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FOREWORD

This toxicological profile is prepared in accordance with guidelines* developed by the Agency for
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for the hazardous substance described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a hazardous substance's toxicologic properties. Other pertinent
literature is also presented, but is described in less detail than the key studies. The profile is not intended to
be an exhaustive document; however, more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological
profile begins with a public health statement that describes, in nontechnical language, a substance's relevant
toxicological properties. Following the public health statement is information concerning levels of
significant human exposure and, where known, significant health effects. The adequacy of information to
determine a substance's health effects is described in a health effects summary. Data needs that are of
significance to protection of public health are identified by ATSDR and EPA.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant human
exposure for the substance and the associated acute, subacute, and chronic health effects;

(B) A determination of whether adequate information on the health effects of each substance is
available or in the process of development to determine levels of exposure that present a
significant risk to human health of acute, subacute, and chronic health effects; and

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels of
exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State,
and local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has
been peer-reviewed. Staff of the Centers for Disease Control and Prevention and other Federal scientists
have also reviewed the profile. In addition, this profile has been peer-reviewed by a nongovernmental panel
and was made available for public review. Final responsibility for the contents and views expressed in this
toxicological profile resides with ATSDR.

—4q T

Jeffrey P. Koplan, M.D., M.P H.
Administrator
Agency for Toxic Substances and
Disease Registry
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The toxicological profiles are developed in response to the Superfund Amendments and
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund). This
public law directed the Agency for Toxic Substances and Disease Registry (ATSDR) to prepare
toxicological profiles for hazardous substances which are most commonly found at facilities on the
CERCLA National Priorities List and that pose the most significant potential threat to human health, as
determined by ATSDR and the Environmental Protection Agency (EPA). The availability of the revised
priority list of the 275 hazardous substances was announced in the Federal/ Register on February 28, 1994
(59 FR 9486). For prior versions of the list of substances, see Federal Register notices dated April 17,
1987 (52 FR 12866); October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17,
1990 (55 FR 42067); October 17, 1991 (56 FR 52166); and October 28, 1992 (57 FR 48801).

Section 104 (i) (3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a
toxicological profile for each substance on the list.
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation of
available toxicologic and epidemiologic information on a substance. Health care providers treating
patients potentially exposed to hazardous substances will find the following information helpful for fast
answers to often-asked questions.

Primary Chapters/Sections of Interest

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating
patients about possible exposure to a hazardous substance. It explains a substance’s relevant
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of
the general health effects observed following exposure.

Chapter 2: Health Effects: Specific health effects of a given hazardous compound are reported by route of
exposure, by type of health eftect (death, systemic, immunologic, reproductive), and by /ength of
exposure (acute, intermediate, and chronic). In addition, both human and animal studies are
reported in this section.

NOTE: Not all health effects reported in this section are necessarily observed in
the clinical setting. Please refer to the Public Health Statement to identify
general health effects observed following exposure.

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health issues:
Section 1.6 How Can (Chemical X) Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)?
Section 2.6 Children’s Susceptibility
Section 5.6 Exposures of Children

Other Sections of Interest:
Section 2.7 Biomarkers of Exposure and Effect
Section 2.10  Methods for Reducing Toxic Effects

ATSDR Information Center
Phone: 1-888-42-ATSDR (1-888-422-8737)
or 404-639-6357 Fax: 404-639-6359
E-mail: atsdric@cdc.gov Internet: http://www.atsdr.cdc.gov

The following additional material can be ordered through the ATSDR Information Center:

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials incident.
Volumes I and II are planning guides to assist first responders and hospital emergency department
personnel in planning for incidents that involve hazardous materials. Volume lII—AMedical Management
Guidelines for Acute Chemical Exposures—is a guide for health care professionals treating patients
exposed to hazardous materials.

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease,
injury, and disability related to the interactions between people and their environment outside the
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, GA 30341-3724 « Phone:
770-488-7000 « FAX: 770-488-7015.

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational
diseases and injuries, responds to requests for assistance by investigating problems of health and safety in
the workplace, recommends standards to the Occupational Safety and Health Administration (OSHA) and

the Mine Safety and Health Administration (MSHA), and trains professionals in occupational safety and
health.  Contact: NIOSH, 200 Independence Avenue, SW, Washington, DC 20201 * Phone: 800-356-
4674 or NIOSH Technical Information Branch, Robert A. Taft Laboratory, Mailstop C-19, 4676
Columbia Parkway, Cincinnati, OH 45226-1998 « Phone: 800-35-NIOSH.

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for
biomedical research on the effects of chemical, physical, and biologic environmental agents on human
health and well-being. Contact: NIEHS, PO Box 12233, 104 T.W. Alexander Drive, Research Triangle

Park, NC 27709 « Phone: 919-541-3212.

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics in
the United States to provide expertise in occupational and environmental issues. Contact: AOEC, 1010
Vermont Avenue, NW, #513, Washington, DC 20005 « Phone: 202-347-4976 « FAX: 202-347-4950 « e-
mail: acec@dgs.dgsys.com ¢ AOEC Clinic Director: http://occ-env-med.mc.duke.edu/oem/aoec.htm.

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and environmental
medicine. Contact: ACOEM, 55 West Seegers Road, Arlington Heights, IL 60005 « Phone: 847-228-6850
* FAX: 847-228-1856.
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CONTRIBUTORS

CHEMICAL MANAGER(S)/AUTHORS(S):

Henry Abadin, M.S.P.H.
ATSDR, Division of Toxicology, Atlanta, GA

Fernando Llados, Ph.D.
Syracuse Research Corporation, Syracuse, NY

THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Health Effects Review. The Health Effects Review Committee examines the health effects chapter
of each profile for consistency and accuracy in interpreting health effects and classifying end
points.

2. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to

substance-specific minimal risk levels (MRLs), reviews the health effects database of each profile,
and makes recommendations for derivation of MRLs.

3. Data Needs Review. The Research Implementation Branch reviews data needs sections to assure
consistency across profiles and adherence to instructions in the Guidance.
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PEER REVIEW

A peer review panel was assembled for lead. The panel consisted of the following members:

1.  Dr. Deborah Cory-Slechta, Professor of Environmental Medicine, Neurobiology and Anatomy,
Department of Environmental Medicine, University of Rochester, Rochester, New York;

2. Dr. Joseph P. Gould, Research Scientist, School of Civil Engineering, Georgia Institute of
Technology, Atlanta, Georgia;

3. Dr. Shane Que Hee, Professor, Department of Environmental Health Sciences, UCLA School of
Public Health, Los Angeles, California; and

4.  Dr. Marty Kanarek, Professor, Department of Preventive Medicine, University of Wisconsin,
Madison, Wisconsin.

These experts collectively have knowledge of lead's physical and chemical properties, toxicokinetics, key
health end points, mechanisms of action, human and animal exposure, and quantification of risk to
humans. All reviewers were selected in conformity with the conditions for peer review specified in
Section 104(i)(13) of the Comprehensive Environmental Response, Compensation, and Liability Act, as
amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile. A listing of the peer
reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound. A list of databases reviewed and a
list of unpublished documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content. The responsibility for the content of this profile lies with the ATSDR.
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LEAD 1

1. PUBLIC HEALTH STATEMENT

This public health statement tells you about lead and the effects of exposure.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in
the nation. These sites make up the National Priorities List (NPL) and are the sites targeted for
long-term federal cleanup activities. Lead has been found in at least 1,026 of the 1,467 current or
former NPL sites. However, the total number of NPL sites evaluated for this substance is not
known. As more sites are evaluated, the sites at which lead is found may increase. This
information is important because exposure to this substance may harm you and because these

sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a container,
such as a drum or bottle, it enters the environment. This release does not always result in
exposure. You are exposed to a substance only when you come in contact with it. You may be

exposed by breathing, eating, or drinking the substance or by skin contact.

If you are exposed to lead, many factors determine whether you'll be harmed. These factors
include the dose (how much), the duration (how long), and how you come in contact with it. You
must also consider the other chemicals you're exposed to and your age, sex, diet, family traits,

lifestyle, and state of health.

