anomalies observed
in amphibians and reptiles. However, large differences in effects were observed at the
same concentration of Pb in soil, depending on whether the soil was freshly amended or
field-collected from contaminated areas. As in most studies where the comparison was
made, effects were smaller when field-collected soils were used. In some birds, maternal
elevated blood Pb level was associated in recent studies with decreased hatching success,
smaller clutch size, high corticosteroid level, and abnormal behavior. Some species
evidenced little or no effect of elevated blood Pb level. Effects of dietary exposure were
studied in several mammalian species, and cognitive, endocrine, immunological, and
growth effects were observed.
Recent evidence reviewed in Sections 6.3.6 and 6.3.12.7 demonstrates that exposure to
Pb is generally associated with negative effects in terrestrial ecosystems. It also
demonstrates that many factors, including species and various soil physiochemical
properties, interact strongly with Pb concentration to modify those effects. In these
ecosystems, where soil is generally the main component of the exposure route, Pb aging
is a particularly important factor, and one that may be difficult to reproduce
experimentally. Without quantitative characterization of those interactions,
characterizations of exposure-response relationships would likely not be transferable
outside of experimental settings. Since the 2006 Pb AQCD, few studies of
exposure-response have been conducted, and results have been inconsistent. Table 6-4
summarizes studies of reproduction, growth, and survival in terrestrial organisms that
have been published since 2006, and in which concentration-response data were reported.
Recent evidence of effects of Pb at the community and ecosystem levels of biological
organization include several studies of the ameliorative effects of mycorrhizal fungi on
plant growth in the presence of Pb, attributed to decreased uptake of Pb by plants,
although both mycorrhizal fungus and plant were negatively affected at the exposures
assessed. Most recently published research on community and ecosystem-level effects of
Pb has focused on soil microbial communities, which have been shown to be impacted in
both composition and activity. Many of the recent studies of effects on soil microbial
communities have taken place in environments contaminated with multiple metals, and
some have attempted to separate the effects of individual metals when possible. Soil
microbial activity was generally diminished, but in some cases recovered over time.
Species and genotype composition were consistently altered, and those changes were
long-lasting or permanent. Recent studies have addressed differences in sensitivity
between species explicitly, and have clearly demonstrated high variability between
related species, as well as within larger taxonomic groupings. Mammalian no observed
effect concentration (NOEC) values expressed as blood Pb levels were shown to vary by
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a factor of 8, while avian blood NOECs varied by a factor of 50 (Buekers et al., 2009).
Protective effects of dietary Ca2+ have been found in plants, birds, and invertebrates.

1.7.2

Summary of Effects on Aquatic Ecosystems
Effects of Pb on plants, invertebrates, and vertebrates are reported for both freshwater
and saltwater ecosystems. Although effects of Pb exposure are likely mediated through
common mode(s) of action across freshwater and marine/estuarine taxa, these ecosystems
are considered separately because of different environmental and physiological factors
that influence Pb toxicity such as bioavailability of the metal, form of Pb, water quality
parameters and adaptations in freshwater and saltwater organisms. Toxicity of Pb also
varies by organism, lifestage and duration of exposure. (U.S. EPA, 2006b, 1986a).
Closely related organisms can vary greatly in bioaccumulation of Pb and other
non-essential metals as well as in their susceptibility to Pb. Pb effects on aquatic biota
were previously assessed in the 1977 Pb AQCD, the 1986 Pb AQCD and the
2006 Pb AQCD (U.S. EPA, 2006b, 1986a, 1977).
Exposure of freshwater and estuarine organisms to Pb, and associated effects, are tied to
terrestrial systems via watershed processes (Section 6.2). Atmospherically-derived Pb can
enter aquatic systems through runoff from terrestrial systems or via direct deposition over
a water surface. In aquatic ecosystems affected by Pb, exposures are most likely
characterized as low dose, chronic exposures. Once Pb enters surface waters, its
solubility and subsequent bioavailability are influenced by Ca2+ concentration, pH,
alkalinity, total suspended solids, and dissolved organic carbon (DOC), including humic
acids. In saltwater, higher levels of ions additionally affect Pb bioavailability. In
sediments, Pb bioavailability may be influenced by the presence of other metals, sulfides,
iron (Fe-) and manganese (Mn-)oxides, and physical disturbance. Recent studies provide
further evidence for the role of modifying factors such as pH, DOC, and hardness.
Toxicity of the same concentration of Pb can vary greatly under different experimental
conditions.
As recognized in the 2006 Pb AQCD and further supported in this review, uptake of Pb
by aquatic invertebrates and vertebrates may preferentially occur via exposure routes
other than direct absorption from the water column such as ingestion of contaminated
food and water, uptake from sediment pore waters, or incidental ingestion of sediment
(U.S. EPA, 2006b). Currently available models for predicting bioavailability focus on
acute toxicity and do not consider all possible routes of uptake. They are therefore of
limited applicability, especially when considering species-dependent differences in
uptake and bioaccumulation of Pb. Recent evidence supports the 2006 Pb AQCD
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conclusion that processes such as Pb adsorption, complexation, and chelation alter
bioavailability to aquatic organisms.

Biological Effects of Pb on Freshwater Plants, Invertebrates and
Vertebrates
Recent evidence further supports the findings of the previous Pb AQCDs that waterborne
Pb is highly toxic to freshwater plants, invertebrates and vertebrates, with toxicity
varying with species and lifestage, duration of exposure, form of Pb, and water quality
characteristics. Concentration-response data from freshwater organisms indicate that
there is a gradient of response to increasing Pb concentration and that some effects in
sensitive species are observed at concentrations of Pb quantified in U.S. surface waters
(Table 1-2).
The toxicity of Pb to aquatic algae and plants has been recognized in earlier EPA reviews
of this metal. In the 1977 Pb AQCD, differences in sensitivity to Pb among different
species of algae were reported and concentrations of Pb varied within and between
genera. This observation was subsequently generalized across aquatic taxa (U.S. EPA,
1977). At the time of the 1977 Pb AQCD, the information available on effects of Pb on
freshwater plants was limited. For plants in general, Pb was recognized to affect
photosynthesis, mitosis, and growth, but at concentrations much higher than typically
found in the environment. Effects of Pb on plants reported in subsequent Pb AQCDs
included decreased growth, deformation of cells, and blocking of the pathways that lead
to pigment synthesis, thus affecting photosynthesis.
Effects of Pb on aquatic plants supported by additional evidence in this review include
oxidative damage, decreased photosynthesis, and reduced growth. Most recent studies
report effects on growth at concentrations much higher than Pb typically encountered in
the environment, however, some sublethal endpoints such as effects on chlorophyll were
reported at concentrations in the 100 to 200 µg Pb/L range, albeit still much higher than
those typically encountered in U.S. surface waters (Table 1-1). Elevated levels of
antioxidant enzymes are commonly observed in aquatic plant, algae, and moss species
exposed to Pb (U.S. EPA, 1977) and recent evidence continues to support this
observation. Recent studies on uptake of Pb by aquatic plants support the findings of
previous Pb AQCDs that all such plants with roots tend to sequester larger amounts of Pb
in their roots than in their shoots, and provide additional evidence for species differences
in compartmentalization of sequestered Pb and in responses to Pb in water and sediments.
Exposure-response relationships in which increasing concentrations of Pb leads to
increasing effects have consistently been reported in freshwater algae and macrophytes,
suggesting that effects on growth and antioxidant activity are also occurring at lower
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concentrations, however, most current observations of Pb effects in freshwater plants are
at concentrations that exceed Pb concentration values available for U.S. surface waters
(Table 1-1).
The largest body of evidence for effects of Pb at or near concentrations encountered in
U.S. surface waters is from invertebrates. In the 1986 Pb AQCD (U.S. EPA, 1986a) and
2006 Pb AQCD (U.S. EPA, 2006b), reduced reproduction, growth, and survival were
reported in various species of freshwater invertebrates. In the 2006 Pb AQCD,
concentrations at which effects were observed in aquatic invertebrates ranged from 5 to
8,000 µg Pb/L. Recent evidence for effects of Pb on reproduction, growth, and survival
supports findings in previous Pb AQCDs (Table 6-5). In a series of 48-hour acute toxicity
tests using a variety of natural waters across North America, LC 50 values ranged from 29
to 180 µg Pb/L tests with the cladoceran Ceriodaphnia dubia (Esbaugh et al., 2011). In
this same species, increased DOC leads to an increased mean EC 50 for reproduction as
low as 25 µg Pb/L. Reproductive and growth effects have also been reported in rotifer,
midge and mayfly species near the range of Pb concentrations encountered in freshwater
habitats. Several studies in this review have provided evidence of growth effects at lower
concentrations. Among the most sensitive species, growth of juvenile freshwater snails
(Lymnaea stagnalis) was inhibited at an EC 20 of <4 µg Pb/L (Grosell and Brix, 2009;
Grosell et al., 2006b). A chronic value of 10 µg Pb/L, obtained in 28-day exposures of
2-month-old freshwater mussel (Lampsilis siliquoidea) juveniles, was the lowest
genus-mean chronic value ever reported for Pb (Wang et al., 2010f).
Since the 2006 Pb AQCD, there is additional evidence for Pb effects on antioxidant
enzymes, lipid peroxidation, stress response and osmoregulation in aquatic invertebrates,
as well as additional information on Pb bioaccumulation. Recent studies using stable
isotopes have enabled simultaneous measurement of uptake and elimination in several
aquatic organisms to assess the relative importance of water versus dietary uptake. In
uptake studies of various invertebrates, Pb was mainly found in the gills and digestive
gland/hepatopancreas.
Pb effects on freshwater vertebrates were previously assessed in the 1977 Pb AQCD, the
1986 Pb AQCD and the 2006 Pb AQCD (U.S. EPA, 2006b, 1986a, 1977). Evidence of
toxicity of Pb and other metals to freshwater organisms goes back to early observations
of contamination of natural areas by Pb mining leading to extirpation of fish from streams
(U.S. EPA, 1977). Recent evidence supports the findings of effects on survival,
reproduction, and behavior reported in previous Pb AQCDs for freshwater vertebrates. In
a series of 96-hour acute toxicity tests with fathead minnow conducted in a variety of
natural waters across North America, LC 50 values ranged from 41 to 3,598 µg Pb/L
(Esbaugh et al., 2011). Reproductive effects associated with water quality parameters
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were also noted with this species (Mager et al., 2010). In fish, several recent studies on
behavioral effects of Pb indicate decreased prey capture rate, slower swim speed and
decline in startle response and visual contrast with Pb exposure. These reported effects
provide additional evidence for toxicity of Pb to fish. Chronic NOEC and EC 10 values
reported for trout, a sensitive species, are within the range of Pb occasionally encountered
in U.S. surface waters (Table 6-2).
Observed responses of fish to Pb reported in the 1986 Pb AQCD and the 2006 Pb AQCD
included inhibition of heme formation, alterations in brain receptors, effects on blood
chemistry and hormonal systems, and decreases in some enzyme activities (U.S. EPA,
2006b, 1986a). Since the 2006 Pb AQCD, possible molecular targets for Pb neurotoxicity
have been identified in fish and additional mechanisms of Pb toxicity have been
elucidated in the fish gill and the fish renal system. In the 2006 Pb AQCD, amphibians
were considered to be relatively tolerant to Pb. Observed responses to Pb exposure
included decreased enzyme activity (e.g., ALAD reduction) and changes in behavior.
Since the 2006 Pb AQCD, studies conducted at concentrations approaching
environmental levels of Pb have indicated sublethal effects on tadpoles including
deformities and decrements in growth and swimming ability.
In the 2006 Pb AQCD, adverse effects were found in freshwater fish at concentrations
ranging from 10 to >5,400 µg Pb/L, generally depending on water quality variables
(e.g., pH, hardness, salinity). Additional testing of Pb toxicity under conditions of varied
alkalinity, DOC, and pH has been conducted since the last review. Effects in fish
observed in recent studies fall within the range of concentrations observed in the previous
Pb AQCD. Recent evidence also supports the 2006 conclusions that the gill is a major
site of Pb uptake in fish, and that there are species differences in the rate of Pb
accumulation and distribution of Pb within the organism. The anterior intestine has been
newly identified as a site of uptake of Pb through dietary exposure studies. At the time of
the publication of the 2006 Pb AQCD, trophic transfer of Pb through aquatic food chains
was considered to be negligible. Measured concentrations of Pb in the tissues of aquatic
organisms were generally higher in algae and benthic organisms than in consumers at
higher trophic levels, indicating that Pb was bioconcentrated but not biomagnified. Some
studies published since the 2006 Pb AQCD support the potential for transfer of Pb in
aquatic food webs, while other studies indicate that Pb concentration decreases with
increasing trophic level.
Ecosystem-level effects associated with Pb reported in previous Pb AQCDs include
alteration of predator-prey dynamics, species richness, species composition, and
biodiversity. Since the 2006 Pb AQCD, additional evidence for community and
ecosystem level effects of Pb reviewed in Sections 6.4.7 and 6.4.12.7 have been observed
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primarily in microcosm studies or field studies near contaminated areas (mining,
effluent). Findings from field studies of aquatic communities in the vicinity of heavily
contaminated sites include changes in species composition and species richness,
predator/prey interactions, nutrient cycling and energy flow; however, Pb is often found
coexisting with other metals and other stressors, which risk confounding the observed
effects. Recent studies provide evidence in additional habitats for these community and
ecological-level effects, specifically in aquatic macrophyte communities and
sediment-associated communities. Different species may exhibit different responses to
Pb-impacted ecosystems dependent not only upon other environmental factors
(e.g., temperature, pH), but also on species sensitivity, lifestage, or seasonally-affected
physiological state. Aquatic ecosystems with low pH and low dissolved organic matter
are likely to be the most sensitive to the effects of atmospherically-deposited Pb.

Biological Effects of Pb on Saltwater Plants, Invertebrates and Vertebrates
In general, Pb toxicity to marine/estuarine plants, invertebrates and vertebrates is less
well characterized than toxicity to Pb in freshwater systems due to an insufficient
quantity of studies on saltwater organisms. In marine algae, effects on growth are
observed in the most sensitive species at Pb concentrations that exceed amounts
measured in the open sea or estuaries (Table 1-1). The majority of available studies of Pb
effects on saltwater organisms are for invertebrate species. Evidence for Pb effects on
reproduction, growth and survival as well as neurobehavioral, hematological and
physiological stress endpoints are coherent with findings in freshwater invertebrates
although most effects are observed at concentrations above 100 µg Pb/L which exceeds
Pb typically encountered in seawater (Table 1-1). Fewer studies are available for Pb in
marine sediments. In the amphipod, Elasmopus laevis, onset to reproduction was
significantly delayed at 118 mg/Pb kg sediment; a concentration that the authors indicate
is below the current marine sediment regulatory guideline for Pb (218 mg Pb/kg
sediment) (Ringenary et al., 2007; NOAA, 1999). In the same study, no effects of Pb on
adult survival in 28-day or 60-day sediment exposures were observed. Additional studies
on reproduction, growth, and survival in marine invertebrates report effects above the
range considered for causal determinations (Table II, Preamble). Several field monitoring
studies with marine bivalves have used ALAD as a biomarker for Pb exposure and
correlated ALAD inhibition to increased Pb tissue content. Field and laboratory studies
provide evidence for antioxidant response to Pb exposure, however, most effects are
observed at concentrations of Pb that are higher than concentrations detected in marine
environments. No recent evidence for effects of Pb on marine vertebrates in controlled
exposures was available for review.

1-47

1.7.3

Determinations of Causality for Effects on Ecosystems

Level

Effect

Terrestriala

Freshwatera

Saltwatera

Communityand
EcosystemLevel

Community and Ecosystem Effects
(Sections 6.3.12.7, 6.4.12.7, and 6.4.21.7)

Likely Causal

Likely Causal

Inadequate

Reproductive and Developmental Effects - Plants
(Sections 6.3.12.1, 6.4.12.1, and 6.4.21.1)

Inadequate

Inadequate

Inadequate

Reproductive and Developmental Effects Invertebrates
(Sections 6.3.12.1, 6.4.12.1, and 6.4.21.1)

Causal

Causal

Suggestive

Reproductive and Developmental Effects Vertebrates
(Sections 6.3.12.1, 6.4.12.1, and 6.4.21.1)

Causal

Causal

Inadequate

Growth - Plants
(Sections 6.3.12.2, 6.4.12.2, and 6.4.21.2)

Causal

Likely Causal

Inadequate

Growth - Invertebrates
(Sections 6.3.12.2, 6.4.12.2, and 6.4.21.2)

Likely Causal

Causal

Inadequate

Growth - Vertebrates
(Sections 6.3.12.2, 6.4.12.2, and 6.4.21.2)

Inadequate

Inadequate

Inadequate

Survival - Plants
(Sections 6.3.12.3, 6.4.12.3, and 6.4.21.3)

Inadequate

Inadequate

Inadequate

Survival - Invertebrates
(Sections 6.3.12.3, 6.4.12.3, and 6.4.21.3)

Causal

Causal

Inadequate

Survival - Vertebrates
(Sections 6.3.12.3, 6.4.12.3, and 6.4.21.3)

Likely Causal

Causal

Inadequate

Neurobehavioral Effects - Invertebrates
(Sections 6.3.12.4, 6.4.12.4, and 6.4.21.4)

Likely Causal

Likely Causal

Inadequate

Likely Causal

Likely Causal

Inadequate

Inadequate

Likely Causal

Suggestive

Causal

Causal

Inadequate

Causal

Likely Causal

Inadequate

Likely Causal

Likely Causal

Suggestive

Likely Causal

Likely Causal

Inadequate

Sub-organismal
Responses

Organism–Level Responses

Summary of Pb causal determinations for plants, invertebrates, and
vertebrates.