1.1 WHAT IS LEAD?

Lead is a naturally occurring bluish-gray metal found in small amounts in the earth's crust. It has
no characteristic taste or smell. Metallic lead does not dissolve in water and does not burn. Lead
can combine with other chemicals to form what are usually known as lead compounds or lead
salts. Some lead salts dissolve in water better than others. Some natural and manufactured
substances contain lead but do not look like lead in its metallic form. Some of these substances

can burn—for example, organic lead compounds in some gasolines.
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1. PUBLIC HEALTH STATEMENT

Lead has many different uses. Its most important use is in the production of some types of
batteries. It is also used in the production of ammunition, in some kinds of metal products (such
as sheet lead, solder, some brass and bronze products, and pipes), and in ceramic glazes. Some
chemicals containing lead, such as tetraethyl lead and tetramethyl lead, were once used as
gasoline additives to increase octane rating. However, their use was phased out in the 1980s, and
lead was banned for use in gasoline for transportation beginning January 1, 1996. Other
chemicals containing lead are used in paint. The amount of lead added to paints and ceramic
products, caulking, gasoline, and solder has also been reduced in recent years to minimize lead's
harmful effects on people and animals. Lead used in ammunition, which is the largest non-battery
end-use, has remained fairly constant in recent years. Lead is used in a large variety of medical
equipment (radiation shields for protection against X-rays, electronic ceramic parts of ultrasound
machines, intravenous pumps, fetal monitors, and surgical equipment). Lead is also used in
scientific equipment (circuit boards for computers and other electronic circuitry) and military

equipment (jet turbine engine blades, military tracking systems).

Most lead used by industry comes from mined ores ("primary") or from recycled scrap metal or
batteries ("secondary"). Human activities (such as the former use of "leaded" gasoline) have
spread lead and substances that contain lead to all parts of the environment. For example, lead is
in air, drinking water, rivers, lakes, oceans, dust, and soil. Lead is also in plants and animals that
people may eat. See Chapter 3 for more information on the physical and chemical properties of

lead. Chapter 4 contains more information on the production and use of lead.

1.2 WHAT HAPPENS TO LEAD WHEN IT ENTERS THE ENVIRONMENT?

Lead occurs naturally in the environment. However, most of the high levels found throughout the
environment come from human activities. Before the use of leaded gasoline was banned, most of
the lead released into the U.S. environment came from car exhaust. In 1979, cars released 94.6
million kilograms (kg; 1 kg equals 2.2 pounds) of lead into the air in the United States. In 1989,
when the use of lead was limited but not banned, cars released only 2.2 million kg to the air.

Since EPA banned the use of leaded gasoline for highway transportation in 1996, the amount of
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1. PUBLIC HEALTH STATEMENT

lead released into the air has decreased further. Other sources of lead released to the air include
burning fuel, such as coal or oil, industrial processes, and burning solid waste. Once lead goes
into the atmosphere, it may travel thousands of miles if the lead particles are small or if the lead
compounds easily evaporate. Lead is removed from the air by rain and by particles falling to the

ground or into surface water.

The release of lead to air is now less than the release of lead to land. Most of the lead in inner
city soils comes from old houses painted with paint containing lead and previous automotive
exhaust emitted when gasoline contained lead. Landfills may contain waste from lead ore

mining, ammunition manufacturing, or other industrial activities such as battery production.

Sources of lead in dust and soil include lead that falls to the ground from the air, and weathering
and chipping of lead-based paint from buildings and other structures. Lead in dust may also come
from windblown soil. Disposal of lead in municipal and hazardous waste dump sites may also
add lead to soil. Mining wastes that have been used for sandlots, driveways, and roadbeds can

also be sources of lead.

Higher levels of lead in soil can be measured near roadways. This accumulation came from car
exhaust in the past. Once lead falls onto soil, it usually sticks to soil particles. Small amounts of
lead may enter rivers, lakes, and streams when soil particles are moved by rainwater. Lead may
remain stuck to soil particles in water for many years. Movement of lead from soil particles into
underground water or drinking water is unlikely unless the water is acidic or "soft." Movement of
lead from soil will also depend on the type of lead salt or compound and on the physical and

chemical characteristics of the soil.

Sources of lead in surface water or sediment include deposits of lead-containing dust from the
atmosphere, waste water from industries that handle lead (primarily iron and steel industries and

lead producers), urban runoff, and mining piles.
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1. PUBLIC HEALTH STATEMENT

Some of the chemicals that contain lead are broken down by sunlight, air, and water to other
forms of lead. Lead compounds in water may combine with different chemicals depending on the

acidity and temperature of the water. Lead itself cannot be broken down.

The levels of lead may build up in plants and animals from areas where air, water, or soil are
contaminated with lead. If animals eat contaminated plants or animals, most of the lead that they
eat will pass through their bodies. Chapters 4 and 5 contain more information about what

happens to lead in the environment.

1.3 HOW MIGHT | BE EXPOSED TO LEAD?

People living near hazardous waste sites may be exposed to lead and chemicals that contain lead
by breathing air, drinking water, eating foods, or swallowing or touching dust or dirt that contains
lead. For people who do not live near hazardous waste sites, exposure to lead may occur in
several ways: (1) by eating foods or drinking water that contain lead, (2) by spending time in
areas where leaded paints have been used and are deteriorating, (3) by working in jobs where lead
is used, (4) by using health-care products or folk remedies that contain lead, and (5) by having

hobbies in which lead may be used such as sculpturing (lead solder) and staining glass.

Foods such as fruits, vegetables, meats, grains, seafood, soft drinks, and wine may have lead in
them. Cigarette smoke also contains small amounts of lead. Lead gets into food from water
during cooking and into foods and beverages from dust that contains lead falling onto crops, from
plants absorbing lead that is in the soil, and from dust that contains lead falling onto food during
processing. Lead may also enter foods if they are put into improperly glazed pottery or ceramic
dishes and from leaded-crystal glassware. Illegal whiskey made using stills that contain lead-
soldered parts (such as truck radiators) may also contain lead. The amount of lead found in
canned foods decreased 87% from 1980 to 1988, which indicates that the chance of exposure to
lead in canned food from lead-soldered containers has been greatly reduced. Lead may also be

released from soldered joints in kettles used to boil water for beverages.
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In general, very little lead is found in lakes, rivers, or groundwater used to supply the public with
drinking water. More than 99% of all publicly supplied drinking water contains less than

0.005 parts of lead per million parts of water (ppm). However, the amount of lead taken into your
body through drinking water can be higher in communities with acidic water supplies. Acidic
water makes it easier for the lead found in pipes, leaded solder, and brass faucets to enter water.
Public water treatment systems are now required to use control measures to make water less
acidic. Sources of lead in drinking water include lead that can come out of lead pipes, faucets,
and leaded solder used in plumbing. Plumbing that contains lead may be found in public drinking
water systems, and in houses, apartment buildings, and public buildings that are more than twenty

years old.

Breathing in or swallowing airborne dust and dirt that have lead in them is another way you can
be exposed. In 1984, burning leaded gasoline was the single largest source of lead emissions.
Very little lead in the air comes from gasoline now because EPA has banned its use in gasoline.
Other sources of lead in the air include releases to the air from industries involved in iron and
steel production, lead-acid-battery manufacturing, and non-ferrous (brass and bronze) foundries.
Lead released into air may also come from burning of solid lead-containing waste, windblown
dust, volcanoes, exhaust from workroom air, burning or weathering of lead-painted surfaces,

fumes from leaded gasoline, and cigarette smoke.

Skin contact with dust and dirt containing lead occurs every day. Some cosmetics and hair dyes
contain lead compounds. However, not much lead can get into your body through your skin.

Leaded gasoline contains a lead compound that may be quickly absorbed.

In the home, you or your children may be exposed to lead if you take some types of home remedy
medicines that contain lead compounds. Lead compounds are in some non-Western cosmetics,
such as surma and kohl. Some types of hair colorants and dyes contain lead acetate. Read the

labels on hair coloring products, use them with caution, and keep them away from children.
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People who are exposed at work are usually exposed by breathing in air that contains lead
particles. Exposure to lead occurs in many jobs. People who work in lead smelting and refining
industries, brass/bronze foundries, rubber products and plastics industries, soldering, steel
welding and cutting operations, battery manufacturing plants, and lead compound manufacturing
industries may be exposed to lead. Construction workers and people who work at municipal waste
incinerators, pottery and ceramics industries, radiator repair shops, and other industries that use
lead solder may also be exposed. Between 0.5 and 1.5 million workers are exposed to lead in the
workplace. In California alone, more than 200,000 workers are exposed to lead. Families of
workers may be exposed to higher levels of lead when workers bring home lead dust on their

work clothes.

You may also be exposed to lead in the home if you work with stained glass as a hobby, make
lead fishing weights or ammunition, or if you are involved in home renovation that involves the
removal of old lead-based paint. Chapter 5 contains further information on sources of exposure to

lead.

1.4 HOW CAN LEAD ENTER AND LEAVE MY BODY?

Some of the lead that enters your body comes from breathing in dust or chemicals that contain

lead. Once this lead gets into your lungs, it goes quickly to other parts of the body in your blood.

You may swallow lead by eating food and drinking liquids that contain it, and also by swallowing
large particles (diameter greater than 5 micrometers; 1 micrometer is one millionth of a meter).
Most of the lead that enters your body comes through swallowing, even though very little of the
amount you swallow actually enters your blood and other parts of your body. In addition to the
lead that may be present in food and drink, accidental ingestion of lead may occur due to skin
contamination while eating, drinking, smoking, or applying cosmetics (including lip balm). The
amount that gets into your body from your stomach partially depends on when you ate your last
meal. It also depends on how old you are and how well the lead particles you ate dissolved in

your stomach juices. Experiments using adult volunteers showed that, for adults who had just
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eaten, the amount of lead that got into the blood from the stomach was only about 6% of the total
amount taken in. In adults who had not eaten for a day, about 60-80% of the lead from the
stomach got into their blood. In general, if adults and children swallow the same amount of lead,

a bigger proportion of the amount swallowed will enter the blood in children than in adults.

Dust and soil that contain lead may get on your skin, but only a small portion of the lead will pass
through your skin and enter your blood if it is not washed off. More lead can pass through skin
that has been damaged (for example by scrapes, scratches, and wounds). The only kinds of lead
compounds that easily penetrate the skin are the additives in leaded gasoline, which is no longer
sold to the general public. Therefore, the general public is not likely to encounter lead that can

enter through the skin.

Shortly after lead gets into your body, it travels in the blood to the "soft tissues" (such as the liver,
kidneys, lungs, brain, spleen, muscles, and heart). After several weeks, most of the lead moves
into your bones and teeth. In adults, about 94% of the total amount of lead in the body is
contained in the bones and teeth. About 73% of the lead in children’s bodies is stored in their
bones. Some of the lead can stay in your bones for decades; however, some lead can leave your
bones and reenter your blood and organs under certain circumstances, for example, during

pregnancy and periods of breast feeding, after a bone is broken, and during advancing age.

Your body does not change lead into any other form. Once it is taken in and distributed to your
organs, the lead that is not stored in your bones leaves your body in your urine or your feces.
About 99% of the amount of lead taken into the body of an adult will leave in the waste within a
couple of weeks, but only about 32% of the lead taken into the body of a child will leave in the
waste. Under conditions of continued exposure, not all the lead that enters the body will be
eliminated, and this may result in accumulation of lead in body tissues, notably bone. For more

information on how lead can enter and leave your body, please refer to Chapter 2.
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1.5 HOW CAN LEAD AFFECT MY HEALTH?

The effects of lead are the same whether it enters the body through breathing or swallowing. The
main target for lead toxicity is the nervous system, both in adults and in children. Long-term
exposure of adults to lead at work has resulted in decreased performance in some tests that
measure functions of the nervous system. Lead exposure may also cause weakness in fingers,
wrists, or ankles. Some studies in humans have suggested that lead exposure may increase blood
pressure, but the evidence is inconclusive. Lead exposure may also cause anemia, a low number
of blood cells. The connection between the occurrence of some of these effects (e.g., increased
blood pressure, altered function of the nervous system) and low levels of exposure to lead is not
certain. At high levels of exposure, lead can severely damage the brain and kidneys in adults or
children. In pregnant women, high levels of exposure to lead may cause miscarriage. High-level

exposure in men can damage the organs responsible for sperm production.

To protect the public from the harmful effects of toxic chemicals and to find ways to treat people

who have been harmed, scientists use many tests.

One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used, and
released by the body; for some chemicals, animal testing may be necessary. Animal testing may
also be used to identify health effects such as cancer or birth defects. Without laboratory animals,
scientists would lose a basic method to get information needed to make wise decisions to protect
public health. Scientists have the responsibility to treat research animals with care and
compassion. Laws today protect the welfare of research animals, and scientists must comply with

strict animal care guidelines.

We have no proof that lead causes cancer in humans. Kidney tumors have developed in rats and
mice given large doses of lead. The animal studies have been criticized because of the very high
doses used, among other things. The results of high-dose studies should not be used to predict
whether lead may cause cancer in humans. The Department of Health and Human Services

(DHHS) has determined that lead acetate and lead phosphate may reasonably be expected to be
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capable of causing cancer, based on sufficient evidence from animal studies, but there is
inadequate evidence from human studies. See Chapter 2 for more information on the health

effects of lead.

1.6 HOW CAN LEAD AFFECT CHILDREN?

This section discusses potential health effects from exposures during the period from conception
to maturity at 18 years of age in humans. Potential effects on children resulting from exposures

of the parents are also considered.

Studies carried out by the Center for Disease Control and Prevention (CDC) show that the levels
of lead in the blood of U.S. children have been getting lower and lower. This is because lead is
banned from gasoline, residential paint, and solder that is used for food cans and water pipes.
Still, about 900,000 U.S. children between the ages of 1 and 5 years are believed to have blood
lead levels equal or greater than 10 pg/dL, the CDC level of concern.

Children are more vulnerable to lead poisoning than adults. Children are exposed to lead all
through their lives. They can be exposed to lead in the womb if their mothers have lead in their
bodies. Babies can swallow lead when they breast feed, or eat other foods and drink water that
contains lead. Babies and children can swallow and breathe lead in dirt, dust, or sand while they
play on the floor or ground. These activities make it easier for children to be exposed to lead than
adults. The dirt or dust on their hands, toys, and other items may have lead particles in it. In
some cases children swallow nonfood items such as paint chips; these may contain very large
amounts of lead, particularly in and around older houses that were painted with lead-based paint.
The paint in these houses often chips off and mixes with dust and dirt. Some old paint is 5-40%
lead. Also, compared to adults, a bigger proportion of the amount of lead swallowed will enter

the blood in children.

Children are more sensitive to the effects of lead than adults. Lead affects children in different

ways depending how much lead a child swallows. A child who swallows large amounts of lead
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may develop blood anemia, kidney damage, colic (severe “stomachache’), muscle weakness, and
brain damage which can kill the child. A large amount of lead might get into a child’s body if the
child ate small pieces of old paint that contained large amounts of lead. If a child swallows
smaller amounts of lead, much less severe effects on blood and brain function may occur. In this
case, recovery is likely once the child is removed from the source of lead exposure. In some
cases, the amount of lead in the child’s body can be lowered by giving the child certain drugs that
help eliminate lead from the body. At still lower levels of exposure, lead can affect a child’s
mental and physical growth. Fetuses exposed to lead in the womb, because their mothers had a
lot of lead in their bodies, may be born prematurely and have lower weights at birth. Exposure in
the womb, in infancy, or in early childhood may also slow mental development and lower

intelligence later in childhood. There is evidence that some effects may persist beyond childhood.

Health workers can find out whether a child may have been exposed to harmful levels of lead by
taking a blood sample. They can also find out how much lead is in a child’s bones by taking a

special type of X-ray of the finger, knee, or elbow. This, however, is not a routine type of test.

1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO LEAD?

If your doctor finds that you have been exposed to significant amounts of lead, ask your doctor if
children may also be exposed. When necessary your doctor may need to ask your state public

health department to investigate.

The most important way families can lower exposures to lead is to know about the sources of lead
in their homes and avoid exposure to these sources. Some homes or day-care facilities may have
more lead in them than others. Families who live in or visit these places may be exposed to
higher amounts of lead. These include homes built before 1978 that may have been painted with
paint that contains lead (lead-based paint). If you are buying a home that was built before 1978,
you may want to know if it contains lead based paint. Federal government regulations require a
person selling a home to tell the real estate agent or person buying the home of any known lead-

based hazards on the property. Adding lead to paint is no longer allowed. If your house was built
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before 1978, it may have been painted with lead-based paint. This lead may still be on walls,
floors, ceilings, and window sills, or on the outside walls of the house. The paint may have been
scraped off by a previous owner, and the paint chips and dust may still be in the yard soil. In some
states, homeowners can have the paint in their homes tested for lead by their local health
departments. Families can lower the possibility of children swallowing paint chips by not
allowing their children to chew or mouth these painted surfaces and be sure they wash their hands
often, especially before eating. Families can also have a professional lead paint removal expert
remove and dispose of peeling or flaking paint or painted surfaces, and repaint the surface. Using
heat guns or dry scrapping of old lead containing paint during home reconstruction and
remodeling can be a substantial source of lead exposure to children. Surfaces should be tested
before such activities, and professional home repair personnel should be consulted to make sure
that safe procedures are used and removed materials and dust are contained in order to keep
exposures to children to a minimum. These repairs should not be made by homeowners
themselves, unless they consult with a professional to get the information they need to prevent the

possibility of lead poisoning during or after the repairs.