Population–Level Endpoints

Table 1-3

Neurobehavioral Effects - Vertebrates
(Sections 6.3.12.4, 6.4.12.4, and 6.4.21.4)
Hematological Effects - Invertebrates
(Sections 6.3.12.5, 6.4.12.5, and 6.4.21.5)
Hematological Effects - Vertebrates
(Sections 6.3.12.5, 6.4.12.5, and 6.4.21.5)
Physiological Stress - Plants
(Sections 6.3.12.6, 6.4.12.6, and 6.4.21.6)
Physiological Stress - Invertebrates
(Sections 6.3.12.6, 6.4.12.6, and 6.4.21.6)
Physiological Stress - Vertebrates
(Sections 6.3.12.6, 6.4.12.6, and 6.4.21.6)

a

Conclusions are based on the weight of evidence for causal determination in Table II of the ISA Preamble. Ecological effects
observed at or near ambient Pb concentrations measured in soil, sediment and water in the most recent available studies (Table
1-1). were emphasized and studies generally within one to two orders of magnitude above the reported range of these values were
considered in the body of evidence for terrestrial (Section 6.3.12), freshwater (Section 6.4.12) and saltwater (Section 6.4.21)
ecosystems.
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1.7.3.1

Effects on Development and Reproduction

Evidence from invertebrate and vertebrate studies from Pb AQCDs and in this review
indicates that Pb is affecting reproductive performance in multiple species. Various
endpoints have been measured in multiple taxa of terrestrial and aquatic organisms to
assess the effect of Pb on development, fecundity, and hormone homeostasis, and they
have demonstrated the presence of adverse effects. Reproductive effects are important
when considering effects of Pb because impaired fecundity at the organism level of
biological organization can result in a decline in abundance and/or extirpation of
populations, decreased taxa richness, and decreased relative or absolute abundance at the
community level (Suter et al., 2005; U.S. EPA, 2003a). The evidence is sufficient to
conclude that there is a causal relationship between Pb exposures and developmental and
reproductive effects in terrestrial (Section 6.3.12.1) and freshwater (Section 6.4.12.1)
invertebrates and vertebrates. Although there is less evidence for reproductive and
developmental effects of Pb in marine systems, available evidence is suggestive of a
causal relationship between Pb exposure and reproductive and developmental effects in
saltwater invertebrates (Section 6.4.21.1). The evidence is inadequate to conclude that
there is a causal relationship between Pb exposures and developmental and reproductive
effects in saltwater vertebrates and in either terrestrial or aquatic plants.
Recent evidence for developmental and reproductive endpoints in terrestrial invertebrates
shown to be affected by Pb include hatching success in collembolans, increased
development time in fruit flies and aphids, and disrupted hormone homeostasis in moths.
These studies have generally used Pb concentrations that exceed Pb soil concentrations
found at most U.S. locations (Table 1-1), but many of them included multiple
concentrations, and responses increased with increasing concentration. In terrestrial
vertebrates, recent evidence for decreased sperm count and quality in deer at a location
contaminated by mining, and for decreased testis weight in lizards, support previous
associations between Pb exposure and reproductive and developmental effects. Few
studies are available that specifically address reproductive effects of Pb exposure in either
terrestrial or aquatic plants.
In terrestrial invertebrates, Pb can alter developmental timing, hatching success, sperm
morphology, and hormone homeostasis. In fruit flies, Pb exposure increased time to
pupation and decreased pre-adult development. Sperm morphology was altered in
earthworms exposed to Pb-contaminated soils. Pb may also disrupt hormonal
homeostasis in invertebrates as studies with moths have suggested. Evidence of
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multi-generational toxicity of Pb is also present in terrestrial invertebrates, specifically
springtails, mosquitoes, carabid beetles, and nematodes where decreased fecundity in
progeny of Pb-exposed individuals was observed. However, effects have only been
studied in a small number of species.
For freshwater invertebrates, exposure to Pb under controlled conditions has provided
evidence for reproductive effects on sensitive taxa (gastropods, amphipods, cladocerans)
at or near the range of Pb concentration values available for U.S. surface waters (Table
1-1). Reproductive effects were reported to begin at 19 µg Pb/L for the snail Lymnaea
palustris and 27 µg Pb/L for Daphnia sp. as reported in the 1986 Pb AQCD (U.S. EPA,
1986b). In a 42-day chronic study reviewed in the 2006 Pb AQCD, the LOEC for
reproduction was 3.5 µg Pb/L in amphipods receiving both waterborne and dietary Pb
(Besser et al., 2005). Several recent studies in snails, rotifers and other freshwater
invertebrates support previous findings of adverse impacts to reproduction (Table 6-5) .
Reproductive effects have also been observed in multi-generational studies with aquatic
invertebrates. Larval settlement rate and rate of population increase was decreased in
rotifers and marine amphipods. Rotifers have a reduced fertilization rate associated with
Pb exposure that appears to be due to decreased viability of sperm and eggs.
In freshwater vertebrates there is evidence for reproductive and developmental effects of
Pb. Recent evidence in frogs and freshwater fish continues to support developmental and
reproductive effects of Pb in aquatic vertebrates reported in earlier Pb AQCDs.
Pb-exposure in tadpoles has been demonstrated to delay metamorphosis, decrease larval
size, produce subtle skeletal malformations, and to result in slower swimming speed.
Previous Pb AQCDs have reported developmental effects in fish, specifically spinal
deformities in larvae at a concentration of 120 µg Pb/L. In the 2006 Pb AQCD, decreased
spermatocyte development in rainbow trout was observed at 10 µg Pb/L and in fathead
minnow testicular damage occurred at 500 µg Pb/L. In more recent studies, reproduction
in fathead minnows was affected in breeding exposures following 300-day chronic
toxicity testing. However, reproductive performance was unaffected in zebrafish Danio
rerio exposed to Pb-contaminated prey. In fish, there is recent evidence of Pb effects on
steroid profiles from nominal exposure studies.
In terrestrial vertebrates, evidence from Pb AQCDs and more recent evidence support an
association between Pb exposure and observed adverse reproductive effects. In mammals,
few studies in the field have addressed Pb specifically: most available data in wild or
grazing animals are from near smelters, where animals are co-exposed to other metals.
Evidence obtained using mammals in the context of human health research demonstrates
adverse effects of Pb on sperm, and on onset of puberty in males and females (Chapter 4),
which is coherent with the partial evidence from mammals in the wild. Other
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reproductive endpoints including spontaneous abortions, pre-term birth, embryo
development, placental development, low birth weight, subfecundity, hormonal changes,
and teratology were also affected, but less consistently. Recent toxicological data from
animal studies support trans-generational effects, a finding that is also an area of
emerging interest in ecology.
Many studies of effects on reproductive and developmental endpoints in terrestrial
invertebrates and vertebrates have been conducted with soil Pb concentrations exceeding
those found in most U.S. locations. Recent and past studies that include multiple,
increasing concentrations of Pb, from background level to levels greater than those
associated with heavily contaminated sites, showed exposure-dependent responses. For
some sensitive aquatic species, recent evidence supports previous findings of
reproductive and developmental effects of Pb and differential lifestage response at or near
concentrations of Pb reported from natural environments.

1.7.3.2

Effects on Growth

Alterations in the growth of an organism can impact population, community and
ecosystem level variables. Evidence is sufficient to conclude that there is a causal
relationship between Pb exposures and effects on growth in terrestrial plants (Section
6.3.12.2) and freshwater invertebrates (Section 6.4.12.2). Evidence is sufficient to
conclude that a causal relationship is likely to exist between Pb exposure and effects on
growth in terrestrial invertebrates and freshwater plants. Evidence is inadequate to
establish a causal relationship between Pb exposures and effects on growth in terrestrial
and aquatic vertebrates and saltwater biota (Section 6.4.21.2).
Evidence for effects of Pb on growth is strongest in terrestrial plants. In invertebrates,
evidence for effects of Pb on growth has been observed most extensively in freshwater
taxa, with inhibition in sensitive species occurring in or near the range of Pb
concentration values found in surveys of U.S. surface waters (Table 1-1). Vertebrates,
particularly terrestrial, have been the object of a comparatively much smaller number of
studies of the effects of Pb on growth. Growth effects observed in both invertebrates and
vertebrates, however, underscore the importance of lifestage to overall Pb susceptibility.
In general, juvenile organisms are more sensitive than adults. Evidence for growth effects
of Pb in freshwater and terrestrial plant species is primarily supported by earlier Pb
AQCDs. In aquatic invertebrates, the weight of the evidence continues to support growth
effects of Pb with several recent studies reporting effects at ≤ 10 µg Pb/L, specifically in
snails and mussels (Table 6-5). Also, growth effects in frogs are reported at lower
concentrations in the current document than in earlier reviews.
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There is evidence over several decades of research that Pb inhibits photosynthesis and
respiration in plants, both of which reduce growth (U.S. EPA, 2006b, 1977). Many
toxicity studies conducted in laboratory and greenhouse settings have reported effects on
plants. These effects are typically observed in laboratory studies with high exposure
concentrations or in field studies near stationary sources and heavily contaminated sites,
but studies that include multiple concentrations of Pb show increased response with
increasing concentration. Pb has been shown to affect photosystem II, altering the
pigment structure, and decreasing the efficiency of visible light absorption by affected
plants. Decreases in chlorophyll a and b content have been observed in various algal and
plant species. Most primary producers experience EC 50 values for growth in the range of
1,000 to 100,000 µg Pb/L with minimal inhibition of growth observed as low as
100 µg Pb/L (U.S. EPA, 2006b).
Growth effects of Pb on aquatic invertebrates are reviewed in the draft Ambient Aquatic
Life Water Quality Criteria for Lead (U.S. EPA, 2008b) and the 2006 Pb AQCD (U.S.
EPA, 2006b). In the 2006 Pb AQCD, the LOEC for growth of freshwater amphipods
Hyalella azteca in 42-day chronic exposure to Pb was 16 µg Pb/L (Besser et al., 2005).
Recent studies summarized in Table 6-5 provide additional evidence for effects on
growth of aquatic invertebrates, with some effects observed at ≤ 10 µg Pb/L. Growth of
juvenile freshwater snails L. stagnalis was inhibited below the lowest concentration
tested resulting in an EC 20 <4 µg Pb/L (Grosell and Brix, 2009; Grosell et al., 2006b). In
the same study, the NOEC was 12 µg Pb/L and the LOEC was 16 µg Pb/L. The authors
indicated that the observed effect level for Pb was very close to the current U.S. EPA
water quality criteria for Pb (3.3 µg Pb/L normalized to test water hardness) (Grosell and
Brix, 2009). In the freshwater mussel, fatmucket (L. siliquoidea) juveniles were the most
sensitive lifestage (Wang et al., 2010f). A chronic value of 10 µg Pb/L in a 28-day
exposure of 2-month-old fatmucket juveniles was the lowest genus mean chronic value
ever reported for Pb. Growth effects are also reported in marine invertebrates at higher
concentrations of Pb than sensitive freshwater invertebrates.
In Pb AQCDs, a few studies have reported growth effects of Pb on vertebrates including
fish (growth inhibition), birds (changes in juvenile weight gain), and frogs (delayed
metamorphosis, smaller larvae). A recent study reviewed in this ISA supports findings of
growth effects in frogs and suggests that these effects may be occurring at lower
concentrations than previously reported: the growth rate of tadpoles of the northern
leopard frog exposed nominally to 100 µg Pb/L from embryo to metamorphosis was
slower than the growth rate of the controls (Chen et al., 2006b). In this study, Pb
concentrations in the tissues of tadpoles were quantified and the authors reported that
they were within the range of reported tissue concentrations reported in wild-caught
populations. Reports of Pb-associated growth effects in fish are inconsistent.
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1.7.3.3

Effects on Survival

Survival is a biologically important response that may have a direct impact on population
size and can lead to effects at the community and ecosystem level of biological
organization. The evidence is sufficient to conclude that there is a causal relationship
between Pb exposures and survival in terrestrial invertebrates (Section 6.3.12.3) and
freshwater invertebrates and vertebrates (Section 6.4.12.3). Evidence is sufficient to
conclude that a causal relationship is likely to exist between Pb exposure and survival in
terrestrial vertebrates (Section 6.3.12.3). The evidence is inadequate to conclude that
there is a causal relationship between Pb exposure and survival in terrestrial and
freshwater plants (Section 6.3.12.3, and Section 6.4.12.3), as well as in all saltwater biota
(Section 6.4.21.3). There is evidence for mortality in saltwater organisms at
concentrations that greatly exceed Pb concentrations typically encountered in seawater.
In general, marine organisms are less sensitive to Pb than freshwater species.
In terrestrial vertebrates, evidence for Pb effects on survival is primarily supported by Pb
AQCDs with no recent studies reporting effects on survival at lower concentrations. For
aquatic invertebrates recent studies support previous associations between Pb exposure
and mortality at concentrations near the range of Pb concentration values available for
U.S. surface waters (Table 1-1) in cladocerans, amphipods, and rotifers (Table 6-5). In
aquatic vertebrates, there is recent evidence for effects in fish at <100 µg Pb/L. Pb is
generally not phytotoxic to freshwater or terrestrial plants at concentrations found in the
environment away from stationary sources and heavily contaminated sites, probably due
to the fact that plants often sequester large amounts of Pb in roots, and that translocation
to other parts of the plant is limited.
The relationship between Pb exposure and decreased survival rate has been well
demonstrated in terrestrial and aquatic species, as presented in Sections 6.3.12.3,
6.4.12.3, 6.4.21.3, and in previous Pb AQCDs. Toxicological studies have established
LC 50 values for some species of plants, invertebrates, and vertebrates. From the LC 50
data on Pb in this review and previous Pb AQCDs, a wide range of sensitivity to Pb is
evident across taxa. LC 50 values are usually much higher than Pb concentrations near
contaminated sites, although physiological dysfunction that adversely impacts the fitness
of an organism often occurs well below concentrations that result in mortality.
Freshwater aquatic invertebrates are generally more sensitive to Pb exposure than other
taxa, with survival adversely impacted in a few species in laboratory studies at
concentrations near typical ambient levels. Freshwater biota that exhibit sensitivity to Pb
in the upper range of Pb concentrations measured in U.S. waters [median 0.50 µg Pb/L,
range 0.04 to 30 µg Pb/L (U.S. EPA, 2006b)], include some species of gastropods,
amphipods, cladocerans, and rotifers although the toxicity of Pb is highly dependent upon

1-53

water quality variables such as DOC, hardness, and pH. For example, amphipods tested
under various water conditions exhibited sensitivity to Pb at <10 µg Pb/L (U.S. EPA,
2006c) and the present document). These impacted species may include endangered
species or candidates for the endangered species list, such as the freshwater mussel
Lampsilis rafinesqueana (Neosho mucket). The EC 50 for foot movement (a measure of
viability) for newly transformed juveniles of this species was 188 µg Pb/L. Other aquatic
invertebrates such as odonates may be tolerant of Pb concentrations that greatly exceed
Pb detected in aquatic ecosystems.
Terrestrial invertebrates typically tolerate high concentrations of Pb relative to
concentrations found in most uncontaminated soils. In the 1986 Pb AQCD it was reported
that Pb at environmental concentrations occasionally found near roadsides and smelters
(10,000 to 40,000 µg Pb/g dry weight [mg Pb/kg]) can eliminate populations of bacteria
and fungi on leaf surfaces and in soil. LC 50 values for soil nematodes vary from
10-1,550 mg Pb/kg dry weight dependent upon soil organic matter content and soil pH
(U.S. EPA, 2006b). In earthworms, 14 and 28 day LC 50 values typically fall in the range
of 2,400-5,800 mg Pb/kg depending upon the species tested.
Data on mortality of saltwater species associated with exposure to Pb is limited; however,
in general, marine organisms are less sensitive to this metal than freshwater organisms
and the highest toxicity is observed in juveniles. In one study, effects of Pb on survival at
environmentally relevant concentrations of Pb in diet have been demonstrated through a
simulated marine food chain in which the primary producer, the microalgae Tetraselmis
suecica, was exposed nominally to 20 µg Pb/L and subsequently fed to brine shrimp
Artemia franciscana, (mean Pb content 12 to 15 µg Pb/g) which were consumed by
white-leg shrimp Litopenaeus vannamei, itself consumed by grunt fish Haemulon
scudderi representing the top of the marine food chain (Soto-Jiménez et al., 2011b).
Survival of brine shrimp was 25 to 35% lower than the control and both white shrimp and
grunt fish had significantly higher mortalities than controls.
In vertebrates, toxicity is observed in terrestrial avian and mammalian species in
laboratory studies over a wide range of doses (<1 to >1,000 mg Pb/kg body weight
per day) as reviewed for the development of ecological soil screening levels (Eco-SSLs)
(U.S. EPA, 2005b). The NOAELs for survival ranged from 3.5 to 3,200 mg
Pb/kg per day. In freshwater vertebrates there is considerable historic information on Pb
toxicity to fish. Recent studies support earlier AQCD findings of Pb effects on fish
survival and indicate effects at lower concentrations when testing with juvenile lifestages.
In a series of 96-hour acute toxicity tests with fathead minnow conducted in a variety of
natural waters across North America, LC 50 values ranged from 41 to 3,598 µg Pb/L and
no Pb toxicity occurred in three highly alkaline waters (Esbaugh et al., 2011). Thirty day
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LC 50 values for larval fathead minnows ranged from 39 to 1,903 µg Pb/L in varying
concentrations of DOC and Ca2+ (as CaSO 4 ) (Grosell et al., 2006a). In a recent study of
rainbow trout fry at 2-4 weeks post-swim up, the 96-hour LC 50 was 120 µg Pb/L at a
hardness of 29 mg/L as calcium carbonate (CaCO 3 ), a value much lower than in testing
with older fish (Mebane et al., 2008). In the same study, two chronic (>60 day) tests were
conducted with rainbow trout and the LC 20 values for survival were 34 µg Pb/L in the 69
day test and 113 µg Pb/L in the 62 day test.