Older homes that have plumbing with lead or lead solder may have higher amounts of lead in
drinking water. You cannot see, taste, or smell lead in water, and boiling your water will not get
rid of lead. Running your water for 15 to 30 seconds before drinking or cooking with it will get
rid of lead that may leach out from the pipes, especially if you have not used your water for a
while, for example, overnight. You can contact your local health department or water supplier to

find out about testing your water for lead.

You can bring lead home in the dust on your hands or clothes if lead is used in the place where
you work. Lead dust is likely to be found in places where lead is mined or smelted, where car
batteries are made or recycled, where electric cable sheathing is made, where fine crystal glass is
made, or where certain types of ceramic pottery are made. Pets can also bring lead into the home
in dust or dirt on their fur or feet if they spend time in places that have high levels of lead in the

soil.
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Lead may be taken up in edible plants from the soil by the roots; therefore, home gardening may
also contribute to exposure if the produce is grown in soils that have high lead concentrations.
Certain hobbies and home or car repair activities like radiator repair can add lead to the home as
well. These include soldering glass or metal, making bullets or slugs, or glazing pottery. Some
non-Western “folk remedies” contain lead. Examples of these include greta and azarcon used to

treat diarrhea.

Some types of paints and pigments that are used as facial make-up or hair coloring contain lead.
Cosmetics that contain lead include surma and kohl, which are popular in certain Asian countries.
Read the labels on hair coloring products, and keep hair dyes that contain lead acetate away from
children. Do not allow children to touch hair that has been colored with lead-containing dyes or
any surfaces that have come into contact with these dyes because lead compounds can rub off

onto their hands and be transferred to their mouths.

Swallowing of lead in house dust or soil is a very important exposure pathway for children. This
problem can be reduced in many ways. Regular hand and face washing to remove lead dusts and
soil, especially before meals, can lower the possibility that lead on the skin is accidentally
swallowed while eating. Families can lower exposures to lead by regularly cleaning the home of
dust and tracked in soil. Door mats can help lower the amount of soil that is tracked into the
home; removing your shoes before will also help. Planting grass and shrubs over bare soil areas
in the yard can lower contact that children and pets may have with soil and the tracking of soil

into the home.

Families whose members are exposed to lead dusts at work can keep these dusts out of reach of

children by showering and changing clothes before leaving work, and bagging their work clothes
before they are brought into the home for cleaning. Proper ventilation and cleaning—during and
after hobby activities, home or auto repair activities, and hair coloring with products that contain

lead—will decrease the possibility of exposure.
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It is important that children have proper nutrition and eat a balanced diet of foods that supply
adequate amounts of vitamins and minerals, especially calcium and iron. Good nutrition lowers
the amount of swallowed lead that passes to the bloodstream and also may lower some of the

toxic effects of lead.

You can find out whether your child may have been exposed to lead by having your doctor take a

blood sample.

1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN
EXPOSED TO LEAD?

The amount of total lead in the blood can be measured to determine if exposure to lead has
occurred. This test can tell if you have been recently exposed to lead. Lead can be measured
lead in teeth or bones by X-ray techniques, but these methods are not widely available. These
tests tell about long-term exposures to lead. Exposure to lead can be evaluated by measuring
erythrocyte protoporphyrin (EP) in blood samples. EP is a part of red blood cells known to
increase when the amount of lead in the blood is high. However, the EP level is not sensitive
enough to identify children with elevated blood lead levels below about 25 micrograms per
deciliter (ug/dL). For this reason, the primary screening method is measurement of blood lead.

For more information on tests to measure lead in the body, see Chapters 2 and 6.

1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health.
Regulations can be enforced by law. Federal agencies that develop regulations for toxic
substances include the Environmental Protection Agency (EPA), the Occupational Safety and
Health Administration (OSHA), and the Food and Drug Administration (FDA).

Recommendations provide valuable guidelines to protect public health but cannot be enforced by

law. Federal organizations that develop recommendations for toxic substances include the
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Agency for Toxic Substances and Disease Registry (ATSDR) and the National Institute for
Occupational Safety and Health (NIOSH).

Regulations and recommendations can be expressed in not-to-exceed levels in air, water, soil, or
food that are usually based on levels that affect animals; then they are adjusted to help protect
people. Sometimes these not-to-exceed levels differ among federal organizations because of
different exposure times (an 8-hour workday or a 24-hour day), the use of different animal

studies, or other factors.

Recommendations and regulations are also periodically updated as more information becomes
available. For the most current information, check with the federal agency or organization that

provides it. Some regulations and recommendations for lead include the following:

CDC recommends that states develop a plan to find children who may be exposed to lead and
have their blood tested for lead. They make basic recommendations for states to follow. These
include testing children at ages 1 and 2. Children who are 3 to 6 years old should be tested if they
have never been tested for lead before and they receive services from public assistance programs
for the poor such as Medicaid or the Supplemental Food Program for Women, Infants and
Children (WIC); if they live in a building or frequently visit a house built before 1950; if they
visit a home (house or apartment) built before 1978 that has been recently remodeled; or if they

have a brother, sister, or playmate who has had lead poisoning.

CDC considers children to have an elevated level of lead if the amount of lead in the blood is at
least 10 pg/dL. Medical evaluation and environmental investigation and remediation should be
done for all children with blood lead levels equal or greater than 20 pg/dL. Medical treatment
may be necessary in children if the lead concentration in blood is higher than 45 pg/dL.

EPA requires that the concentration of lead in air that the public breathes be no higher than

1.5 micrograms per cubic meter (ug/m’) averaged over 3 months. EPA regulations no longer
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allow lead in gasoline. The Clean Air Act Amendments (CAAA) of 1990 banned the sale of
leaded gasoline as of December 31, 1995.

EPA regulations also limit lead in drinking water to 0.015 milligrams per liter (mg/L). The 1988
Lead Contamination Control Act requires the Consumer Product Safety Commission (CPSC),
EPA, and the states to recall or repair water coolers containing lead. This law also requires new
coolers to be lead-free. In addition, drinking water in schools must be tested for lead, and the

sources of lead in this water must be removed.

To help protect small children, CPSC requires that the concentration of lead in most paints
available through normal consumer channels be not more than 0.06%. The Federal Hazardous

Substance Act (FHSA) bans children’s products containing hazardous amounts of lead.

The Department of Housing and Urban Development (HUD) develops recommendations and
regulations to prevent exposure to lead. HUD requires that federally funded housing and
renovations, public housing, and Indian housing be tested for lead-based paint hazards and that
such hazards be fixed by covering the paint or removing it. When determining whether lead-
based paint applied to interior or exterior painted surfaces of dwellings should be removed, the
standard used by EPA and HUD is that paint with a lead concentration equal to or greater than
1.0 milligram per square centimeter (mg/cm?) of surface area should be removed or otherwise
treated. HUD is carrying out demonstration projects to determine the best ways of covering or

removing lead-based paint in housing.

EPA has developed standards for lead paint hazards, lead in dust, and lead in soil. To educate
parents, homeowners, and tenants about lead hazards, lead poisoning prevention in the home, and
the lead abatement process, EPA has published several general information pamphlets. Copies of
these pamphlets can be obtained from the National Lead Information Center or from various

Internet sites, including http://www.epa.gov/opptintr/lead.
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OSHA regulations limit the concentration of lead in workroom air to 50 ug/m’ for an 8-hour
workday. If a worker has a blood lead level of 50 ug/dL, then OSHA requires that worker be

removed from the workroom where lead exposure is occurring.

FDA includes lead on its list of poisonous and deleterious substances. FDA considers foods
packaged in cans containing lead solders to be adulterated. Tin-coated lead foil has been used as
a covering applied over the cork and neck areas of wine bottles for decorative purposes and to
prevent insect infestations. Because it can be reasonably expected that lead could become a
component of the wine, the use of these capsules is also a violation of the Federal Food, Drug,
and Cosmetic Act. FDA has reviewed several direct human food ingredients and has determined
them to be “generally recognized as safe” when used in accordance with current good
manufacturing practices. Some of these ingredients contain allowable lead concentrations that

range from 0.1 to 10 parts per million (ppm).

Please see Chapter 7 for more information on federal and state regulations and guidelines for lead.

1.10 WHERE CAN | GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department or

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road NE, Mailstop E-29

Atlanta, GA 30333

* Information line and technical assistance

Phone: 1-888-42-ATSDR (1-888-422-8737)
Fax: (404) 639-6315 or 6324
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ATSDR can also tell you the location of occupational and environmental health clinics. These

clinics specialize in recognizing, evaluating, and treating illnesses resulting from exposure to

hazardous substances.

* To order toxicological profiles, contact

National Technical Information Service
5285 Port Royal Road

Springfield, VA 22161

Phone: (800) 553-6847 or (703) 605-6000
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2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective of the toxicology of lead and a
depiction of significant exposure levels associated with various adverse health effects. It contains
descriptions and evaluations of studies and presents levels of significant exposure for lead based on

toxicological an studies and epidemiological investigations.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons living or working near hazardous waste
sites, the information in this section is organized first by route of exposure—inhalation, oral, and
dermal—and then by health effect—death, systemic, immunological, neurological, developmental,
reproductive, genotoxic, and carcinogenic effects. These data are discussed in terms of three exposure

periods—acute (14 days or less), intermediate (15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in figures.
The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or lowest-observed-
adverse-effect levels (LOAELS) reflect the actual doses (levels of exposure) used in the studies. LOAELs
have been classified into "less serious" or "serious" effects. These distinctions are intended to help the
users of the document identify the levels of exposure at which adverse health effects start to appear. They
should also help to determine whether or not the effects vary with dose and/or duration, and place into

perspective the possible significance of these effects to human health.

The significance of the exposure levels shown in the tables and figures may differ depending on the user's
perspective. For example, physicians concerned with the interpretation of clinical findings in exposed
persons may be interested in levels of exposure associated with "serious" effects. Public health officials
and project managers concerned with appropriate actions to take at hazardous waste sites may want
information on levels of exposure associated with more subtle effects in humans or animals (LOAEL) or

exposure levels below which no adverse effects (NOAEL) have been observed. Estimates of levels posing
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minimal risk to humans (Minimal Risk Levels, MRLs) may be of interest to health professionals and

citizens alike.

Levels of exposure associated with the carcinogenic effects of lead are indicated in Table 2-4 and

Figure 2-2.

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made, where data were
believed reliable, for the most sensitive noncancer effect for each exposure duration. MRLs include

adjustments to reflect human variability and extrapolation of data from laboratory animals to humans.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1989e),
uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges additional
uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an
example, acute inhalation MRLs may not be protective for health effects that are delayed in development
or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic
bronchitis. As these kinds of health effects data become available and methods to assess levels of

significant human exposure improve, these MRLs will be revised.

This chapter will focus primarily on inorganic lead compounds (lead, its salts, and oxides/sulfides), the
predominant forms of lead in the environment. The available data on organic (i.e., alkyl) lead compounds
indicate that some of the toxicologic effects of alkyl lead are mediated through metabolism to inorganic
lead and that during the combustion of gasolines containing alkyl lead, significant amounts of inorganic
lead are released to contaminate the environment. In addition, the lead alkyl halides in automobile
exhausts are quickly oxidized by sunlight and air, and do not appear to be present at hazardous waste sites
in significant amounts. By far, most lead at hazardous waste sites is inorganic lead. The limited data
available on alkyl lead compounds indicate that the toxicokinetic profiles and toxicological effects of these

compounds are qualitatively and quantitatively different from those of inorganic lead (EPA 1985b).

The database for lead is unusual in that it contains a great deal of data concerning dose-effect relationships
in humans. These data come primarily from studies of occupationally exposed groups and the general

population. However, the dose data for humans are generally expressed in terms of absorbed dose, usually
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measured as levels of lead in the blood (PbB). PbB reflects recent lead exposures and also historical lead

exposure baselines caused by hematopoiesis (blood cell synthesis) in bone marrow.

Dose-effect data in terms of external exposure levels, or milligrams per kilogram per day (mg/kg/day)
doses of lead by a single route of exposure, as in studies in animals, are not generally available for humans.
In these studies, exposure to other chemical agents also occurred, and it is assumed that lead is the major
toxicant. Exposure to lead in occupational studies is primarily through inhalation, although some
contribution to body burden is derived from the oral route. Conversely, the general population, including
children, is exposed to lead primarily through the oral route, but with some contribution to body burden
through inhalation. The toxic effects of lead are the same regardless of the route of entry into the body,
and they are correlated with internal exposure as PbB level. For these reasons, Section 2.2.1 of the profile
will not attempt to separate human dose data by routes of exposure (unless these data are available) but
will present it in terms of PbB levels. Most of the human data, therefore, cannot be displayed graphically
by the methods previously described; these data require a different approach, based on PbB levels.
Nonetheless, human data are the best basis for any assessment of potential health effects from lead
exposure to persons living or working near hazardous waste sites or to other populations at risk.
Experimental studies of lead toxicity in animals provide support for observations in human studies, with
some consistency in types of effects and PbB-effect relationships. However, animal data on lead toxicity
are generally considered less suitable as the basis for health effects assessments than are the human data.

There is no absolutely equivalent animal model for the effects of lead on humans.

Data concerning dose-effect relationships in animals are available not only in terms of PbB levels but also
in terms of external exposure levels or mg/kg/day doses. The animal data are presented in Sections 2.2.2,
2.2.3, and 2.2.4 and can be displayed graphically by methods previously described. However, the
graphical presentation will be done primarily for consistency with other toxicological profiles in this series
and is not recommended for use in assessing possible health hazards to persons living or working near
waste sites. MRLs were not derived for lead because a clear threshold for some of the more sensitive
effects in humans have not been identified. In addition, deriving an MRL would overlook the significant
body of PbB literature. These data suggest that certain enzyme level changes and subtle neurobehavioral
effects in children may occur at very low PbB levels. In lieu of MRLs, ATSDR has developed a
framework to guide decisions at lead sites. This approach utilizes site-specific exposure data to estimate

internal doses as measured by PbB levels (See chapter 2.5 and appendix D).
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2.2.1 Effects in Humans Based on Blood Lead (PbB) Levels

As discussed in the introduction to Section 2.2, the bulk of the human data on the health effects of lead are
expressed in terms of internal exposure, or PbB levels, rather than external exposure levels (i.e., mg/m’

or mg/kg/day). For the general population, exposure to lead occurs primarily via the oral route with some
contribution from the inhalation route, whereas occupational exposure is primarily by inhalation with some
oral. Therefore, it is difficult to distinguish specific routes and levels of exposure. For this reason, the
human health effects data for lead will be presented in terms of PbB levels in this section. Health effects

associated with human exposures to lead and internal lead doses are shown in Table 2-1.

PbB concentrations reflect the absorbed dose of lead. However, the interpretation of PbB data depends on
a knowledge of the past history of exposure to lead. This is because in the body, bone constitutes the
major lead sink and this results in lead having a long body half-life. Thus, in the absence of intense
exposure to lead for a considerable period up to its body half-life, the PbB concentrations reflect recent
lead exposures. However, if intermittent exposure to lead is occurring in several distinct environments, the
PbB concentration reflects both recent and past exposures to lead. Thus, biological effects for populations
with the same PbB concentrations may not be the same since different exposure times scales may be
involved. This is the reason why free erythrocyte protoporphyrin (FEP) and erythrocyte zinc
protoporphyrin (ZPP) have been used as additional biological markers since their elevation is more related

to chronic lead exposure than acute lead exposure (see Section 2.7).

A major limitation inherent in a good portion of the human health effects studies is that exposure
durations, and sometimes PbB levels, are not specified. However, many of the studies deficient in
experimental detail still provide useful information, and they will be discussed in this section even if they

are not recorded in Table 2-1.

2.2.1.1 Death

Mortality studies for workers exposed occupationally to lead are available. These studies all report
discrepant results, and all are limited with respect to study design. Therefore, no firm conclusions
regarding cause and effect can be drawn from these studies relative to a minimum lethal dose. A cohort

mortality study of employees at lead-producing facilities was conducted (Cooper 1988; Cooper et al.