1.7.3.4

Neurobehavioral Effects

Overall, the evidence from terrestrial and freshwater systems is sufficient to conclude that
a causal relationship is likely to exist between Pb exposures and neurobehavioral effects
in invertebrates and vertebrates (Sections 6.3.12.4 and 6.4.12.4). Evidence is inadequate
to conclude that there is a causal relationship between Pb exposure and neurobehavioral
endpoints in saltwater species (Section 6.4.21.4).
Observations from laboratory studies reported in Chapter 6 and previous Pb AQCDs have
shown adverse effects of Pb on neurological endpoints in both terrestrial and freshwater
animal taxa. Studies that consider mode-of-action and molecular targets of Pb toxicity in
biota are now available for a few species. Recent studies have continued adding to the
evidence from both invertebrate and vertebrate studies that Pb adversely affects behaviors
such as food consumption, avoidance, and escape from predators, behavioral
thermoregulation, and prey capture. These changes are likely to decrease the overall
fitness of the organism. Recent evidence includes reports of behavioral responses across a
larger variety of organisms including fish larvae born from Pb-exposed adults and
reptiles, while some impairments in feeding and escaping behaviors were reported for the
first time.
Central nervous system effects in fish recognized in previous Pb AQCDs include effects
on spinal neurons and brain receptors. Recent evidence from this review identifies
possible molecular targets for Pb neurotoxicity in fish. Additionally, there is recent
evidence for neurotoxic action of Pb in invertebrates with exposure to Pb observed to
cause changes in the morphology of gamma aminobutyric acid (GABA)-motor neurons
in nematodes (Caenorhabditis elegans) (Du and Wang, 2009).
Decreased food consumption of Pb-contaminated diet has been demonstrated in some
invertebrates (snails) and vertebrates (lizards, pigs, fish). Behavioral effects in grunt fish
H. scudderi, occupying the top level of a simulated marine food chain included lethargy
and decreased food intake in a 42-day feeding study (Soto-Jiménez et al., 2011b). These
fish were fed white shrimp exposed to Pb via brine shrimp that were initially fed
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microalgae cultured nominally at 20 µg Pb/L. In the same study, surfacing, reduction of
motility, and erratic swimming were observed in the white shrimp after 30 days of
exposure to Pb via diet. Pb may also decrease the ability of an organism to capture prey
or escape predation. For example, Pb exposure has been demonstrated to adversely affect
prey capture ability of certain fungal and fish species, and the motility of nematodes was
adversely affected in Pb-contaminated soils (Wang and Xing, 2008). Prey capture ability
was decreased in 10-day-old fathead minnows born from adult fish exposed to
120 µg Pb/L for 300 days, then subsequently tested in a 21-day breeding assay (Mager et
al., 2010). Altered pattern of escape swimming in larval zebrafish exposed to Pb as
embryos was reported at low nominal concentrations of Pb (2 and 6 µg Pb/L). Other
behavioral effects of Pb observed in fish include increased hyperactivity and decreased
ability to detect visual contrast. In a laboratory study, Pb-exposed gull chicks exhibited
abnormal behaviors such as decreased walking, erratic behavioral thermoregulation and
food begging that could make them more vulnerable in the wild (Burger and Gochfeld,
2005). The chicks were exposed to Pb via injection to produce feather Pb concentration
approximately equivalent to those observed in wild gulls. Lizards exposed to Pb through
diet in the laboratory exhibited abnormal coloration and posturing behaviors. These
findings show strong coherence with findings from studies in laboratory animals that
show that Pb induces changes in learning and memory (Section 4.3.2.3), as well as
attention (Section 4.3.3) and motor function (Section 4.3.7).

1.7.3.5

Hematological Effects

Based on observations in both terrestrial and freshwater organisms and additionally
supported by toxicological and epidemiological findings in laboratory animals and
humans, evidence is sufficient to conclude that there is a causal relationship between Pb
exposures and hematological effects in terrestrial and aquatic vertebrates (Sections
6.3.12.5 and 6.4.12.5). The evidence is sufficient to conclude that a causal relationship is
likely to exist between Pb exposures and hematological effects in freshwater
invertebrates and inadequate to conclude that there is a causal relationship between Pb
exposures and hematological effects in terrestrial invertebrates. Limited evidence from
marine invertebrates is suggestive of a causal relationship between Pb exposures and
hematological effects (Section 6.4.21.5). The mode of action of Pb on ALAD activity is
likely mediated through a common pathway in terrestrial, freshwater and saltwater
organisms.
Recent studies add support to the strong body of evidence presented in Pb AQCDs that
Pb exposure is associated with hematological responses in terrestrial and aquatic
vertebrates. Lower ALAD activity has been significantly correlated with elevated blood
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Pb levels in fish and mammals. In the 1986 Pb AQCD, decreases in RBC ALAD activity
following Pb exposure were well documented in birds and mammals (U.S. EPA, 1986a).
The draft Ambient Aquatic Life Water Quality Criteria for Lead summarized several
studies of ALAD activity in fish (U.S. EPA, 2008b). Further evidence from the
2006 Pb AQCD and this review suggests that this enzyme is an indicator for Pb exposure
across a wide range of taxa. Since the 2006 Pb AQCD, evidence of Pb effects on ALAD
activity has been found in additional species of invertebrates and fish, and has been
identified in bacteria. ALAD activity has been shown to vary greatly between species. In
addition to consideration of ALAD activity, there is recent evidence for deceased white
blood cell counts in amphibians affected by Pb exposure. The consistency and coherence
of these findings of effects on ALAD activity in vertebrates are also supported by some
evidence of Pb-induced alterations of blood chemistry in fish reported in the
2006 Pb AQCD (U.S. EPA, 2006b). This evidence is strongly coherent with observations
from human epidemiologic and animal toxicology studies where a causal relationship
was identified between Pb exposure and decreased RBC survival and function, and
altered heme synthesis in humans and laboratory animals (Sections 1.6.5 and 4.7).
In environmental assessments of metal-impacted habitats, ALAD is a recognized
biomarker of Pb exposure in invertebrates as well as vertebrates (U.S. EPA, 2006b).
Recent field studies of ALAD activity include observations in songbirds and owls near
historical mining areas and in bivalves collected from freshwater and estuarine
environments. Evidence for hematological effects of Pb in saltwater invertebrates is
limited primarily to field monitoring studies with bivalves.

1.7.3.6

Effects on Physiological Stress

Evidence is sufficient to conclude that there is a causal relationship between Pb
exposures and physiological stress in terrestrial plants (Section 6.3.12.6). Evidence is
sufficient to conclude that a causal relationship is likely to exist between Pb exposures
and physiological stress in terrestrial invertebrates and vertebrates (Section 6.3.12.6) as
well as freshwater plants, invertebrates and vertebrates (Section 6.4.12.6). Further
evidence in saltwater invertebrates is suggestive of a causal relationship between Pb
exposures and physiological stress (Section 6.4.21.6). Evidence is inadequate to conclude
that there is a causal relationship between Pb exposure and physiological stress responses
in saltwater plants and vertebrates.
Endpoints associated with physiological stress received no consideration prior to the
2006 Pb AQCD. Studies reviewed in the 2006 Pb AQCD reported stress-related effects
including upregulation of antioxidant enzymes and increased lipid peroxidation (U.S.
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EPA, 2006b). Recent evidence in additional species of terrestrial and freshwater plants,
invertebrates and vertebrates support, and expand upon findings in the previous Pb
AQCD. Some of these studies report findings within one to two orders of magnitude of
the range of Pb concentrations measured in terrestrial and freshwater environments
(Table 1-1). Recent studies include evidence for production of reactive oxygen species in
terrestrial plant species and in freshwater algae and fish in response to Pb exposure.
In the current document and the 2006 Pb AQCD (U.S. EPA, 2006b), there is strong
evidence of upregulation of antioxidant enzymes and increased lipid peroxidation
associated with Pb exposure in many species of plants, invertebrates and vertebrates. In
plants, increases of antioxidant enzymes with Pb exposure occur in algae, aquatic mosses,
floating and rooted aquatic macrophytes, and terrestrial species. Most observations of
antioxidant responses in plants typically occur at concentrations of Pb higher than found
in the environment. However, in a few terrestrial plant species, increases of antioxidant
enzymes occur at concentrations approaching the average Pb concentrations in U.S. soils
(Table 1-1) and limited transplantation studies with aquatic plants indicate elevated
antioxidant enzyme activity associated with Pb levels measured in sediments at polluted
sites. There is evidence for antioxidant activity in invertebrates, including gastropods,
mussels, and crustaceans, in response to Pb exposure. Some recent evidence for
invertebrate antioxidant responses in freshwater bivalves, and marine bivalve and
crustacean species indicates effects at Pb concentrations associated with polluted sites.
Markers of oxidative damage are also observed in fish, amphibians, and mammals, both
in the laboratory and in exposed natural environments. Across all biota, there are
differences in the induction of antioxidant enzymes that appear to be species-dependent.
Additional stress responses observed in terrestrial and freshwater invertebrates include
elevated heat shock proteins, osmotic stress and decreased glycogen levels. Heat shock
protein induction by Pb exposure has been observed in zebra mussels and mites. Tissue
volume regulation is adversely affected in freshwater crabs and glycogen levels
decreased in freshwater snails following Pb exposure. Although correlated with Pb
exposure, these responses are non-specific and may be altered with exposure to any
number of environmental stressors.
Upregulation of antioxidant enzymes and increased lipid peroxidation are considered to
be reliable biomarkers of stress, and suggest that Pb exposure induces a stress response in
those organisms, which may increase susceptibility to other stressors and reduce
individual fitness. The oxidative stress responses associated with Pb exposure are
consistent in terrestrial biota and in freshwater organisms. Furthermore, these responses
are also observed in experimental animal studies.
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1.7.3.7

Community and Ecosystem Effects

More evidence for Pb toxicity to terrestrial and aquatic biota has been reported from
single-species assays in laboratory studies than from whole ecosystem studies. The
evidence is strong for effects of Pb on growth, reproduction, and survival in very diverse
species, but considerable uncertainties exist in generalizing effects observed under
particular, small-scale conditions, up to the ecosystem level of biological organization. At
the ecosystem level, the presence of multiple stressors, variability in field conditions, and
differences in bioavailability of Pb make it difficult to measure the magnitude of effects,
and to quantify relationships between ambient concentrations of Pb and ecosystem
response. However, the cumulative evidence that has been reported for Pb effects at
higher levels of biological organization and for endpoints in single species with direct
relevance to population and ecosystem level effects (i.e., development and reproduction,
growth, survival) is sufficient to conclude that a causal relationship is likely to exist
between Pb exposures and the alteration of species richness, species composition and
biodiversity in terrestrial and freshwater ecosystems (Sections 6.3.12.7 and 6.4.12.7).
Evidence is inadequate to conclude that there is a causal relationship between Pb
exposure and effects at higher levels of biological organization in saltwater ecosystems
(Section 6.4.21.7).
Ecosystem-level studies in situ are complicated by the frequent confounding of Pb
exposure in Pb-polluted sites with other factors such as other trace metals and acidic
deposition. In those natural systems, Pb is often found co-existing with other stressors,
and observed effects may be due to cumulative toxicity. In laboratory studies and
simulated ecosystems, where it is possible to isolate the effect of Pb, this metal has been
shown to alter competitive behavior of species, predator-prey interactions, and
contaminant avoidance. At higher levels of biological organization, these effects may
change species abundance and community structure. Uptake of Pb into aquatic and
terrestrial organisms and its effects on survival, growth, and reproductive endpoints at the
organism level are expected to have ecosystem-level consequences. Where evidence of
effects is observed at the ecosystem level of organization, evidence from lower levels
brings consistency and plausibility for causality.
Most direct evidence of community and ecosystem level effects is from near stationary
sources and contaminated sites where Pb concentrations are higher than typically
observed in the environment. For terrestrial systems, evidence of impacts on natural
ecosystems near smelters, mines, and other industrial sources of Pb has been assembled
in previous decades. Those impacts include decreases in species diversity and changes in
floral and faunal community composition. For freshwater systems, the literature focuses
on evaluating ecological stress from Pb originating from urban and mining effluents
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rather than atmospheric deposition. Some organisms exhibit contaminant avoidance
behaviors when exposed to Pb-contaminated areas. For example, snails and fish avoid
higher concentrations of Pb while frogs and toads lack avoidance response. Recent
evidence, published since the 2006 Pb AQCD indicates that some species of worms will
avoid Pb-contaminated soils (Langdon et al., 2005).These dynamics are likely to change
species abundance and community structure at higher levels of biological organization.
Recent studies continue to demonstrate associations between Pb exposures and effects at
higher levels of biological organization that were shown in field and microcosm studies
in previous Pb AQCDs. Recent studies on plant and soil microbial communities and
sediment-associated and aquatic plant communities increase the total number of types of
ecological associations impacted by Pb. In terrestrial ecosystems, most studies show
decreases in microorganism abundance, diversity, and function with increasing soil Pb
concentration. Specifically, shifts in nematode communities, bacterial species, and fungal
diversity have been observed. Furthermore, presence of arbuscular mycorrhizal fungi
may protect plants growing in Pb-contaminated soils. Increased plant diversity
ameliorated effects of Pb contamination on a microbial community.
In aquatic ecosystems, Pb effects reviewed in the 2006 Pb AQCD (U.S. EPA, 2006b)
included reduced species abundance, richness and diversity, decreased primary
productivity, and altered predator-prey interactions. Since the 2006 Pb AQCD, there is
further evidence for effects of Pb in sediment-associated communities in both saltwater
and freshwater systems. Community structure and nematode diversity were altered in a
microcosm study with marine sediments (Mahmoudi et al., 2007). Sediment-bound Pb
contamination appears to differentially affect members of the benthic invertebrate
community, potentially altering ecosystem dynamics in small urban streams (Kominkova
and Nabelkova, 2005). Although surface water Pb concentrations in monitored streams
were determined to be very low, concentrations of the metal in sediment were high
enough to pose a risk to the benthic community (e.g., 34-101 mg Pb/kg). These risks
were observed to be linked to benthic invertebrate functional feeding group, with
collector-gatherer species exhibiting larger body burdens of heavy metals than benthic
predators and collector-filterers.
Changes to aquatic plant community composition have been observed in the presence of
elevated surface water Pb concentrations. A shift toward more Pb-tolerant species is also
observed in terrestrial plant communities near smelter sites (U.S. EPA, 2006b). Certain
types of plants such as rooted and submerged aquatic plants may be more susceptible to
aerially-deposited Pb resulting in shifts in Pb community composition. High Pb sediment
concentrations are linked to shifts in amphipod communities inhabiting plant structures.
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1.8

Integration of Health and Ecological Effects
The health and ecological effects considered for causal determination are summarized in
Table 1-4. The health outcomes were those related to the nervous, cardiovascular, renal,
and immune system, effects on heme synthesis and RBC function, reproductive and
developmental effects, and cancer. The ecological endpoints considered for causal
determination were: community and ecosystem level effects, reproductive and
developmental effects, growth, survival, neurobehavioral effects, hematological effects,
and physiological stress. The evidence relating to specific ecological endpoints is also
integrated across aquatic and terrestrial habitats. Further, the substantial overlap between
the ecological and health endpoints considered in the causal determinations allowed the
integration of the evidence across these disciplines.

Table 1-4

Summary of causal determinations for health and ecological effects.