Table 2-1. Health Effects Associated with Exposure to Lead and Internal Lead Doses in Humans

Blood lead levels at

Duration of which effect was
exposure System Effect observed (ug/dL) Reference
>1 year (occup) Increase in death due to hypertension, 63-80 Cooper et al. 1985; Cooper 1988
nephritis, neoplasms
NS (occup) Increase in death due to cerebro- NS Fanning 1988; Malcolm and Barnett 1982;
vascular disease, nephritis, and/or Michaels et al. 1991
nephrosis
>3 years (occup) Increased incidence of death from lung 34-58 (means) Lundstrom et al. 1996
cancer
NS Acute encephalopathy resulting in 125-750 NAS 1972
death in children
2 weeks to >1 Cardiovascular Increased blood pressure >30-120 de Kort et al. 1987; Pollock and Ibels 1986;
year (occup) Marino et al. 1989; Weiss et al. 1986, 1988
>1 year (occup) Cardiovascular No effect on blood pressure 40 (mean) Parkinson et al. 1987
>1 year (occup) Cardiovascular Ischemic electrocardiogram changes 51 (mean) Kirkby and Gyntelberg 1985
NS (general Cardiovascular Increased blood pressure 44.9 (mean) Khera et al. 1980b
population)
NS (general Cardiovascular increased systolic pressure by 7-38 Coate and Fowles 1989; Harlan 1988; Harlan
population) 1-2 mm Hg and increased diastolic et al. 1988; Landis and Flegal 1988; Pirkle et
pressure by 1.4 mm Hg with every al. 1985; Schwartz 1988; Proctor et al. 1996
doubling in blood lead level; effect most
prominent in middle-aged white men
NS (general Cardiovascular No significant correlation between blood  6-13 (median) or NS  Elwood et al. 1988; Grandjean et al. 1989;
population) pressure and blood lead levels Neri et al. 1988; Staessen et al. 1990, 1991
NS (general Cardiovascular Degenerative changes in myocardium, 6-20 Silver and Rodriguez-Torres 1968
population) electrocardiogram abnormalities in
children
NS (children, Cardiovascular 1.8 mm Hg increase in systolic blood 37.3 (mean) Factor-Litvak et al. 1996
environmental pressure increase and 0.9 mm increase
exposure) in diastolic with blood lead increase

from 10 to 30 pg/dL
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Table 2-1. Health Effects Associated with Exposure to Lead and Internal Lead Doses in Humans (continued)

Blood lead levels at

Duration of which effect was

exposure System Effect observed (pg/dL) Reference

NS (acute) Gastrointestinal  Colic in children 60-100 EPA 1986a; NAS 1972

(general

population)

NS (acute) Gastrointestinal ~ Colic (abdominal pain, constipation, 400-200 Awad et al. 1986; Baker et al. 1979;

(occup) cramps, nausea, vomiting, anorexia, Haenninen et al. 1979; Holness and

weight loss) Nethercott 1988; Kumar et al. 1987; Marino

et al. 1989; Matte et al. 1989; Muijser et al.
1987; Pagliuca et al. 1990; Pollock and Ibels
1986; Schneitzer et al. 1990

NS (occup) Hematological Increased ALAS and/or decreased 87 or NS (correlation  Alessio et al. 1976; Meredith et al. 1978;

ALAD with blood lead level) Wada et al. 1973
NS (general Hematological Decreased ALAD 3-56 (adult) Chisholm et al. 1985; Hernberg and
population) No threshold Nikkanen 1970; Lauwerys et al. 1978; Roels
(children) and Lauwerys 1987; Roels et al. 1976;

Secchi et al. 1974

NS (occup) Hematological Increased urinary or blood ALA >35 (adult) Lauwerys et al. 1974; Meredith et al. 1978;

25-75 (children) Pollock and lbels 1986; Selander and

Cramer 1970; Solliway et al. 1996

NS (general Hematological Increased urinary ALA >35 (adult) 25-75 NAS 1972; Roels and Lauwerys 1987

population) (chiidren)

NS (general Hematological Increased FEP >25-35 Grandjean and Lintrup 1978; Roels et al.

population) 1975

NS (general Hematological Increased EP 3040 (males) 20-30 Roels and Lauwerys 1987; Roels et al. 1975,

population) (females) 1976, 1979; Stuick 1974

NS (general Hematological Increased ZPP >15 (children) Hammond et al. 1985; Piomelli et al. 1982;

population) Rabinowitz et al. 1986; Roels and Lauwerys
1987; Roels et al. 1976

1-28 years Hematological Increased ZPP and urinary ALA 51 (mean) Gennart et al. 1992a

(occup) 40-75 (range)

NS (general Hematological Increased urinary coproporphyrin >35 (children >40 EPA 1986a

population) (adults)
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Table 2-1. Health Effects Associated with Exposure to Lead and Internal Lead Doses in Humans (continued)

Blood lead levels at

Duration of which effect was

exposure System Effect observed (ug/dL) Reference

NS (general Hematological Decreased hemoglobin >40 (children) Adebonojo 1974; Betts et al. 1973; Pueschel

population) et al. 1972; Rosen et al. 1974

NS (occup) Hematological Decreased hemoglobin with or without 240 Awad et al. 1986; Baker et al. 1979;

basophilic stippling of erythrocytes Grandjean 1979; Lilis et al. 1978; Pagliuca et

al. 1990; Tola et al. 1973; Wada et al. 1973

NS (general Hematological Anemia (hematocrit of <35%) >20 (children) Schwartz et al. 1990

population)

NS (occup) Hematological Decreased Py-5'-N NS Buc and Kaplan 1978; Paglia et al. 1975,
1977

NS (general Hematological Decreased Py-5'-N 7-80 (children) Angle and Mcintire 1978; Angle et al. 1982

population)

NS (acute) Hepatic Decreased mixed function oxidase NS (children) Alvares et al. 1975; Saenger et al. 1984

(general activity

population)

NS (chronic) Renal Chronic nephropathy 40—>100 Biagini et al. 1977; Chia et al. 1995a; Cramer

(occup) et al. 1974; Lilis et al. 1968; Maranelli and
Apostoli 1987; Ong et al. 1987; Pollock and
Ibels 1986; Verschoor et al. 1987; Wedeen
etal. 1979

1-30 years Renal No effect on renal function 40-75 Buchet et al. 1980; Huang et al. 1988a;

{occup) Gennart et al. 1992a

NS (chronic) Renal Renal impairment with gout or 18-26 Batumen et al. 1981, 1983

(general hypertension

population)

NS (acute) Renal Aminoaciduria; Fanconi syndrome >80 (children) Chisolm 1962; Pueschel et al. 1972

(general

population)

NS (children, Renal 14% increase in NAG activity in urine 34.2 (mean) Verberk et al. 1996

environmental per 10 pg/dL blood lead

exposure)
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Table 2-1. Health Effects Associated with Exposure to Lead and Internal Lead Doses in Humans (continued)

Blood lead levels at

Duration of which effect was
exposure System Effect observed (pg/dL) Reference
0.2-20 years Endocrine Decreased thyroxin (T,) >56 Tuppurainen et al. 1988
(chronic) (occup)
1-28 years Endocrine No effect on thyroid hormones, TSH, 51 (mean) Gennart et al. 1992a
(occup) LH, and FSH 40-75 (range)
NS (chronic) Endocrine No effect on thyroid function in children 2-77 (levels Siegel et al. 1989; Huseman et al. 1992
(general measured)
population)
NS (general Other Negative correlation between blood lead  12-120 Mahaffey et al. 1982; Rosen et al. 1980
population) and serum 1,25-dihydroxyvitamin D in
children
NS (chronic) Other No effect on vitamin D metabolism in 5-24 (levels Koo et al. 1991
(general children measured)
population)
NC (chronic) Other Growth retardation in children >30-60; tooth lead Angle and Kuntzelman 1989; Lauwers et al.
(general >18.7 ug/g 1986; Lyngbye et al. 1987; Huseman et al.
population) 1992
NS (chronic) Other No association between blood lead 1047 (levels Greene and Ernhart 1991; Sachs and Moel
(general levels and growth in children measured) 1989
population)
NS (general Other Decreased growth rate 7.7 Shukla et al. 1989, 1991
population)
NS (Mexican- Other Decreased stature >9-10 Frisancho and Ryan 1991
American
children)
<18 years (occup) Immunological Depression of cellular immune function, 21-90 Alomran and Shieamoon 1988; Ewers et al.
but no effect on humoral immune 1982
function
Mean, 6 years Immunologicat Decrease in some surface markers and  38-100 Undeger et al. 1996
(occup) IgG and IgM
Mean, 5.3 years Immunological No significant effects in wide range of 25-55 Pinkerton et al. 1998

(occup)

tests
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Table 2-1. Health Effects Associated with Exposure to Lead and Internal Lead Doses in Humans (continued)

Blood lead levels at

Duration of which effect was
exposure System Effect observed (ug/dL) Reference
NS (acute) Neurological Encephalopathy (adults) 50->300 Kehoe 1961a; Kumar et al. 1987; Smith et
al. 1938
NS (older Neurological Decreased performance in 5.5 (mean) Payton et al. 1998
subjects, general neurobehavioral tests
population)
NS (occup) Neurological No effect on neurobehavioral functionin ~ 40-60 (levels Milburn et al. 1976; Ryan et al. 1987
adults measured)
NS (occup) Neurological No effect on peripheral nerve function 60-80 (levels Ishida et al. 1996; Spivey et al. 1980
measured)
NS (acute and Neurological Neurological signs and symptoms in 40-80 Awad et al. 1986; Baker et al. 1979;
chronic) (occup) adults inciuding malaise, forgetfulness, Campara et al. 1984; Haenninen et al. 1979;
irritability, lethargy, headache, fatigue, Holness and Nethercott 1988; Marino et al.
impotence, decreased libido, dizziness, 1989; Matte et al. 1989; Pagliuca et al. 1990;
weakness, paresthesia Parkinson et al. 1986; Pasternak et al. 1989;
Pollock and Ibels 1986; Schneitzer et al.
1990; Zimmerman-Tanselia et al. 1983
NS (occup) Neurological Neurobehavioral function in adults; 40-80 Arnvig et al. 1980; Baker et al. 1983; Baloh
disturbances in oculo-motor function, et al. 1979; Campara et al. 1984; Glickman
reaction time, visual motor et al. 1984; Haenninen et al. 1978; Hogstedt
performance, hand dexterity, 1Q test et al. 1983; Mantere et al. 1982; Maiziish et
and cognitive performance, al. 1995; Spivey et al. 1980; Stollery et al.
nervousness, mood, coping ability, 1989, 1991, 1996; Valciukas et al. 1978;
memory Williamson and Teo 1986
NS (occup) Neurological Peripheral nerve function in adults; 30—:70 Araki et al. 1980; Chia et al. 1996; Muijser et
decreased nerve conduction velocity al. 1987; Rosen et al. 1983; Seppalainen et
al. 1983; Triebig et al. 1984
NS (occup) Neurological impaired postural balance 36 (mean) Chia et al. 1996
NS (general Neurological Irritability, lethargy, behavioral problems ~ 60-450 (effects other Bradley and Baumgartner 1958; Bradley et
population) and encephalopathy in children than al. 1956; Chisolm 1962, 1965; Chisolm and
encephalopathy); Harrison 1956; Gant 1938; Rummo et al.
>80-800 1979; Smith et al. 1983
(encephalopathy)
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Table 2-1. Health Effects Associated with Exposure to Lead and Internal Lead Doses in Humans (continued)

Blood lead levels at

Duration of which effect was
exposure System Effect observed (ug/dL) Reference
NS (general Neurological Neurobehavioral function in children: 40-200 de la Burde and Choate 1972, 1975; Ernhart
population) slightly decreased performance on 1Q et al. 1981; Kotok 1972; Kotok et al. 1977;
tests and other measures of neuro- Rummo et al. 1979
psychological deficits
NS (general Neurological Neurobehavioral function in children: Tooth lead: Bellinger and Needleman 1983; Bergomi et
population) slightly decreased performance on IQ 60—>30 pg/g al. 1989; Fulton et al. 1987; Hansen et al.
tests and othar measures of neuro- Blood lead: 6-60 1989; Hawk et al. 1986; Needleman et al.
psychological function 1979, 1985, 1990; Schroeder and Hawk
: 1987; Schroeder et al. 1985; Silva et al.
1988; Wang et al. 1989
NS (general Neurological No correlation between blood lead 10-15 Bellinger et al. 1989a; Cooney et al. 1989a;
population) levels and permanent effects on Dietrich et al. 1987a; Ernhart and Greene
neurcbehavioral development in 1990; Harvey et al. 1984, 1988; Lansdown et
children al. 1986; McBride et al. 1982; McMichael et
al. 1986; Pocock et al. 1989; Smith et al.
1983; Winneke et al. 1984
NS (children, Neurological Blood lead correlated with alterations in range, 1.4-17.4 Altmann et al. 1998; Winneke et al. 1994
environmental visual evoked potentials
exposure)
NS (children, Neurological Impaired motor and cognitive function 40-50, 20 years Stokes et al. 1998
environmental before testing;
exposure) current mean, 2.9
NS (general Neurological Altered auditory evoked potential 4-60 Holdstein et al. 1986; Robinson et al. 1985;
population) latency and decreased hearing acuity in Schwartz and Otto 1987
children
NS (children, Neurological No evidence of auditory dysfunction range, 6.2-128.2 Counter et al. 1997
environmental
exposure}
NS (general Neurological Postural disequilibrium 11.9 geometric mean Bhattacharya et al. 1993
population) for first 5 years of

age

S103443 H1V3H 2

av3ai

8¢



Table 2-1. Health Effects Associated with Exposure to Lead and Internal Lead Doses in Humans (continued)

Blood lead levels at

Duration of which effect was
exposure System Effect observed (ug/dL) Reference
NS (general Neurological Peripheral neuropathy and reduced 20-30 Erenberg et al. 1974; Landringan et al. 1976;
population) conduction velocity in children Schwartz et al. 1988; Seto and Freeman
1964
Prenatal (general  Developmental Reduced birth weight and/or reduced 1217 Bornschein et al. 1989; McMichael et al.
population) gestational age, and/or increased 1986; Moore et al. 1982; Ward et al. 1987,
incidence of stillbirth and neonatal Wibberley et al. 1977
death
NS (general Developmental No association between blood lead 3-55 Factor-Litvak et al. 1991; Greene and
population) levels and birth weight, gestational age, Ernhart 1991
or other neonatal size measures
NS (general Developmental Impaired mental development in 10-15 Baghurst et al. 1987; Bellinger et al. 1984,
population) children 1985a, 1985b, 1986a, 1986b, 1987a, 1987b;
Bornschein et al. 1989; Deitrich et al. 1986,
1987a, 1987b; Ernhart et al. 1985, 1986,
1987; McMichael et al. 1988; Rothenberg et
al. 1989a; Tong et al. 1996; Wigg et al. 1988;
Winneke et al. 1985a, 1985b; Wolf et al.
1985; Vimpani et al. 1985, 1989
NS (general Developmental Impaired motor developmental statusin ~ >9.0 (mean lifetime)  Dietrich et al. 1993b
population) 6-year-old children (Cincinnati cohort)
NS (general Developmental Moderate deficit in Wechsler >20 (average Dietrich et al. 1993a
population) Performance 1Q in children 6.5 years lifetime)
old (Cincinnati cohort)
NS (general Developmental Lower scores in test of Cognitive 6.5 (mean at 24 Bellinger et al. 1991, 1992
population) Function at 5 and 10 years of age months of age)
NS (general Developmental Inverse correlation between blood lead 10-33 (mean) Haas et al. 1972; Kuhnert et al. 1977;
population) levels and ALA and ALAD activity Lauwerys et al. 1978
NS (children, Developmental Small association between abnormal 40.9 (geometric Wassermann et al. 1998
environmental behavior and blood lead at age 3 mean)
exposure)
NS (occup) Reproductive Decreased fertility 37.2 {(mean) Lin et al. 1996
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Table 2-1. Health Effects Associated with Exposure to Lead and Internal Lead Doses in Humans (continued)

Blood lead levels at

Duration of which effect was
exposure System Effect observed (pg/dL) Reference
NS (general Reproductive Increased incidence of miscarriages 210 or NS Baghurst et al. 1987; Hu et al. 1991;
population) and stillbirths in exposed women McMichael et al. 1986; Nordstrom et al.
1979; Wibberley et al. 1977
NS (general Reproductive No association between blood lead 2 Murphy et al. 1990
population levels and the incidence of
spontaneous abortion in exposed
women
NC (occup) Reproductive Low sperm count, decreased sperm 40-50 Alexander et al. 1996; Assennato et al.

mobility, abnormal sperm

1987; Braunstein et al. 1978; Chowdhury et

al. 1986; Cullen et al. 1984; Lancranjan et al.