Outcome/Effect

Human Health
Causal Determinationa

Ecological Receptors
Causal Determinationa

Nervous System
Effectsb

Causal Relationship: Cognition, Attention,
Impulsivity and Hyperactivity in Children

Likely Causal Relationship: Neurobehavioral
Effects in Terrestrial and Freshwater
Invertebrates and Vertebrates

Cardiovascular
Effects

Causal Relationship: Hypertension and
Coronary Heart Disease

N/A

Renal Effects

Likely Causal Relationship: Reduced
Kidney Function

N/A

Immune Effects

Likely Causal Relationship: Atopic and
Inflammatory Conditions, Decreased Host
Resistance

N/Ae

Hematological
Effectsc

Causal Relationship: RBC Function and
Survival, Altered Heme Synthesis

Causal Relationship: ALAD Activity in Terrestrial
and Freshwater Vertebrates
Likely Causal Relationship: ALAD activity in
Freshwater Invertebrates

Reproductive and
Developmental
Effectsd

Causal Relationship: Development and
Male Reproductive Function

Causal Relationship:
Invertebrates and Vertebrates

Cancer

Likely to be a causal relationship

N/Ae
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e

e

Table 1-4 (Continued): Summary of causal determinations for health and ecological effects.
Human Health
Causal Determinationa

Outcome/Effect

Mortality

N/Ae (The strongest evidence of
Pb-induced mortality in humans was
observed for cardiovascular disease
related mortality and this evidence was
considered in determining the causal
relationship between Pb exposure and
coronary heart disease.)
e

Growth

N/A (There is mixed evidence from
toxicological and epidemiologic studies of
Pb effects on postnatal growth, which was
considered in determining the causal
association between Pb exposure and
developmental effects.)

Physiological Stress

N/Ae (In Human Health, oxidative stress
was considered as an upstream event in
the modes of action of Pb, leading
downstream to various effects. Ecological
literature commonly uses oxidative stress
as a proxy indicator of overall fitness, and
thus treats it as an effect.)

Community and
Ecosystem Level
Effects

N/A

Ecological Receptors
Causal Determinationa
Causal Relationship:
Survival Terrestrial Invertebrates and
Freshwater Invertebrates and Vertebrates
Likely Causal Relationship:
Terrestrial Vertebrates
Causal Relationship: Terrestrial Plants and
Freshwater Invertebrates
Likely Causal Relationship: Freshwater Plants
and Terrestrial Invertebrates
Causal Relationship: Terrestrial Plants
Likely Causal Relationship:
Terrestrial and Freshwater Invertebrates and
Vertebrates and Freshwater Plants
Likely Causal Relationship:
Terrestrial and Freshwater Ecosystems

e

a

In drawing conclusions regarding the causal relationship between Pb exposure and human health effects, evidence in the range of
relevant pollutant exposures or biomarker levels was considered. Evidence from toxicological studies of effects observed in
experimental animals at biomarker levels (e.g. blood Pb) comparable to those currently experienced by the U.S. general population
were emphasized. Generally, studies with dietary exposures resulting in blood Pb levels within one order of magnitude above the
upper end of the distribution of U.S. blood Pb levels were considered in forming concusions, with the majority of studies reporting
blood Pb levels below 30 µg/dLIn forming conclusions, Ecological effects observed at or near ambient Pb concentrations measured
in soil, sediment and water in the most recent available studies (Table 1-1) were emphasized and studies generally within one to two
orders of magnitude above the reported range of these values were considered in the body of evidence for terrestrial, freshwater
and saltwater ecosystems.
b

In ecological receptors, the causal determination was developed considering neurobehavioral effects that can be observed in
toxicological studies of animal models and studies of ecological effects in vertebrates and invertebrates.
c

The ecological evidence considered for the causal determination included ALAD activity, blood cell count, and altered serum
profiles.
d

For health effects the strongest evidence was for delayed onset of puberty and detrimental effects on sperm. In the ecological
literature, a wide range of endpoints, including embryonic development, multigenerational studies, delayed metamorphosis, and
altered steroid profiles, was considered.
e

N/A, not applicable, i.e., Endpoints were not directly comparable for the health and ecological evidence.
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1.8.1

Modes of Action Relevant to Downstream Health and Ecological
Effects
The diverse health and ecological effects of Pb are mediated through multiple,
interconnected modes of action. This section summarizes the principal
cellular/subcellular effects contributing to modes of action for human health endpoints
associated with Pb exposure and the concentrations at which those effects are observed.
Then, effects of Pb observed in aquatic and terrestrial species (Section 1.7) are evaluated
along with evidence from epidemiological and laboratory animal studies to determine the
extent to which common modes of action can be inferred from the observed effects. The
rationale for this approach is that the mechanism of Pb toxicity is likely conserved from
invertebrates to vertebrates to humans in some organ systems.
Each of the modes of action discussed in Section 4.2 has the potential to contribute to the
development of a number of Pb-induced health effects (Table 1-4). Evidence for the
majority of these modes of action is observed at low blood Pb levels in humans and
laboratory animals, between 2 and 5 µg/dL, and at doses as low as the picomolar range in
animals and cells. The concentrations eliciting the modes of action (reported in Table
1-5) are drawn from the available data and do not imply that these modes of action are
not acting at lower exposure levels or that these doses represent the threshold of the
effect. Also, the data in presented this table does not inform regarding the exposure
frequency and duration required to elicit a particular MOA.
Ecosystem studies have presented evidence for the occurrence of many of these modes of
action in animals, and to some degree in plants, however the connection to ecological
outcomes must usually be inferred because ecological studies are typically not designed
to address mode of action directly. The level at which Pb elicits a specific effect is more
difficult to establish in terrestrial and aquatic systems due to the influence of
environmental variables on Pb bioavailability and toxicity and substantial species
differences in Pb susceptibility.
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Table 1-5

Modes of action, their related health effects, and information on
concentrations eliciting the MOAs.

Mode of Action

Concentrations or Doses (Conditions)a

[Related Health Effects
(ISA Section)]

Blood Pb

Dose

Altered Ion Status
[All Health Effects of Pb;
Chapter 4]

3.5 µg/dL
(Mean in cord blood; association with
2+
cord blood Ca ATPase pump activity)
Huel et al. (2008)

0.00005 µM free Pb2+
(In vitro; 30 minutes; calmodulin
activation assay)
Kern et al. (2000)

Protein Binding
[Renal (4.5),
Heme Synthesis and
RBC Function (4.7)]

17.0 µg/dL
(Concurrent mean in adult workers with
wildtype metallothionein expression;
increased BP susceptibility)
Chen et al. (2010a)

50 µM Pb glutamate
(In vitro; 24 hours; increased nuclear
protein in neurological cell)
Klann and Shelton (1989)

Oxidative Stress
[All Heath Effects of Pb
(Chapter 4)]

5.4 µg/dL
(Concurrent mean in adult male
workers; decreased CAT activity in
blood)
Conterato et al. (2013)

0.1 µM Pb acetate
(In vitro; 48 hours; decreased cellular
GSH in neuroblastoma cells)
Chetty et al. (2005)

Inflammation
[Nervous System (4.3),
Cardiovascular (4.4),
Renal (4.5),
Immune (4.6),
Respiratory (4.6.5 and
4.9.6),
Hepatic (4.9.1)]

Among males with concurrent blood Pb
≥ 2.5 µg/dL
(Increased serum TNF-α and blood
WBC count)
Kim et al. (2007)

0.01 µM Pb acetate
(In vitro; 48 hours; increased cellular
PGE 2 in neuroblastoma cells)
Chetty et al. (2005)

Endocrine Disruption
[Reproductive and
Developmental Effects (4.8),
Endocrine System (4.9.3) ,
Bone and Teeth (4.9.4)]

1.7 µg/dL
(Lowest blood Pb level at which a
relationship could be detected in adult
women with both ovaries removed;
increased serum follicle stimulating
hormone [FSH])
Krieg (2007)

10 µM Pb nitrate
(In vitro; 30 minutes; displaced GHRH
binding to rat pituitary receptors)
Lau et al. (1991)

Cell Death/Genotoxicity
[Cancer (4.10),
Reproductive and
Developmental Effects (4.8),
Bone and Teeth (4.9.4)]

3.3 µg/dL
(Concurrent median in adult women;
increased rate of hypoxanthine guanine
phospho ribosyltransferase reporter
gene [HPRT] mutation frequency)
Van et al. (2004)

0.03 µM Pb acetate
(In vitro; 18 hours; increased formation
of micronuclei)
Bonacker et al. (2005)

a

This table provides examples of studies that report effects with low doses or concentration; they are not the full body of evidence
used to characterize the weight of the evidence. In addition, the levels cited are reflective of the data and methods available and
do not imply that these modes of action are not acting at lower Pb exposure or blood Pb levels or that these doses represent the
threshold of the effect. Additionally, the blood concentrations and doses (indicating Pb exposure concentrations from in vitro
systems) refer to the concentrations and doses at which these modes of action were observed. While the individual modes of
action are related back to specific health effects sections (e.g., Nervous System, Cardiovascular), the concentrations and doses
given should not be interpreted as levels at which those specific health effects occur.
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The alteration of cellular ion status (including disruption of Ca2+ homeostasis, altered ion
transport mechanisms, and perturbed protein function through displacement of metal
cofactors) appears to be the major unifying mode of action underlying all subsequent
modes of action in plants, animals, and humans (Figure 4-1). Pb can interfere with
endogenous cation homeostasis, necessary as a cell signal carrier mediating normal
cellular functions. Pb is able to displace metal ions, such as Zn, Mg, and Ca2+, from
proteins due to the flexible coordination numbers and multiple ligand binding ability of
Pb, leading to abnormal conformational changes to proteins and altered protein function.
Disruption of ion transport leading to increased intracellular Ca2+ levels is due in part to
the alteration of the activity of transport channels and proteins, such as Na+/K+ATPase
and voltage-sensitive Ca2+ channels. Pb can interfere with these proteins through direct
competition between Pb and the native metals present in the protein metal binding
domain or through disruption of proteins important in Ca2+-dependent cell signaling, such
as protein kinase C (PKC) or calmodulin.
This competition between metals has been reported not only in human systems, but also
in fish, snails, and plants. Altered Ca2+ channel activity and binding of Pb with
Na+/K+ATPase in the gills of fish disrupts the Na+ and Cl- homeostasis, which may lead
to ionoregulatory failure and death. Ca2+ influx and ionoregulation has also been shown
to be inhibited by Pb exposure in a sensitive species of snail, leading to a reduction in
snail growth. In plants, substitution of the central atom of chlorophyll, Mg, by Pb
prevents light-harvesting, resulting in a breakdown of photosynthesis. Pb-exposed
animals also have decreased cellular energy production due to perturbation of
mitochondrial function.
Disruption of ion transport not only leads to altered Ca2+ homeostasis, but can also result
in perturbed neurotransmitter function. Evidence for these effects in Pb-exposed
experimental animals and cell cultures has been linked to altered neurobehavioral
endpoints and other neurotoxicity. Neurobehavioral changes that may decrease the
overall fitness of the organism have also been observed in aquatic and terrestrial
invertebrate and vertebrate studies. There is evidence in tadpoles and fish to suggest Pb
may alter neurotransmitter concentrations, possibly resulting in some of these
neurobehavioral changes.
Altered cellular ion status following Pb exposure can result in the inhibition of heme
synthesis. Pb exposure is commonly associated with altered hematological responses in
aquatic and terrestrial invertebrates, experimental animals, and human subjects. The
proteins involved in heme synthesis that are affected by Pb are highly conserved across
species, which may account for the common response seen in human health and
ecological studies. This evolutionarily conserved response to Pb is likely the result of the
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competition of Pb with the necessary metal cofactors in the proteins involved in heme
synthesis.
Although Pb will bind to proteins within cells through interactions with side group
moieties, thus potentially disrupting cellular function, protein binding of Pb may
represent a mechanism by which cells protect themselves against the toxic effects of Pb.
Intranuclear and intracytosolic inclusion body formation has been observed in the kidney,
liver, lung, and brain following Pb exposure in experimental animals. A number of
unique Pb binding proteins have been detected, constituting the observed inclusion
bodies. The major Pb binding protein in blood is ALAD with carriers of the ALAD-2
allele potentially exhibiting higher Pb binding affinity. Inhibition of ALAD activity is a
widely recognized response to Pb in environments where Pb is present and is considered
to be biomarker of Pb exposure in both terrestrial and aquatic biota. Additionally,
metallothionein is an important protein in the formation of inclusion bodies and
mitigation of the toxic effects of Pb. Protein binding of Pb is a recognized mechanism of
Pb detoxification in some terrestrial and aquatic biota. For example, plants can sequester
Pb through binding with phytochelatin and some fish have the ability to store
accumulated Pb in heat-stable proteins.
A second major mode of action of Pb is the development of oxidative stress, due in many
instances to the antagonism of normal metal ion functions. Disturbances of the normal
redox state of tissues can cause toxic effects and is involved in the majority of health and
ecological outcomes observed after Pb exposure. The origin of oxidative stress produced
after Pb exposure is likely a multi-pathway process. Studies in humans and experimental
animals provide evidence to conclude that oxidative stress results from oxidation of
δ-ALA, NAD(P)H oxidase activation, membrane and lipid peroxidation, and antioxidant
enzyme depletion. Evidence of increased lipid peroxidation associated with Pb exposure
exists for many species of plants, invertebrates, and vertebrates. Enhanced lipid
peroxidation can also result from Pb potentiation of Fe2+ initiated lipid peroxidation and
alteration of membrane composition after Pb exposure. Increased Pb-induced ROS will
also sequester and inactivate biologically active nitric oxide or nitric oxide radical (NO),
leading to the increased production of the toxic product nitrotyrosine, increased
compensatory NOS, and decreased sGC protein. Pb-induced oxidative stress not only
results from increased ROS production but also through the alteration and reduction in
activity of the antioxidant defense enzymes. The biological actions of a number of these
enzymes are antagonized due to the displacement of the protein functional metal ions by
Pb. Increased ROS are often followed by a compensatory and protective upregulation in
antioxidant enzymes, such that this observation is indicative of oxidative stress
conditions. A number of studies in plants, invertebrates, and vertebrates present evidence
of increased antioxidant enzymes with Pb exposure. Additionally, continuous ROS
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production may overwhelm this defensive process leading to decreased antioxidant
activity and further oxidative stress and injury.
In a number of organ systems Pb-induced oxidative stress is accompanied by
misregulated inflammation. Pb exposure will modulate inflammatory cell function,
production of proinflammatory cytokines and metabolites, inflammatory chemical
messengers, and proinflammatory signaling cascades. Cytokine production is skewed
toward the production of proinflammatory cytokines like TNF-α and IL-6 as well as
leading to the promotion of Th2 response and suppression of Th1cytokines and
Th1-related responses.
Pb is a potent endocrine disrupting chemical. Steroid receptors and some endocrine
signaling pathways are known to be highly conserved over a broad expanse of animal
phylogeny. Pb can disrupt the HPG axis evidenced in humans, other mammals, and fish,
by a decrease in serum hormone levels, such as FSH, LH, testosterone, and estradiol. Pb
interacts with the hypothalamic-pituitary level hormone control causing a decrease in
pituitary hormones, altered growth dynamics, inhibition of LH secretion, and reduction in
StAR protein. Pb has also been shown to alter hormone receptor binding likely due to
interference of metal cations in secondary messenger systems and receptor ligand binding
and through generation of ROS. Pb disrupts hormonal homeostasis in invertebrates
necessary for reproduction and development. Pb also may disrupt the HPT axis by
alteration of a number of thyroid hormones, possibly due to oxidative stress. These
studies have been conducted in humans and other animals, including cattle; however the
results of these studies are mixed.
Genotoxicity and cell death has been investigated after Pb exposure in humans, animals,
plants, and cell models. High level Pb exposure to humans leads to increased DNA
damage, however lower blood Pb levels have been associated with these effects in
experimental animals and cells. Reports vary on the effect of Pb on DNA repair activity;
however, a number of studies report decreased repair processes following Pb exposure.
There is some evidence in plants, earthworms, freshwater mussels and fish for DNA
damage associated with Pb exposure. There is evidence of mutagenesis and clastogenicity
in highly exposed humans, however weak evidence has been shown in animals and cells
based systems. Human occupational studies provide limited evidence for micronucleus
formation (blood Pb levels >10 µg/dL), supported by Pb-induced effects in both animal
and cell studies. Micronucleus formation has also been reported in amphibians. Animal
and plant studies have also provided evidence for Pb-induced chromosomal aberrations.
The observed increases in clastogenicity may be the result of increased oxidative damage
to DNA due to Pb exposure, as co-exposures with antioxidants ameliorate the observed
toxicities. Limited evidence of epigenetic effects is available, including DNA
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methylation, mitogenesis, and gene expression. Altered gene expression may come about
through Pb displacing Zn from multiple transcriptional factors, and thus perturbing their
normal cellular activities. Consistently positive results have provided evidence of
increased apoptosis of various cell types following Pb exposure.
Overall, Pb-induced health and ecological effects can occur through a number of
interconnected and evolutionarily well conserved modes of action that generally originate
with the alteration of ion status.

1.9
1.9.1

Policy Relevant Considerations
Public Health Significance
The rationale for establishing the public health significance of the various health
endpoints associated with Pb exposure is multifaceted. The 2006 Pb AQCD (U.S. EPA,
2006b) concluded that neurodevelopmental effects in children and cardiovascular effects
in adults were among the effects best substantiated as occurring at the lowest blood Pb
levels, and that these categories of effects were clearly of the greatest public health
concern. The evidence reviewed in the current assessment supports and builds upon this
conclusion. Evidence in a few cohorts of children that indicated the supralinear
concentration-response blood Pb-FSIQ relationships, did not identify a threshold for
Pb-associated neurodevelopmental effects in the range of blood Pb levels examined
(Sections 1.9.3 and 4.3.13).
The World Health Organization (WHO) definition of “health” is “the state of complete
physical, mental, and social well-being and not merely the absence of disease or
infirmity” (WHO, 1948). By this definition, decrements in health status that are not
severe enough to result in the assignment of a clinical diagnosis might reflect a decrement
in the well-being of an individual. Further, deficits in subtle indices of health or
well-being may not be observable except in aggregate, at the population level, so the
critical distinction between population and individual risk is essential for interpreting the
public health significance of study findings. This concept of population risk is relevant to
the interpretation of findings regarding both IQ and blood pressure in the assessment of
their public health significance.
Weiss et al. (1988) discusses the hypothetical impact of a small shift in a population
distribution of IQ Score. As shown in Figure 1-1, these authors anticipate that even a
small shift in the population mean IQ may be significant from a public health perspective
because such a shift could yield a larger proportion of individuals functioning in the low
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range of the IQ distribution, which is associated with increased risk of educational,
vocational, and social failure (Section 4.3.13), as well as reduce the proportion of
individuals with high IQ scores.

Note: Two distributions of intelligence test scores. (Left): Based on a mean of 100 (the standardized average, with a standard
deviation of 15. (Right):Demonstrating a 5% reduction model, based on a mean score of 95. This is a conceptual model that
assumes that the incremental concentration-response between Pb exposure and IQ is similar across the full range of IQ, and is not
based on actual data. The figure shows that the effect of a small shift in population mean IQ score may result in a larger proportion
of individuals with IQ scores below 70 and a smaller proportion with IQ scores above 130.
Source: Reprinted with permission of Elsevier; from Weiss et al. (1988)

Figure 1-1

Distributions of IQ scores.

It is also important to note that the change in a population mean observed in an
epidemiologic study may be small compared to the standard error of measurement for the
outcome. Measurement error in the outcome can affect the likelihood of detecting an
association but if a study is large enough it will have adequate statistical power to detect
small changes at the population level. Bias may be introduced if the measurement error of
the outcome is highly correlated with the exposure. There is no evidence to suggest that
individuals with higher blood Pb levels test systematically lower than their true IQ.
Pb-associated changes in blood pressure also increase an individual’s risk for health
effects that are of greater clinical consequence than is suggested by a small individual
change in blood pressure. Nawrot et al. (2002) found that a doubling of blood Pb was
associated with an approximate 1 mmHg increase in systolic blood pressure. Results from
the Framingham Heart Study show that higher levels of blood pressure, even within the
nonhypertensive range, increase the risk of cardiovascular disease (Kannel, 2000a, b).
A continuous graded increase in cardiovascular risk is observed as blood pressure
increases, with no evidence of a threshold value. Most events arise not in the most severe
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cases, but mainly in those with high normal blood pressure (i.e., mild hypertension).
Kannel (2000a) emphasized that systolic blood pressure exerts a strong influence on more
serious cardiovascular events, as it is the primary cause of hypertension and its adverse
cardiovascular sequelae. Pb-associated effects on cardiovascular morbidity outcomes
such as ischemic heart disease (Section 4.4.3.6) and mortality (Section 4.4.5) have also
been observed. In addition, some groups within the population can be at greater risks for
cardiovascular effects; as summarized in Chapter 5, there is evidence for increased
cardiovascular effects based on race/ethnicity and several genetic markers. Overall, while
some of the specific health endpoints that have been associated with Pb exposure are
small physiological changes in an individual, these changes can represent substantial risk
at the population level.

1.9.2

Air-Pb–to–Blood-Pb Relationships
The 1986 Pb AQCD described epidemiologic studies of relationships between air Pb and
blood Pb. Much of the pertinent earlier literature for children described in the 1986 Pb
AQCD was included in a meta-analysis by Brunekreef (1984). Based on the studies
available at that time, the 1986 Pb AQCD concluded that “the blood Pb versus air Pb
slope β is much smaller at high blood and air levels.” This is to say that the slope β was
much smaller for occupational exposures where high blood Pb levels (>40 μg/dL) and
high air Pb levels (much greater than 10 μg/m3) prevailed relative to lower environmental
exposures which showed lower blood Pb and air Pb concentrations (<30 μg/dL and
<3 μg/m3). For those environmental exposures, it was concluded that the relationship
between blood Pb and air Pb “…for direct inhalation appears to be approximately linear
in the range of normal ambient exposures (0.1-2.0 μg/m3)” (pp 1–98 of the 1986 Pb
AQCD). In addition to the meta-analysis of Brunekreef (1984), more recent studies have
provided data from which estimates of the blood Pb-air Pb slope can be derived for
children (Table 1-6, Table 3-12). The range of estimates from these studies is 4-9 µg/dL
per µg/m3, which encompasses the estimate from the Brunekreef (1984) meta-analysis.
Most studies have described the blood Pb-air Pb relationship as either log-log (Schnaas et
al., 2004; Hayes et al., 1994; Brunekreef, 1984), which predicts an increase in the blood
Pb-air Pb slope with decreasing air Pb concentration or linear (Hilts, 2003; Tripathi et al.,
2001; Schwartz and Pitcher, 1989), which predicts a constant blood Pb-air Pb slope
regardless of air Pb concentrations. These differences may simply reflect model selection
by the investigators; alternative models are not reported in these studies.
The blood Pb-air Pb slope may also be affected in some studies by the inclusion of
parameters (e.g., soil Pb) that may account for some of the variance in blood Pb
attributable to air Pb. Other factors that likely contribute to the derived blood Pb-air Pb
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slope include differences in the populations examined and Pb sources, which varied
among individual studies. See Section 3.5 for a detailed discussion of studies that inform
air Pb-to blood-Pb relationships.

Table 1-6

Summary of estimated slopes for blood Pb to air Pb relationships
in children.

Reference

Study Methods

Model Description

Blood Pb–
Air Pb
Slopea

Brunekreef (1984)

Location: Various countries
Years: 1974-1983
Subjects: Children (varying age ranges,
N>190,000)
Analysis: Meta analysis of 96 child populations
from 18 study locations

Model: Log-Log
Blood Pb: 5-76 µg/dL
(mean range for studies)
3
Air Pb: 0.1-24 µg/m
(mean range for studies)

All children:
b
4.6 (1.5)
Children
<20 µg/dL:
4.8 (0.54)c

Hayes et al. (1994)

Location: Chicago, IL
Years: 1974-1988
Subjects: 0.5-5 yr (N = 9,604)
Analysis: Regression of quarterly median blood
Pb and quarterly mean air Pb

Model: Log-Log
Blood Pb: 10-28 µg/dL
(quarterly median range)
3
Air Pb: 0.05-1.2 µg/m
(quarterly mean range)

8.2 (0.62)d

Hilts (2003)

Location: Trail, BC
Years: 1996-2001
Subjects: 0.5-5 yr, 1996-2000; 0.5-3 yr, 2001
(Estimated N = 220-460, based on 292-536
blood Pb measurements/yr with 75-85%
participation).
Analysis: Regression of blood Pb screening and
community air Pb following upgrading of a local
smelter

Model: Linear
Blood Pb: 4.7-11.5 µg/dL
(annual geometric mean
range)
Air Pb: 0.03-1.1 µg/m3
(annual geometric mean
range)

7.0 (0.48)

Schwartz and
Pitcher (1989),
U.S. EPA (1986a)

Location: Chicago, IL
Years: 1976-1980
Subjects: Black children, 0-5 yr (N = 5,476)
Analysis: Multivariate regression of blood Pb
with mass of Pb in gasoline (derived from
gasoline consumption data and Pb
concentrations in gasoline for the U.S.)

Model: Linear
Blood Pb: 18-27 µg/dL
f
(mean range)
Air Pb: 0.36-1.22 µg/m3
(annual maximum
h
quarterly mean)

8.6 (0.75)g
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Table 1-6 (Continued): Summary of estimated slopes for blood Pb to air Pb relationships
in children.

Reference

Study Methods

Model Description

Tripathi et al. (2001)

Location: Mumbai, India (multiple residential
locations)
Years: 1984-1996
Subjects: 6-10 yr (N = 544)
Analysis: Regression of residential locationspecific average blood Pb and air Pb data

Model: Linear
Blood Pb: 8.6-14.4 µg/dL
(GM range for residential
locations)
Air Pb: 0.11-1.18 µg/m3
(GM range for residential
locations)

a

3

Blood Pb–
Air Pb
Slopea

3.6 (0.45)

i

3

Slope is predicted change in blood Pb (µg/dL per µg/m ) evaluated at ± 0.01 µg/m from central estimate of air Pb for the study
(shown in parentheses). The central estimate for the Brunekreef (1984) study, is the median of air Pb concentrations, since it was a
meta-analysis; for all other studies the mean is presented. For multiple regression models, this is derived based only on air Pb
coefficient and intercept. Depending on the extent to which other variables modeled also represent air Pb, this method may
underestimate the slope attributable to air pathways. In single regression models, the extent to which non-modeled factors,
unrelated to air Pb exposures, exert an impact on blood Pb that co-varies with air Pb may lead to the slope presented here to over
represent the role of air Pb.
b

ln(PbB) = ln(PbA) × 0.3485 + 2.853

c

ln(PbB) = ln(PbA) × 0.2159 + 2.620

d

ln(PbB) = ln(PbA) × 0.24 + 3.17

e

PbB = PbA × 7.0

f

Observed blood Pb values not provided; data are for regressed adjusted blood Pb.

g

PbB = PbA × 8.6

h

Based on data for the U.S. [1986 Pb AQCD, (U.S. EPA, 1986a)].

i

PbB =Pb A × 3.6
3

GM, geometric mean; GSD, geometric standard deviation; PbB, blood Pb concentration (µg/dL); PbA, air-Pb concentration (µg/m )

1.9.3

Concentration-Response Relationships for Human Health Effects
Concentration response (C-R) relationships have been examined most extensively in
studies of neurodevelopmental effects in children. Although relatively few studies
examined the shape of the concentration-response relationship between Pb in blood or
bone and effects in adults, several recent studies of adult endpoints (i.e., cognitive
function, cardiovascular and mortality effects) add to the evidence. Some of the
populations examined (e.g., NHANES, NAS) are likely to have had higher past than
recent Pb exposure. Other populations (e.g., worker populations) studied have ongoing
exposure to Pb. As described elsewhere in the document (Sections 3.3, 4.3, 4.4, and 4.5),
the interpretation of the study findings depends on the exposure history and the choice of
the biomarker in the context of what is known about that exposure history. There is
uncertainty regarding the frequency, duration, timing and level of exposure contributing
to the blood Pb or bone Pb levels in the adult populations studied.
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Cognitive and Behavioral Effects in Children
With each successive Pb AQCD and supplement, the epidemiologic and toxicological
study findings show that progressively lower blood Pb levels or Pb exposures are
associated with cognitive deficits in children (Section 4.3.13). For example, effects were
observed in association with blood Pb levels in the range of 10-15 µg/dL in the 1986
Addendum (U.S. EPA, 1986c) and 1990 Supplement (U.S. EPA, 1990a), and 10 µg/dL
and lower in the 2006 Pb AQCD (U.S. EPA, 2006b). No evidence of a threshold for the
effects of Pb on neurodevelopmental effects has been reported across the range of blood
Pb levels examined in epidemiologic studies.
Compelling evidence for a larger decrement in cognitive function per unit increase in
blood Pb among children with lower mean blood Pb concentrations compared to children
with higher mean blood Pb concentrations was presented in the 2006 Pb AQCD. Key
evidence was provided by studies that examined prenatal or early childhood blood Pb
levels or considered peak blood Pb levels in schoolaged children or concurrent blood Pb
levels in young children age 2 years (Section 4.3.12, Figure 4-16, and Table 4-16)
(Téllez-Rojo et al., 2006) as well as the international pooled analysis of seven prospective
cohort studies by Lanphear et al. (2005), a subsequent reanalysis of these data focusing
on the shape of the concentration response function (Rothenberg and Rothenberg, 2005).
Attenuation of C-R relationships at higher exposure or dose levels has been reported in
the occupational literature for a range of exposures. Reasons proposed to explain the
attenuation include greater exposure measurement error and saturation of biological
mechanisms at higher levels as well depletion of the pool of susceptible individuals at
higher exposure levels (Stayner et al., 2003). Possible explanations specific to nonlinear
relationships observed in studies of Pb exposure in children include a lower incremental
effect of Pb due to covarying risk factors such as low SES, poor caregiving environment,
and higher exposure to other environmental factors (Schwartz, 1994), differential activity
of mechanisms at different exposure levels, and confounding by omitted or misspecified
variables. Review of the evidence did not reveal a consistent set of covarying risk factors
to explain the differences in blood Pb IQ C-R relationship across high and low Pb
exposure groups observed in epidemiologic studies. Nonlinear concentration-response
relationships including U- or inverted U-shaped curves for various endpoints, including
those related to cognitive impairment were demonstrated in the toxicological literature.
However, these toxicological findings are distinct from epidemiologic findings of
supralinear relationships in that some U- or inverted U-shaped relationships do not
indicate Pb-induced impairments at higher exposure concentrations.
The supralinear relationship reported in multiple prospective studies does not provide
evidence of a threshold for Pb-associated cognitive function decrements. For example, as

1-73

detailed in Section 4.3.12, higher blood Pb levels at age 2 years were associated with
FSIQ decrements in children aged 10 years whose blood Pb levels were in the range of
1.0-9.3 μg/dL, e.g.(Bellinger, 2008). Supporting evidence was provided by Pb-associated
decrements in academic performance observed in fourth grade children with earlier
childhood blood Pb levels categorized as 2 µg/dL versus 1 µg/dL (Miranda et al., 2009;
2007a). The lack of a reference population with blood Pb levels reflecting still lower Pb
exposures limits the ability to identify a threshold in the current population.
Toxicological studies showed that lower Pb exposures (e.g., 50 ppm in drinking water)
induced learning and memory impairments in animals compared to control exposures or
higher Pb exposures (e.g., 150 ppm). Additional toxicological evidence suggests that
mechanisms may be differentially activated at lower and higher Pb exposures, and
reduced long-term potentiation (LTP) and hippocampal glutamate release with lower Pb
exposures may provide explanation for the impaired learning and memory observed with
lower Pb exposures in some animal studies.

Studies of Pb Effects in Adults
The shape of the C-R function (e.g., linear versus non-linear) was not examined in most
studies of the association of Pb biomarkers with cognitive function in adults
(Sections 4.3.2.7 and 4.3.13). Log-linear models were used to fit the data in NHANES
analyses. Nonlinearity in the relationship between bone Pb and cognitive function among
participants in the BMS and NAS cohorts was examined with the use of quadratic terms,
penalized splines, or visual inspection of bivariate plots. There was some evidence for
nonlinearity in prospective analyses of the NAS cohort (Figure 4-7 and Figure 4-8), but
not all results indicated a larger decrement in cognitive function per unit increase in bone
Pb level in the lower end of the bone Pb distribution. In the BMS cohort, observation of a
statistically nonsignificant quadratic bone Pb term indicated that a linear model fit the
relationship between tibia Pb level and various tests of cognitive function.
A meta-analysis of human studies found that each doubling of blood Pb level (between 1
and >40 μg/dL measured concurrently in most studies of adults for which past exposures
were likely higher than current exposures) was associated with a 1 mmHg increase in
systolic BP and a 0.6 mmHg increase in diastolic BP (Nawrot et al., 2002). In this
analysis, effect sizes were adjusted for the purpose of pooling them depending on
whether a linear or log (common or natural) linear model was used. The functional form
of the C-R relationship was examined in few individual studies of cardiovascular effects
(Section 4.4.2.1). Weaver (2010), reported that a logarithmic function of blood Pb level
better described data from a cohort of Korean workers than the linear form. Only a small
number of studies that focused on Pb-induced hypertension in experimental animals have
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included more than two exposure concentrations, and these studies appear to show a
nonlinear concentration-response (Figure 4-21).
Studies investigating both all-cause and cardiovascular mortality report both linear and
non-linear relationships (Section 4.4.5). Although associations are consistently reported,
findings regarding the shape of the C-R relationship between blood Pb level and
mortality in NHANES analyses were mixed. For example, in the NAS cohort, C-R
relationships between bone Pb and mortality were approximately linear for patella Pb on
the log(heart rate [HR]) scale for all cardiovascular disease (CVD), but appear nonlinear
for IHD (Weisskopf et al., 2009). It is important to note the wide confidence limits,
which increase uncertainty at the lower and upper bounds of patella Pb levels. The
strongest associations were observed between mortality and baseline patella Pb
concentration while tibia Pb levels were more weakly associated with CVD mortality.

1.9.4

Pb Exposure and Neurodevelopmental Deficits in Children
As discussed in Section 3.3.5, blood Pb may reflect both recent exposures as well as past
exposures because Pb is both taken up by and released from the bone. The relative
proportion of blood Pb from recent versus past exposure is uncertain in the absence of
specific information about the pattern of exposure contributing to observed blood Pb
levels. This uncertainty is greater in adults and older children, than in young children who
do not have lengthy exposure histories. Several lines of evidence, which are summarized
below, inform the interpretation of epidemiologic studies of young children with regard
to the patterns of exposure that contribute to observed health effects.
Pb can cross the placenta to affect the developing fetal nervous system and fetal Pb
exposure can occur from recent maternal exposure or from mobilization of bone Pb stores
from past exposures (Section 3.2.2.4). In very young children, ages <2 years, decrements
in mental development, as assessed with MDI, was associated with higher prenatal
(maternal and cord) and concurrent blood Pb levels (Section 4.3.2.2). Thus, both
postnatal child and maternal Pb exposures may contribute to neurodevelopmental effects
in children from infancy to age 2 years. There is some evidence that the relative influence
of maternal Pb levels on postnatal blood Pb level is substantially reduced soon after birth
(Section 3.4). There was also a good correlation between child blood Pb level and child
hand Pb loading (R2 = 0.70) in a study following children living in a contaminated area,
indicating the influence of concurrent Pb exposures on blood Pb during the early
childhood years (Simon et al., 2007). In another study (Carbone et al., 1998) blood Pb
levels of infants aged 6-12 months were significantly lower than their neonatal cord
blood Pb levels (2.24 μg/dL versus 4.87 μg/dL). Among infants born with blood Pb levels
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of greater than 7 μg/dL, who were followed for a week, there was a dramatic drop in the
blood Pb (Carbone et al., 1998).
Epidemiologic studies consistently show that blood Pb levels measured during various
lifestages or time periods throughout childhood, as well as averaged over multiple years
during childhood, are associated with cognitive function decrements (Section 4.3.11). An
international pooled analysis of seven prospective studies found that increments in
concurrent and peak blood Pb levels were associated with a decrease in FSIQ measured
between ages 5 and 10 years (Lanphear et al., 2005). In individual studies, postnatal
(early childhood and concurrent) blood Pb levels are also consistently associated with
cognitive function decrements in children and adolescents ( Figure 4-2, Table 4-3, Table
4-14).
Exposure metrics based on blood Pb measurements at different ages in childhood are
typically highly correlated. For example, analyses of serial blood Pb concentrations
measured in longitudinal epidemiologic studies find relatively strong correlations (e.g.,
r = 0.5-0.8) among each child’s individual blood Pb concentrations measured after 6-12
months of age (Section 3.3.2). Consequently, the relative importance of various exposure
metrics, which are measured during different lifestages and time periods, is difficult to
discern in epidemiologic studies. Evidence in rodents and monkeys, however, indicates
that Pb exposures during multiple lifestages and time periods, including prenatal only,
prenatal plus lactational, postnatal only, lifetime are observed to induce impairments in
learning (Rice, 1992b, 1990; Rice and Gilbert, 1990b). These findings are consistent with
the understanding that the nervous system continues to develop (i.e., synaptogenesis and
synaptic pruning remains active) throughout childhood and into adolescence.

1.9.5

Reversibility and Persistence of Neurotoxic Effects of Pb
The 2006 Pb AQCD concluded that the human and animal evidence suggest that the
neurotoxic effects of Pb are not generally reversible (U.S. EPA, 2006b). Chelation studies
in humans and animals show that chelation decreases total body Pb burden, but does not
necessarily exert evident effects on Pb-induced cognitive deficits. For example, analysis
of multi-center study data indicates that medical interventions involving chelation therapy
(e.g., Succimer use) do not fully reverse cognitive deficits associated with early Pb
exposure (Liu et al., 2002).
The persistence of neurodevelopmental effects from comparatively low-level Pb
exposure was considered in the 2006 Pb AQCD (U.S. EPA, 2006b), with some evidence
suggesting that the effects of Pb on neurodevelopmental outcomes persisted into
adolescence and young adulthood. The toxicological evidence continues to support a
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range of effects with prenatal and early postnatal Pb exposures that persist to adulthood
(Sections 4.3.2.3 and 4.3.3.1). In rats, persistent neurobehavioral deficits were observed
with prenatal, preweaning, and postweaning Pb exposure. In monkeys, impairments were
found in learning and short-term memory at ages 7 to 8 years (Rice and Karpinski, 1988)
and in attention at ages 9 to 10 years (Gilbert and Rice, 1987) with lifetime Pb exposure
that did not begin until postnatal day 400 and that produced peak blood-Pb levels <15 or
25 μg/dL and steady-state levels 11 and 13 μg/dL, indicating that postnatal juvenile Pb
exposures were sufficient to produce neurodevelopmental deficits.
A number of mechanisms, including changes in neurogenesis, synaptogenesis and
synaptic pruning, long term potentiation, and neurotransmitter function have been
identified that provide biological plausibility for epidemiologic and toxicological findings
of persistent cognitive and behavioral effects that result from Pb exposures during
prenatal and early childhood periods. Furthermore, the normal dynamic and rapid rate of
development that occurs early in life in the CNS makes insults early in life especially
problematic in that they can permanently change the trajectory of brain development such
that there are little or no compensatory pathways to replace the lost potential for proper
brain development (Bayer, 1989).
The persistence of effects appears to depend on the duration and window of exposure as
well as other factors that may affect an individual’s ability to recover from an insult.
Several studies have observed improved cognition in children with declining blood Pb
levels (Hornung et al., 2009; Chen et al., 2005a; Liu et al., 2002; Ruff et al., 1993). There
is evidence that some cognitive effects of prenatal Pb exposure may be transient and that
recovery is greater among children reared in households with more optimal caregiving
characteristics and in children whose concurrent blood Pb levels were low (Bellinger et
al., 1990); the animal toxicology literature supports these findings using studies of
Pb-exposed animals that live in enriched environments. However, the extent to which
such improvement represents biological reversibility of Pb-related effects, the influence
of enrichment related intervention, or the development of compensatory mechanisms
remains uncertain.
Toxicological studies in the 2006 Pb AQCD highlighted the importance of Pb exposure
during early life in promoting Alzheimer’s-like pathologies in the adult rodent brain, with
Pb-induced neurodegeneration and formation of neurofibrillary tangles in aged animals in
which blood Pb levels had returned to control levels after an earlier life Pb exposure
(U.S. EPA, 2006b). Sensitive windows of early life Pb exposure or a Pb biomarker and
have been associated with changes in adulthood as demonstrated with animal models of
neurodegeneration, i.e., neurofibrillary tangle formation. Behavioral or cognitive testing
in these animal models has not been performed to assess these changes. These effects are
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not reflective of concurrent blood Pb levels at the age of manifestation of the pathology
but instead are associated with an earlier life Pb exposure.

1.9.6

Populations Potentially At-Risk for Health Effects
The NAAQS are intended to protect public health with an adequate margin of safety. In
so doing, protection is provided for both the population as a whole and those groups
potentially at increased risk for health effects from exposure to the air pollutant for which
each NAAQS is set (Preface to this ISA). To facilitate the identification of populations at
increased risk for Pb-related health effects, studies have evaluated various factors that
may contribute to susceptibility and/or vulnerability to Pb. These factors include genetic
background, race and ethnicity, sex, age, diet, pre-existing disease, SES, and
characteristics that may modify exposure or the response to Pb. Table 1-7 and Table 5-5
provide an overview of the factors examined as potentially increasing the risk of
Pb-related health effects based on the recent evidence integrated across disciplines. They
are classified according to the criteria discussed in the introduction to Chapter 5.
In consideration of the evidence base as a whole (e.g., stratified and longitudinal
analyses) and integrating across disciplines of toxicokinetics, exposure, and health, there
is adequate evidence to conclude that children are an at-risk population. It is recognized
that Pb can cross the placenta and affect the developing nervous system of the fetus
(Section 3.2.2.4). Children may have increased exposure to Pb compared with adults
because children’s behaviors and activities (including increased hand-to-mouth contact,
crawling, and poor hand-washing), differences in diets, and biokinetic factors. There is
evidence of increased risk to the cognitive effects of Pb exposure during several
lifestages and time periods throughout gestation, childhood, and into adolescence
(Section 4.3.12). Findings from magnetic resonance imaging (MRI) studies indicate that
normal brain development remains dynamic throughout adolescence, and epidemiologic
studies have linked concurrent blood Pb level (as well as other blood Pb metrics) in
adolescents to cognitive function decrements and delinquent or criminal behavior
(Section 4.3.4). Delays in puberty onset (Section 4.8.1), and renal effects
(Section 4.5.2.2), are also observed in association with concurrent blood Pb level in
cross-sectional studies of adolescents. Since the populations of older children in these
studies generally had higher past exposures, the current evidence does not clearly
establish the link between a time and duration of Pb exposure and the observed health
effects in the adolescent populations studied. Elevated biomarkers levels, which may be
related to remobilization of stored Pb during bone loss and/or higher historical Pb
exposures, are observed in older adults. Studies of older adults report inconsistent
findings for effect measure modification of Pb-related mortality by age and no
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modification of other health effects was studied. However, toxicological studies support
the possibility of age-related differences in Pb-related health effects. The overall
evidence, based on limited epidemiologic evidence but support from toxicological studies
and differential exposure studies, is suggestive that older adults are potentially at risk of
Pb effects. However, there are uncertainties related to the exposure profile associated
with the effects in older populations.

Table 1-7

Summary of evidence for factors that potentially increase the risk of
Pb-related health effects.

Factor Evaluated

Classification

Childhood (Sections 5.2.1, 5.3.1)

Adequate

Older Adulthood (Sections 5.2.1 and 5.3.1)

Suggestive

Sex (Sections 5.2.2, 5.3.2)

Suggestive

Genetics (Sections 5.3.3)

Suggestive

a

Pre-existing Disease (Section 5.3.4)

Suggestive

Smoking Status (Section 5.3.5)

Inadequate

Socioeconomic Status (SES) (Sections 5.2.4, 5.3.6)

Suggestive

Race/Ethnicity (Sections 5.2.3, 5.3.7)

Adequate

Proximity to Pb Sources (Section 5.2.5)

Adequate

Residential Factors (Section 5.2.6)

Adequate

Body Mass Index (BMI) (Section 5.3.8)

Inadequate

Alcohol Consumption (Section 5.3.9)

Inadequate

Nutrition (Section 5.3.10)

Adequate

Stress (Section 5.3.11)

Suggestive

Maternal Self-Esteem (Section 5.3.12)

Inadequate

a

Cognitive Reserve (Section 5.3.13)

Inadequate

Other Metals (Section 5.3.14)

Suggestive

a

Possible mediator

The evidence regarding the other at-risk factors listed in the table above is summarized in
detail in Section 5.4. Some studies suggest that males at some ages have higher blood Pb
levels than comparably aged females; this was supported by stratifying the total sample
of NHANES subjects. Sex-based differences appeared to be prominent among the
adolescent and adult age groups but were not observed among the youngest age groups
(1-5 years and 6-11 years). Studies of effect measure modification of Pb and various
health endpoints by sex were inconsistent; although it appears that there are some

1-79

differences in associations for males and females. This is also observed in toxicological
studies. Overall, there is suggestive evidence to conclude that sex is a potential at-risk
factor, with adolescent and adult males typically demonstrating higher blood Pb levels,
although evidence regarding health outcomes is limited due to inconsistencies in whether
males or females are at greater risk of certain outcomes in relation to Pb exposure.
Regarding race and ethnicity, recent data suggest that the difference in blood Pb levels
between black and white subjects is decreasing over time, but black subjects still tend to
have higher Pb body burden and Pb exposures than white subjects. Compared to whites,
non-white populations were observed to be more at risk of Pb-related health effects.
Studies of race/ethnicity provide adequate evidence that race/ethnicity is an at-risk factor
based on the higher exposure observed among non-white populations and some
modification observed in studies of associations between Pb levels and health effects. For
example two investigators report (Table 5-5), reported modification by race/ethnicity in
an analysis of hypertension among NHANES III participants. Muntner et al. (2005) sons
of the highest quartile of blood Pb to the lowest, the odds ratio for hypertension was 1.54
(95% CI: 0.99, 2.39) among Mexican Americans, 1.44 (95% CI: 0.89, 2.32) among NonHispanic Blacks and 1.10 (95% 0.87, 1.41) among Non-Hispanic Whites (Scinicariello et
al., 2010).
The gap between SES groups with respect to Pb body burden appears to be diminishing.
However, biomarkers of Pb exposure have been shown to be higher among lower SES
groups even in recent studies in which differences among SES groups have lessened.
Studies of SES and its relationship with Pb-related health effects are few and report
inconsistent finding regarding low SES as a potential at-risk factor. Overall, the evidence
is suggestive that low SES is a potential at-risk factor for Pb-related health effects.
There is adequate evidence that proximity to areas with Pb sources, including areas with
large industrial sources, is associated with increased Pb exposure. Relatively high
concentrations of ambient air Pb have been measured near sources, compared with large
urban areas without sources and high Pb exposures have been documented near
Superfund sites. NHANES analyses report increased Pb biomarker levels related to
increase house dust Pb levels, homes built after 1950, and renovation of pre-1978 homes.
Thus, there is adequate evidence that residing in a residence with sources of Pb exposures
will increase the risk of Pb exposure and associated health effects.
There is suggestive evidence to conclude that various genetic variants potentially modify
the associations between Pb and health effects. Epidemiologic and toxicological studies
reported that ALAD variants may increase the risk of Pb-related health effects. Other
genes examined whose variants may also affect risk of Pb-related health effects were
VDR, DRD4, GSTM1, TNF-α, eNOS, and HFE. Overall the interaction between genetic
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variants and Pb exposure were examined in a small number of studies and these types of
analysis are potentially vulnerable to type II error if multiple statistical tests are
conducted. However, there may be a large potential impact of Pb exposure in specific atrisk populations carrying specific gene variants. For example, Scinicariello et al. (2010)
found that Non-Hispanic white carriers of the ALAD2 genetic variant in the highest
blood Pb quartile had a 2-fold higher risk of hypertension compared with ALAD1
homozygous individuals (OR:2.00 [95%CI: 1.12, 3.55]). No evidence of effect
modification of the association of Pb with blood pressure by ALAD genotype was
observed in an occupational study of Korean Pb workers, however (Weaver et al., 2008).
NAS subjects with the H63D polymorphism of the HFE gene had a larger Pb-associated
increase in pulse pressure compared to those with the C282Y variant [i.e., 3.3 mmHg
increase (95%CI: 0.16, 6.46) versus an 0.89 mmHg increase (95%CI 0-5.24) per 13 µg/g
increase in tibia Pb (Zhang et al., 2010a)].
Diets sufficient in minerals such as calcium (Ca2+), iron (Fe), and zinc (Zn) offer some
protection from Pb exposure by preventing or competing with Pb for absorption in the GI
tract. Additionally, those with Fe deficiencies were observed to be an at-risk population
for Pb-related health effects in both epidemiologic and toxicological studies. Thus, there
is adequate evidence across disciplines that some nutritional factors contribute to a
population being at increased risk. Other nutritional factors, such as Ca2+, Zn, and protein
intake, demonstrated the potential to modify associations between Pb and health effects
in toxicological studies.
There was suggestive evidence for several other factors as potentially increasing the risk
of Pb-related health effects: pre-existing diseases/conditions, stress, and co-exposure with
other metals. Pre-existing diseases/conditions have the potential to affect the risk of
Pb-related health effects. Recent epidemiologic studies did not support modification of
associations between Pb and health endpoints (i.e., mortality, HRV) by the prevalence of
diabetes; however, past studies have found individuals with diabetes to be an at-risk
population with regard to renal function. Studies of Pb biomarker levels and both renal
effects and HRV demonstrated greater odds of the associations among hypertensive
individuals compared to those who are normotensive. Stress was evaluated as a factor
that potentially increases the risk of Pb-related effects on cognitive function in adults and
hypertension and although limited by the small number of epidemiologic studies,
increased stress was observed to exacerbate the effects of Pb. Toxicological studies
supported this finding. High levels of other metals, such as Cd and Mn, were observed to
result in greater effects for the associations between Pb and various health endpoints
(e.g., renal function, cognitive function in children) but overall the evidence was limited.
Finally, there was inadequate evidence to conclude that smoking, BMI, alcohol
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consumption, maternal self-esteem, and cognitive reserve are potential at-risk factors due
to limited quantities of studies regarding their effect on Pb-related health outcomes.

1.9.7

Ecological Effects and Corresponding Pb Concentrations
Information on the effects of atmospherically-deposited Pb on some ecosystem receptors
in the vicinity of Pb sources is available from studies of terrestrial systems near mining
and smelting operations where Pb, as well as other metals, is present in high
concentrations. In these studies a decreasing gradient of exposure is observed, and effects
in a species or population of interest typically decrease with increasing distance from the
source. Thus, concentrations of Pb in moss, lichens and peat have been used to
understand spatial and temporal distribution patterns of air Pb concentrations. In other
environmental compartments such as sediment and aquatic biota, or in locations not close
to Pb sources, evidence that would permit clear attribution of Pb effects to atmospheric
deposition is insufficient. Pb that is released into air, soil, or water is then cycled through
any or all of these media before reaching an ecological receptor. When a plant,
invertebrate, or vertebrate is exposed to Pb, the proportion of observed effects attributable
to Pb from atmospheric sources is difficult to assess due to a lack of information not only
on deposition, but also on bioavailability, as affected by specific characteristics of the
receiving ecosystem and on kinetics of Pb distribution in long-term exposure scenarios.
Therefore, the connection between air concentration and ecosystem exposure continues to
be poorly characterized for Pb, and the contribution of atmospheric Pb to specific sites is
not clear.
Furthermore, the level at which Pb elicits a specific effect is difficult to establish in
terrestrial and aquatic systems, due to the influence of other environmental variables on
both Pb bioavailability and toxicity, and also to substantial species differences in Pb
susceptibility. Current evidence indicates that Pb is bioaccumulated in biota; however,
the sources of Pb in biota have only been identified in a few studies, and the relative
contribution of Pb from all sources is usually not known. There are large differences in
species sensitivity to Pb, and many environmental variables (e.g., pH, organic matter)
determine the bioavailability and toxicity of Pb.

1.10

Summary
Table 1-8 characterizes the evidence in the 2006 Pb AQCD (U.S. EPA, 2006b) and
previous assessments and compares it to the evidence evaluated in the current
assessment. Evidence regarding both the health and ecological effects of Pb are
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summarized. The purpose of the table is to highlight the extent to which recent evidence
may contribute to current conclusions. The critical assessment of body of evidence as a
whole, however, is discussed in Chapter 4 and Chapter 6 of this document, and
summarized in Sections 1.6 and 1.7. With regard to ecological effects, evidence pointing
to responses in species at ambient or near ambient concentrations is highlighted in the
table.
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Table 1-8

Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.

Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the 2013 Pb ISA

Health Outcomes:
Nervous System Effects
Children
Cognitive Function
in Children

The “overall weight of the available
evidence provides clear substantiation of
neurocognitive decrements being
associated in young children with blood-Pb
concentrations in the range of 5-10 µg/dL,
and possibly lower.” Prenatal, early
childhood, lifetime average, and concurrent
blood Pb levels were associated with
decrements in IQ, learning and executive
function. In some cases, concurrent blood
Pb level was the strongest predictor.

Recent epidemiologic studies in children
continue to demonstrate associations of
concurrent blood Pb level with IQ
decrements; most recent evidence describes
associations of concurrent blood Pb levels
with decrements in cognitive abilities related
to executive function, and academic
performance.

Externalizing
Behaviors:
Attention,
Impulsivity and
Hyperactivity in
Children

Several epidemiologic studies reported
associations between blood and tooth Pb
levels and attention decrements in children
ages 7-17 years and young adults 19-20
years. Most studies examined prenatal or
lifetime average blood Pb levels (means 7,
14 µg/dL) or tooth Pb. The few studies of
concurrent blood Pb levels did not find
associations with attention in children ages
4-5 years. There were no studies
specifically examining ADHD diagnosis.
Uncertainty remained regarding whether Pb
exposure was an independent predictor of
neurobehavioral effects. Prenatal and
postnatal Pb exposure was found to reduce
ability to inhibit inappropriate responding
and increase distractibility in animals.

Recent studies in children continue to
support associations of blood Pb levels with
attention decrements, impulsivity, and
hyperactivity in children ages 7-17 years. A
few case-control studies found higher
concurrent blood Pb levels in children with
diagnosed ADHD; however, because ADHD
studies had various limitations,they were not
a major consideration in drawing
conclusions.

Externalizing
Behaviors:
Conduct Disorders
in Children and
Young Adults

Several epidemiologic studies reported
associations between Pb exposure and
behaviors related to conduct disorders as
rated by parents and teachers and criminal
offenses in children, adolescents, and
young adults. Most studies examined blood
Pb levels measured earlier in childhood
(means 10-14 µg/dL), tooth Pb, or bone Pb.
There was little examination of concurrent
blood Pb levels.

Recent studies in children continue to
support associations of parent and teacher
ratings of behaviors related to conduct
disorders with early childhood blood Pb
levels and provide new evidence for
concurrent blood Pb levels. Additional followup of previous cohorts to older ages, support
associations of early childhood blood Pb
levels or tooth Pb levels with criminal
offenses in adults ages 19-24 years.

Internalizing
Behaviors in
Children

Several prospective studies reported
associations of concurrent or childhood
average blood, tooth, and bone Pb levels
with parent or teacher ratings of withdrawn
behavior and symptoms of depression,
fearfulness, and anxiety in children ages
3-13 years.

The few recent available studies found
associations between concurrent blood Pb
level and higher ratings of internalizing
behaviors in children ages 8-13 years but
these studies had limited consideration for
potential confounding.
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Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the 2013 Pb ISA

Visual Function
Decrements in
Children

The selective action of Pb on retinal rod
cells and bipolar cells (e.g., ERG effects) of
animals is well documented in earlier
AQCDs in animals and found in one study
in children.

Additional evidence for retinal effects was
found in female rats. High-level
developmental Pb exposure did not affect
visual acuity in infant monkeys.

Auditory Function
Decrements in
Childiren

The few available studies reported
associations between concurrent blood Pb
levels (population means 7-12 µg/dL) and
increased hearing thresholds in children.
There was coherence with findings in
animals but with high Pb exposures (e.g.,
blood Pb levels 89-150 µg/dL).

The few available recent epidemiologic
studies on auditory function in children
examined children with high blood Pb levels
(means >30 µg/dL) and did not consider
potential confounding. Early postnatal Pb
exposure of monkeys increased hearing
thresholds.

Motor Function
Decrements in
Children

A small number of studies indicated
associations of neonatal, earlier childhood
average, lifetime average, and concurrent
blood Pb levels (means: 5-12 µg/dL) with
poorer fine and motor function in children
ages 4.5-17 years. The few toxicological
studies did not consistently find Pb-induced
impairments in balance and coordination in
animals with blood Pb levels >60 µg/dL.

The few recent epidemiologic studies did not
consistently find associations between
concurrent blood Pb level and decrements in
fine motor function. A toxicological study
found poorer balance in male mice with
gestational plus early postnatal Pb exposure
(peak blood Pb level: ≤10 µg/dL).

Cognitive Function
Decrements in
Adults

Among environmentally-exposed adults,
bone Pb levels but not blood Pb levels were
associated with poorer cognitive
performance. These findings point to an
effect of long-term cumulative Pb exposure.
Impaired learning, memory, and executive
function found in adult animals after lifetime
Pb exposures beginning in gestation or
infancy.

Recent studies support previous findings and
recent prospective studies provide new
evidence of associations of bone Pb levels
with subsequent declines in cognitive
function in environmentally-exposed adults
over 2-4 year periods.

Psychopathological
Effects in Adults

Environmentally-exposed adults were not
widely examined; however a study found
associations of concurrent blood and tibia
Pb level with self-reported symptoms of
depression and anxiety in men. Several
studies found higher prevalence of
symptoms related to mood disorders and
anxiety in Pb-exposed workers with mean
blood Pb levels 15-38 µg/dL.

Concurrent blood Pb levels were associated
with self-reported symptoms of major
depressive disorder and general anxiety
disorder among men and women
participating in NHANES.

Auditory Function
Decrements in
Adults

A few studies found blood Pb level or
cumulative Pb exposure duration to be
associated with increased hearing
thresholds and hearing loss in Pb-exposed
workers.

A prospective study found higher tibia Pb
level to be associated with a faster rate of
increase in hearing threshold in
environmentally-exposed men over a median
of 23 years.

Visual Function
Decrements in
Adults

Decreased visual acuity found in adult
monkeys with high blood Pb levels
(50-115 µg/dL) after lifetime Pb exposure.

Additional evidence for retinal effects was
found in female rats. A case-control study
found higher retinal Pb levels in adults with
macular degeneration but potential
confounding was not considered. Pb-induced
effects on ERGs in adult animals vary
depending on timing and dose of exposure.

Adults
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Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the 2013 Pb ISA

In the limited body of epidemiologic studies,
occupational Pb exposure and brain Pb
levels were not associated with Alzheimer’s
disease. Blood Pb levels were not
consistently associated with Amyotrophic
Lateral Sclerosis among environmentallyexposed adults. A few studies found
associations between occupational Pb
exposure and Parkinson’s disease and
blood Pb levels and essential tremor. Each
study had sufficient limitations.
Toxicological studies found Pb-induced
neuronal cell death loss and amyloid
plaques in aged animals with lactational Pb
exposures.

The few case-control studies reported
associations of bone Pb levels with
Parkinson’s disease in environmentallyexposed adults and blood Pb levels with
Amyotrophic Lateral Sclerosis and essential
tremor. Limitations of previous studies apply
to the recent evidence. Recent toxicological
evidence suggests that early-life, not adultonly Pb exposure may be associated with
neurodegeneration in adult animals.

Hypertension

A meta-analysis of numerous epidemiologic
studies estimated that a doubling of blood
Pb level (e.g., from 5 to 10 µg/dL) was
associated with a 1 mmHg increase in
systolic BP and a 0.6 mmHg increase in
diastolic BP.”
Epidemiologic studies consistently
demonstrated associations between Pb and
incidence of hypertension with suggestive
evidence that bone Pb may be associated
with hypertension. Animal studies
demonstrated that long-term exposure to
Pb resulted in hypertension that persisted
after cessation of exposure.

Recent epidemiologic and toxicological
studies continue to support associations
between long-term Pb exposure and
increased BP.
Recent studies, including those using bone
Pb as a metric of cumulative exposure,
continue to demonstrate associations of
hypertension with Pb levels in adults. Recent
studies have emphasized the interaction of
cumulative exposure to Pb with other factors
including stress.

Subclinical
Atherosclerosis

One NHANES analysis reported an
association of blood Pb with PAD

Limited evidence for Pb-induced subclinical
atherosclerosis, including one high-quality
epidemiologic study that reports an
increasing trend in the odds of PAD and
concurrent blood Pb level in adults. Recent
toxicological studies describe a plausible
biological mechanism.

Coronary Heart
Disease

The evidence for an association of Pb with
cardiovascular mortality was limited but
supportive. A few cross-sectional studies
indicated associations between Pb
biomarker levels and increased risk of CHD
outcomes (i.e., MI and left ventricular
hypertrophy).

Recent studies address limitations of
previous studies and provide additional
evidence for an association of Pb with
cardiovascular mortality in adults. Specific
causes of mortality that were associated with
Pb could be related to increased BP and
hypertension.

Cerebrovascular
Disease

Evidence available on the risk of
cerebrovascular disease from Pb exposure
was limited to one study of stroke.

Evidence for increased risk of mortality from
stroke is inconsistent.

Neurodegenerative
Diseases in Adults

Cardiovascular Effects
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Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the 2013 Pb ISA

Circulating and cumulative Pb was
associated with longitudinal decline in renal
function in adults. Toxicological studies
demonstrated that initial accumulation of
absorbed Pb occurred primarily in the
kidneys and noted a hyperfiltration
phenomenon during the first 3 months of
exposure, followed by decrements in kidney
function.

Recent epidemiologic and toxicological
studies add to the body of evidence on
Pb exposure and kidney dysfunction
(e.g., lower creatinine clearance, higher
serum creatinine, and lower GFR) in
nonoccupationally-exposed adults.

Renal Effects
Reduced Kidney
Function

Immune System Effects
Increases in Atopic
and Inflammatory
Conditions

Children:
Several epidemiologic studies suggested
that Pb exposure may be associated with
effects on cellular and humoral immunity in
children. The principal effect demonstrated
increases in serum immunoglobulin E (IgE)
levels with concurrent blood Pb levels
>10 µg/dL. Toxicological evidence
supported these findings with extensive
evidence for prenatal and early postnatal
Pb exposures skewing toward Th2 cytokine
production and affecting downstream
events such as increases in IgE and
inflammation Several toxicological studies
found a Pb-induced shift to Th2 cytokine
production and a hyperinflammatory
phenotype of macrophages in animals with
long-term (>4 weeks) prenatal or postnatal
Pb exposure.

Recent studies in children added to the
evidence for associations of blood Pb levels
with asthma, allergy, and IgE. The
consistency and coherence of findings
among related immune effects that support a
shift from a Th1 to a Th2 phenotype supports
the biological plausibility for epidemiologic
observations of associations with asthma,
allergy and inflammation-related effects in
other organ systems.

Adults:
Pb exposure-associated immune effects
were not widely examined in
environmentally-exposed adults.
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A small body of recently available studies
provide new evidence for increases in
cytokines and other indicators of
inflammation in association with higher
concurrent blood Pb level. A few available
toxicological studies find Pb-associated
increases in cytokines and effects on
dendritic cells in adult mice.

Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the 2013 Pb ISA

Decreases in Host
Resistance

Toxicological evidence demonstrated
Pb-induced increases in bacterial and viral
infection and suppressed DTH in animals.
These effects were supported by extensive
evidence for prenatal and early postnatal
Pb exposures decreasing Th1 cytokine
production, for short-term prenatal Pb
exposure decreasing nitric oxide production
by macrophages), and for long-term (>4
weeks) exposure Pb exposure inducing a
hyperinflammatory phenotype of
macrophages in adult animals.
A few epidemiologic studies found higher
prevalence of respiratory infections in
association with higher blood Pb levels in
children and occupational Pb exposure in
adults; however, studies did not consider
potential confounding.
In the large body of studies in
occupationally-exposed adults, the most
consistent findings were reduced neutrophil
functionality in workers with blood Pb levels
>14.8-91 µg/dL. Environmentally-exposed
adults were not widely examined.

A small body of recent studies supports
previous findings of decreased bacterial
resistance and decreased IFN-γTh1 cytokine
production in animals. Epidemiologic
evidence is limited to an ecological study of
soil and lichen Pb that lacked consideration
for potential confounding.

Autoimmunity

A small number of toxicological studies
found that prenatal and postnatal Pb
treatment, several by i.p. injection,
increased generation of auto-antibodies.
A study found higher auto-antibodies to
neural proteins in Pb-exposed workers with
blood Pb levels 10-40 µg/dL

A recent toxicological study provided indirect
evidence by showing Pb-induced increases
in the activation of neo-antigen specific T
cells, which have the potential to induce
formation of auto-antibodies.

Hematologic System
Red Blood Cell
Function and Heme
Synthesis

Children:
Pb exposure was associated with disruption
in heme synthesis with increases in blood
Pb levels of approximately 20 µg/dL
sufficient to halve ALAD activity and inhibit
ferrochelatase. Risk of clinical anemia in
children becomes apparent at high blood
Pb levels: 10% probability of anemia was
estimated to be associated with ~20 µg/dL
Pb at 1 year of age, 50 µg/dL at 3 years of
age, and 75 µg/dL at 5 years of age.

Recent epidemiologic studies provide
evidence that exposure to Pb is associated
with numerous deleterious effects on the
hematological system in children, including
altered hematological parameters (Hb, MCV,
MCH, RBC count), perturbed heme
synthesis mediated through decreased
ALAD and ferrochelatase activities, and
oxidative stress.

Adults:
Pb exposure was associated with disruption
in heme synthesis with increases in blood
Pb levels of approximately 20 µg/dL
sufficient to halve ALAD activity and inhibit
ferrochelatase. Exposures to Pb resulting in
blood concentrations <40 µg/dL appear to
be tolerated without decreases in blood
hemoglobin or hematocrit, however
changes in erythropoiesis do occur at these
blood levels.
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Recent epidemiologic studies provide
evidence exposure to Pb is associated with
numerous deleterious effects on the
hematological system in adults, including
altered hematological parameters (Hb, MCV,
MCH, RBC count), perturbed heme
synthesis mediated through decreased
ALAD and ferrochelatase activities,
decreased erythropoiesis, and oxidative
stress.

Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the 2013 Pb ISA

Developmental and Reproductive Effects
Development

Epidemiologic studies reported effects
including delayed puberty in girls. Animal
toxicological studies reported
Pb-associated developmental effects on
teeth, sensory organs, the GI system, the
liver, and postnatal growth. Delayed
puberty was also observed in both male
and female populations in animal toxicology
studies showing associations with dam
blood Pb levels of ~40 µg/dL and pup blood
Pb levels of 26 µg/dL.

Recent toxicological and epidemiologic
studies provide evidence for delayed onset
of puberty in males and females. Most
studies found delayed onset of puberty was
among children ages 6-18 years. These
findings were supported by studies in the
animal toxicological literature showing
effects on puberty onset at blood Pb levels of
3.5-13 µg/dL.

Birth Outcomes

Toxicological studies reviewed concluded
that Pb exposure can increase fetal
mortality and produce sublethal effects,
smaller litters, reduced birth weight, and
fewer implantation sites. Epidemiologic
studies on preterm birth and low birth
weight/fetal growth reported inconsistent
findings. Epidemiologic studies reported the
possibility of small associations between
increased Pb exposure and birth defects,
and toxicological studies demonstrated
associations between exposure to high
doses of Pb and increased incidences of
teratogenic effects.

Recent toxicological and epidemiologic
studies have reported inconsistent findings
for studies for birth defects, preterm birth,
and low birth weight/fetal growth. A few wellconducted epidemiologic studies of preterm
birth and low birth weight/fetal growth
reported associations between increased Pb
levels and decreased gestational age and
birth weight/fetal growth.

Male Reproductive
Function

Epidemiologic evidence suggested small
associations between Pb exposure and
male reproductive outcomes including
perturbed semen quality and increased
time to pregnancy. Associations between
Pb exposure and male reproductive
endocrine status were not observed in the
occupational populations studied.
Toxicological studies provided evidence
that Pb produced effects on male and
female reproductive junction and
development and disrupts endocrine
function.

Recent toxicological studies provide strong
evidence for effects on sperm (blood Pb
levels 5-43 µg/dL). Epidemiologic studies
support the association observed in
toxicological studies of Pb exposure and
detrimental effects on sperm.

Female Reproductive
Function

Toxicological studies reported that Pb
exposure was associated with effects on
female reproductive function that can be
classified as alterations in female sexual
maturation, effects on fertility and menstrual
cycle, endocrine disruption, and changes in
morphology or histology of female
reproductive organs including the placenta.
Epidemiologic studies on Pb and female
reproductive function provided little
evidence for an association between Pb
biomarkers and effects on female
reproduction and fertility.

Epidemiologic studies of Pb levels and
hormones demonstrate associations but are
inconsistent overall and there is a lack of
large, well-conducted epidemiologic studies
examining associations between Pb levels
and fertility. Toxicological studies of Pb and
effects on female reproduction demonstrate
effects in some studies.
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Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Evidence in the 2013 Pb ISA

Epidemiologic studies of highly exposed
occupational populations suggest a
relationship between Pb and cancers of the
lung and the stomach; however the
evidence is limited by the presence of
various potential confounders, including
metal co-exposures (e.g., to As, Cd),
smoking, and dietary habits. The 2003 NTP
and 2004 IARC reviews concluded that Pb
and Pb compounds were probable
carcinogens, based on limited evidence in
humans and sufficient evidence in animals.
Based on animal data and inadequate
human data Pb and Pb compounds would
be classified as likely carcinogens
according to the EPA Cancer Assessment
Guidelines for Carcinogen Risk
Assessment.

The toxicological literature continues to
provide the strongest evidence for Pb
exposure and cancer with supporting
evidence provided by the epidemiologic
literature. Epidemiologic studies of cancer
incidence and mortality reported inconsistent
results.

Cancer
Cancer

Ecological/Welfare Effects:
Endpoint

Evidence in the 2006 Pb AQCD

Developmental and
Reproductive Effects

Terrestrial Organisms:

Evidence in the 2013 Pb ISA

No information on reproduction in plants.

There is an insufficient number of studies
that consider Pb effects on plant
reproduction.

Limited evidence in invertebrates and
vertebrates.

Recent studies in a few taxa expand the
evidence for Pb effects on developmental
and reproductive endpoints for invertebrates
and vertebrates at concentrations that
generally exceed Pb levels in U.S. soils. In
some organisms, exposure-dependent
responses in development and reproductive
outcomes are observed in experiments
where exposure increases from background
concentrations to concentrations found in
heavily exposed sites near stationary
sources. Data on terrestrial species is
coherent with toxicological data from
mammals in the context of human health
research.

Aquatic Organisms:
No reviewed studies on reproductive effects
in aquatic plants.
Reproductive and developmental effects
reported in a few species of invertebrates at
<50 µg Pb/L and in fish at <150 µg Pb/L
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Recent evidence supports previous findings
of reproductive and developmental effects of
Pb in freshwater invertebrates and
vertebrates and differential lifestage
response at near ambient concentrations of
Pb in some organisms. For saltwater
invertebrates there is limited evidence for
effects on early development at Pb
concentrations higher than typically detected
in marine environments.

Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Growth

Terrestrial Organisms:
Pb inhibits photosynthesis and respiration
in plants.
Limited evidence for growth effects in soil
invertebrates, avian and mammalian
consumers.

Evidence in the 2013 Pb ISA

Recent studies support previous findings of
Pb effects on plant growth, with some
evidence for exposure-dependent decreases
in the biomass of some plant species grown
in Pb-amended or Pb-contaminated soil.
Recent data for soil invertebrates supports
previous evidence of increasing effects on
growth with increasing exposure.
Limited studies considered effects on growth
on vertebrates.

Aquatic Organisms:
Evidence for growth effects in algae,
aquatic plants and aquatic invertebrates
Most primary producers experience EC 50
values for growth in the range of 1,000 to
100,000 µg Pb/L

Survival

The weight of the evidence continues to
support growth effects of Pb in freshwater
plants and invertebrates. Recent studies on
growth in freshwater invertebrates find
effects of Pb at lower concentrations than
previously reported.
Growth inhibition in one species of
freshwater snail was observed at <4 µg Pb/L
in juveniles.
Lowest genus mean chronic value for Pb
reported at 10 µg Pb/L in a freshwater
mussel.

Terrestrial Organisms:
No information on mortality in plants.
Effects of Pb on invertebrates and
vertebrates include decreased survival.
In terrestrial and avian species toxicity was
observed in laboratory studies over a wide
range of doses (<1 to >1,000 mg Pb/kg
body weight per day) (U.S. EPA, 2005b).

Recent studies in invertebrates and
vertebrates support previous associations
between Pb exposure and mortality.

Aquatic Organisms:
No studies reviewed on mortality in plants
at current concentrations of Pb in the
environment.
Pb impacted survival of some aquatic
invertebrates at <20 µg Pb/L dependent
upon water quality variables (i.e., DOC,
hardness, pH).
Range of 96-hour LC 50 values in fathead
minnow: 810->5,400 µg Pb/L

1-91

The weight of evidence continues to support
Pb effects on survival of freshwater
invertebrates and vertebrates and indicates
that there are effects in a few species at
lower concentrations than previously
reported.
Recent evidence for effects in a few
freshwater invertebrates at <20 µg Pb/L
Recent evidence in freshwater fish for
impacts to survival at <100 µg Pb/L
dependent upon water quality parameters
and lifestage.
96- hour LC 50 values as low as 41 µg Pb/L in
fathead minnows tested in natural waters
from across the U.S.

Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Neurobehavioral
Effects

Terrestrial Organisms:
Exposure to Pb in laboratory studies and
simulated ecosystems may alter species
competitive behaviors, predator-prey
interactions, and contaminant avoidance
behaviors.

Evidence in the 2013 Pb ISA

Recent studies continue to support previous
evidence that Pb exposure is associated with
behavioral alterations. Recent studies
identify possible molecular targets for Pb
neurotoxicity in invertebrates and there is
new evidence in a few invertebrate and
vertebrate species for behavioral effects
associated with Pb exposure (i.e., feeding
and escape behaviors).

Aquatic Organisms:
Exposure to Pb has been shown to affect
brain receptors in fish and may alter
avoidance behaviors and predator-prey
interactions.

Hematological Effects

Recent studies continue to support previous
evidence that Pb exposure is associated with
behavioral alterations. Recent studies
identify possible molecular targets for Pb
neurotoxicity in fish and provide additional
evidence for Pb effects on behaviors in
freshwater organisms that may impact
predator avoidance (swimming).

Terrestrial Organisms:
Pb effects on heme synthesis were
documented in the 1986 Pb AQCD and
continue to be studied in terrestrial biota.
Changes in ALAD are not always related to
adverse effects but may simply indicate
exposure. The linkage between effects of
Pb on blood parameters is well
documented; however, the linkage between
hematological indicators and ecologically
relevant effects is less well understood.

Consistent with previous studies, the weight
of the evidence in recent studies continues
to support findings of Pb effects on heme
synthesis and ALAD enzyme activity. Recent
studies in birds near historical mining areas
and altered serum profiles and blood cell
counts in vertebrates provide evidence for
additional species in which hematological
endpoints are potentially affected by Pb.

Aquatic Organisms:
In metal impacted habitats, ALAD is a
recognized biomarker of Pb exposure.
Changes in ALAD are not always related to
adverse effects but may simply indicate
exposure. In fish, Pb effects on blood
chemistry have been documented with Pb
concentrations ranging from 100 to
10,000 µg Pb/L.
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Consistent with previous studies, the weight
of the evidence in recent studies continues
to support findings of Pb effects on ALAD
and expands this evidence to additional
species of bacteria, invertebrates, and
vertebrates as well as in recent studies on
altered blood cell counts in vertebrates.
Additional field studies in both fresh and
saltwater bivalves report a correlation
between Pb and ALAD activity.

Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Physiological Stress

Terrestrial Organisms:
Pb exposure may cause lipid peroxidation
and changes in glutathione concentrations.
There are species differences in resistance
to oxidative stress.

Evidence in the 2013 Pb ISA

Recent studies continue to support previous
associations of Pb exposure with
physiological stress. New evidence includes
upregulation of antioxidant enzymes,
production of reactive oxygen species and
increased lipid peroxidation associated with
Pb exposure in additional species of
terrestrial plants, invertebrates and
vertebrates. Increasing effects follow
increasing experimental exposures from
background concentrations to concentrations
found in heavily exposed sites near
stationary sources.

Aquatic Organisms:
Pb exposure associated with alterations in
enzymes involved in physiological stress
responses.
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Recent studies continue to support previous
associations of Pb exposure with
physiological stress. New evidence in
freshwater organisms includes upregulation
of antioxidant enzymes, production of
reactive oxygen species and increased lipid
peroxidation associated with Pb exposure.
Changes in antioxidant activity are reported
in some saltwater invertebrates. Observed
effects generally occurred at concentrations
that typically exceed Pb levels in U.S. waters
with limited evidence for effects associated
with Pb at polluted sites.

Table 1-8 (Continued): Summary of evidence from epidemiologic, animal toxicological and
ecological studies on the effects associated with exposure to Pb.
Endpoint

Evidence in the 2006 Pb AQCD

Community and
Ecosystem Level
Effects

Terrestrial Ecosystems:
Effects of Pb difficult to interpret because of
the presence of other stressors including
metals. The 1986 Pb AQCD reported shifts
toward Pb-tolerant communities at 500 to
1,000 mg Pb/kg soil.
In the 2006 Pb AQCD, decreased species
diversity and changes in community
composition were observed in ecosystems
surrounding former smelters.

Evidence in the 2013 Pb ISA

Recent evidence for effects of Pb in soil
microbial communities adds to the body of
evidence for effects at higher levels of
biological organization. In addition, effects of
Pb uptake on reproduction, growth, and
survival at the species level are likely to lead
to effects at the population, community, and
ecosystem level. However, most evidence
for Pb toxicity to terrestrial biota is from
single-species assays, and there are
important uncertainties in generalizing from
effects observed under small-scale,
controlled conditions, up to effects at the
ecosystem level of biological organization.

Aquatic Ecosystems:
Most evidence of community and
ecosystem level effects is from near Pb
sources, usually mining effluents. Effects of
Pb difficult to interpret because of the
presence of other stressors including
metals.
Generally, there is insufficient information
available for single materials in controlled
studies to permit evaluation of specific
impacts on higher levels of organization
(beyond the individual organism).
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Recent evidence for Pb effects on sedimentassociated and freshwater aquatic plant
communities add to the body of evidence of
effects at higher levels of biological
organization. However, most evidence for Pb
toxicity to aquatic biota is from singlespecies assays. Uncertainties exist in
generalizing effects observed under smallscale, predicted conditions up to effects at
the ecosystem-level however, uptake of Pb
into aquatic organisms and subsequent
effects on reproduction, growth, and survival
at the species level are likely to lead to
effects at the population, community, and
ecosystem level.
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Airport Lead Monitoring

T

his Program Update provides a summary of the data currently
available on concentrations of lead measured at 17 airport
facilities in the U.S.
Concentrations of Lead at Airports

Program Update

Outdoor concentrations of lead have greatly declined over the past few decades, in
large part due to regulations that removed lead from fuels used in cars and trucks.
However, lead continues to be emitted into the air from certain sources, such as ore
and metal processing and aircraft that use leaded aviation gasoline (avgas). These
aircraft are typically used for activities including business and personal travel, instructional flying, aerial surveys, agriculture, firefighting, law enforcement, medical
emergencies, and express freight. Lead is not contained in jet fuel, which is used
by commercial aircraft.
To protect the public from harmful levels of lead in outside air, EPA has established
a National Ambient Air Quality Standard (NAAQS) for lead. In late 2008, EPA
substantially strengthened this standard, revising the level from 1.5 micrograms per
cubic meter (µg/m3), to 0.15 µg/m3, for a 3-month average concentration of lead in
total suspended particles. This revised standard improves health protection for at-risk
groups, especially children.
In conjunction with strengthening the lead NAAQS, EPA improved the existing
lead monitoring network by requiring monitors to be placed in areas with sources
such as industrial facilities and airports. State and local air quality agencies are now
required to monitor near industrial facilities with estimated lead emissions of 0.50
tons or more per year and at airports with estimated emissions of 1.0 ton or more
per year, as well as, on a case-by-case basis in locations where information indicates
a significant likelihood of exceeding the standard. EPA required a 1-year monitoring study of 15 airports with estimated lead emissions between 0.50 and 1.0 ton per
year in an effort to better understand how these emissions affect the air at and near
airports. Airports for this 1-year monitoring study were selected based on factors such
as the level of piston-engine aircraft activity and the predominant use of one runway
due to wind patterns, in order to help evaluate airport characteristics that could lead
to ambient lead concentrations that approach or exceed the lead NAAQS.
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As a result of these requirements, lead monitoring has been conducted at 17 airports. As of May
2013, states and local air authorities have collected and certified lead concentration data for at
least 3 months from the 17 airports. The certified data are available in the table below. EPA
anticipates having a full year of certified data from all 17 airports by May 2014, at which time
the airport study will be complete.

Concentrations of Lead at Airports
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Airport, State
Auburn Municipal Airport, WA
Brookhaven Airport, NY
Centennial Airport, CO
Deer Valley Airport, AZ
Gillespie Field, CA
Harvey Field, WA
McClellan-Palomar Airport, CA
Merrill Field, AK
Nantucket Memorial Airport, MA
Oakland County International Airport, MI
Palo Alto Airport, CA
Pryor Field Regional Airport, AL
Reid-Hillview Airport, CA
Republic Airport, NY
San Carlos Airport, CA
Stinson Municipal, TX
Van Nuys Airport, CA

Lead Design Value,*
µg/m3
0.06
0.03
0.02
0.04
0.07
0.02
0.17
0.07
0.01
0.02
0.12
0.01
0.09
0.01
0.33
0.03
0.06

*The design value for lead is the maximum value of three-month average concentrations
measured at that location.

Two airports have monitored lead concentrations that exceed the lead NAAQS. Fact sheets
specific to these airports have been developed and are available at the EPA Region 9 webpage
provided below. Supplemental sampling is being conducted at these two airports to evaluate lead
concentrations at additional locations at and near the airport. Information from other airports
that have previously been studied in greater detail indicates that air lead concentrations
decrease within short distances from aircraft emissions.
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EPA’s Actions Regarding Lead Emissions from Aircraft Operating on
Leaded Fuel
EPA is currently conducting the analytical work, including modeling and monitoring, to evaluate under section 231 of the Clean Air Act whether lead emissions from the use of leaded avgas
in piston-engine aircraft cause or contribute to air pollution which may reasonably be anticipated
to endanger public health or welfare. Any proposed determination with regard to endangerment
would be subject to public notice and comment, and we estimate the final determination will be
in mid-to-late 2015. Additional details regarding EPA’s evaluation are available in the Advance
Notice of Proposed Rulemaking on Lead Emissions From Piston-Engine Aircraft Using Leaded
Aviation Gasoline, and the associated public docket (links provided below).
If EPA makes a final positive endangerment finding (i.e., EPA finds that lead emissions from
general aviation cause or contribute to air pollution which may reasonably be anticipated to
endanger), the agency would initiate rulemaking to establish standards concerning lead emissions from piston-engine aircraft. FAA would then be required to prescribe regulations to insure
compliance with such standards, and prescribe standards for the composition of aircraft fuel to
control or eliminate certain emissions.

For Additional Information
For more information regarding monitoring at the San Carlos Airport and San Diego airports
(McClellan-Palomar and Gillespie Field), please visit:
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www.epa.gov/region9/air/airport-lead/
For more information on EPA’s actions regarding the endangerment evaluation, please visit:
www.gpo.gov/fdsys/pkg/FR-2010-04-28/pdf/2010-9603.pdf
and
www.epa.gov/otaq/aviation.htm
For access to the rulemaking docket containing documents relevant to EPA’s evaluation,
please visit:
www.regulations.gov and enter EPA-HQ-OAR-2007-0294
For information on the Federal Aviation Administration’s actions to eliminate leaded aviation
fuels, please visit:
www.faa.gov/news/
For information on the Federal Aviation Administration’s actions to reduce lead concentrations
at airports, please visit:
www.faa.gov/airports/environmental/
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For more information on how you can reduce your family’s risk of lead exposure, please visit:
www.epa.gov/lead/parents.html#
For more information on lead in air, please visit:
www.epa.gov/airquality/lead/

Contact
Marion Hoyer
U.S. Environmental Protection Agency
Office of Transportation and Air Quality
2000 Traverwood Drive
Ann Arbor, MI 48105
734-214-4513,
E-mail: hoyer.marion@epa.gov
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Or:
Meredith Pedde
U.S. Environmental Protection Agency
Office of Transportation and Air Quality
2000 Traverwood Drive
Ann Arbor, MI 48105
734-214-4748
E-mail: pedde.meredith@epa.gov
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