1975; Rodamilans et al. 1988; Wildt et al.
1983

ALA = d-aminolevulinic acid; ALAD = &-aminolevulinic acid dehydratase; ALAS = §-aminolevulinic acid synthase; EP = erythrocyte protoporphyrins;
FEP = free erythrocyte protoporphyrins; FSH = follicle stimulating hormone; IQ = intelligence quotient; LH = luteinizing hormone; NS = not specified;
(occup) = occupational; Py-5'-N = pyrimidine-5-nucleotidase; TSH = thyroid stimulating hormone; ZPP = erythrocyte protoporphyrin
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1985). Two cohorts of male lead workers, 4,519 battery plant workers and 2,300 lead production workers,
all of whom had been employed for at least 1 year during the period 1946—1970, were studied for mortality
from 1947 through 1980. Overall mortality and standardized mortality ratios (SMRs) were determined.
From 1947 through 1972, mean PbB levels were 63 ug/dL for 1,326 battery plant workers and 80 pg/dL
for 537 lead production workers (PbB data were not available for many of the workers and most of the
monitoring was done after 1960). For both groups, the number of observed deaths from all causes
combined was significantly greater (p<0.01) than expected, based on national mortality rates for white
males. The increased mortality rates resulted in large part from malignant neoplasms; chronic renal

disease, including hypertension and nephritis; and "ill-defined" causes.

Two studies of mortality in four lead acid battery plants in England were conducted (Fanning 1988;
Malcolm and Barnett 1982). In the report by Malcolm and Barnett (1982), causes of death between 1925
and 1976 of workers with no, low, or high lead exposure were compared to national mortality rates. In the
high lead exposure group, a slight, but not statistically significant, increase in deaths due to cerebro-
vascular disease was observed. However, among the workers aged 65—69 years, death due to cerebro-
vascular disease was significantly increased. In addition, a marginally significant increase in the incidence
of deaths due to nephritis and nephrosis was observed in the combined low- and high-exposure groups
during 1935-1958, but not at later periods. A significant increase in cancer of the digestive tract among
the high-exposure group was observed among those workers who died during employment, but not among
retirees. The relevance to lead effects was questioned by the authors. However, it may be that these

retirees are the less susceptible members of the population.

The second study compared the causes of death among 867 workers exposed to lead from 1926 to 1985
with 1,206 workers having low or no lead exposure (Fanning 1988). Environmental lead levels and bio-
logical monitoring for body lead burdens were not available for the entire period. A significant increase in
deaths due to cerebrovascular disease was found in lead workers that died between 1946 and 1965 as
compared to controls. No other cause produced an excess of deaths in lead workers. The author suggested
that the increased risk of death due to cerebrovascular disease was not present from 1965 to 1985 because
of stricter occupational standards resulting in lower levels of exposure. Because environmental lead levels
and/or lead body burdens were not quantified for the entire period of study, the possibility of
misclassification of workers exists. Furthermore, various potentially confounding factors, such as age,

smoking, etc., were not accounted for in this study.
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Increased risk of death due to cerebrovascular disease was also observed in a cohort of 1,261 white male
newspaper printers (typesetters) (Michaels et al. 1991). The cohort was followed from January 1961
through December 1984. While neither environmental levels of lead nor PbB levels were measured, the
authors assumed that exposure was generally below the OSHA Permissible Exposure Limit (PEL) of

50 pg/m’ based on historical industrial hygiene studies in the printing industry. Furthermore, these
workers had little or no occupational exposure to any other potentially toxic agents. Information on death
and length of employment (used as a surrogate for duration of exposure) was obtained from union records.
It was assumed that lead exposure ceased in 1976 when the transition to computerized typesetting
occurred. SMRs were calculated for 92 cause-of-death categories using the mortality rates of New York
City as the comparison population. The authors found that there were no significantly elevated
nonmalignant or malignant causes of death in this cohort. In fact, the SMRs were generally less than
unity, indicating that there were less deaths than expected, which the authors attributed to the "healthy
worker effect."” However, the SMR for cerebrovascular disease was significantly elevated in those
members of the cohort employed for more than 30 years. This was not accompanied by an excess of
arteriosclerotic heart disease, which suggests that lead exposure may selectively increase the effect of

cerebrovascular disease.

Another cohort mortality study compared the mortality rates due to various causes in 437 Swedish smelter
workers with verified high lead exposure for at least 3 years from 1950 to 1974 (Gerhardsson et al. 1986b).
The mortality data for these workers were compared with national and county mortality rates specified for
cause, sex, and calendar periods. Environmental lead levels and PbB levels were available for all workers
since 1950. Mean blood lead was 58 pg/dL in 1950 and 34 pg/dL in 1974. The group of 437 lead-
exposed workers was further subdivided into high and low mean PbB levels and high and low peak blood
levels based on the cumulative PbB dose 1950-1974 and peak PbB values. Of all the specific causes of
death examined, only the SMR for lung cancer was increased, but the increase did not achieve statistical
significance. In addition, no consistent dose-response patterns were seen in the subgroups. Limitations of
this study include the fact that it did not account for various confounding factors, such as smoking, and the
fact that all of the workers were exposed to other toxic chemicals, such as antimony, arsenic, cadmium,
chromium, cobalt, lanthanum, selenium, zinc, benzo(a)pyrene, and short-lived free radicals. Results from
a follow-up study of 1,992 workers at this smelter, 326 with high exposure, were reported by Lundstrom et
al. (1997). Expected mortality in 1955—1987 and cancer incidence in 1958—1987 were calculated relative
to the county rates, specified for cause, gender, 5-year age groups, and calendar years. Among the highest

exposed group, the SMR for all malignancies was slightly increased to 1.5 (95% CI 0.8-2.4), but the SMR
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for lung cancer was considerably higher (SMR 4.1, 95% CI 1.5-9.0). Since the workers may have been
exposed to other carcinogens, including arsenic, the specific role of lead cannot be ascertained. An
additional study of 664 Swedish male lead battery workers employed for at least 3 months during
1942—1987 found an increased overall mortality, and an increased mortality from ischaemic heart diseases
and all malignant neoplasms among the cohort (Gerhardsson et al. 1995a). However, no dose-response
pattern was found and the risk estimates did not increase when a latency period of 15 years was applied.
The study also found an increased incidence of gastrointestinal malignancies among the workers exposed
to lead; this tendency was related to employment before 1970 and not to lead dose or to latency time.
Gerhardsson et al. (1995a) suggested that the results be interpreted with caution because of limited

numbers and the lack of dietary and smoking data.

The possible effects of lead exposure on mortality were examined in a series of 454 pediatric patients at
Boston’s Children Hospital who were diagnosed with lead poisoning between 1923 and 1966 and who
were traced through 1991 (McDonald and Potter 1996). Observed deaths were compared with expected
deaths (O/E) using an updated version of the United States Death Rates computer program. Of the 454
patients eligible for the study, 88% had a history of paint pica or known lead exposure; 90% had radiologic
evidence of skeletal changes consistent with lead poisoning; and 97% had characteristic gastrointestinal,
hematologic, and/or neurologic symptoms. The average PbB level in 23 children tested was 113 pg/dL;
PbB tests were performed routinely at the hospital only after 1963. Among the 454 eligible patients, 86
deaths were observed compared to 49.3 expected (O/E 1.7); 56 deaths were observed among males and 30
among females. Although the distribution of causes of mortality generally agreed with expectations, there
was a statistically significant excess of death from cardiovascular disease (O/E 2.1, 95% CI 1.3-3.2).
Three of four deaths from cerebrovascular accidents occurred in females, and 9 of 12 deaths from
arteriosclerotic heart disease occurred in males. Two men died from pancreatic cancer (O/E 10.2) and

2 from non-Hodgkin’s lymphoma (O/E 13.0). Chronic nephritis was not a significant cause of death.

Cocco et al. (1997) evaluated cause-specific mortality among workers of a lead-smelting plant in Italy. The
cohort consisted of 1,388 men whose vital status was followed from January 1950, or 12 months after the
date of hiring, whichever was later, through December 1992. For this period, reference mortality rates of
the Italian male population were available from the mortality data base of the World Health Organization
(WHO). The deaths from all causes, all malignant neoplasms, diseases of the nervous system,

cardiovascular diseases, and digestive tract diseases were fewer than expected when compared with
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the national mortality rates. A 4.5-fold excess mortality from pneumoconiosis and other diseases of the
respiratory system was observed. Previous exposure to silica in other workplaces was suggested as a likely
cause for this increase. Mortality from lung cancer was not increased. SMRs for genitourinary diseases and
kidney cancer were not significantly elevated, but both risks increased significantly with duration of
employment. Cocco et al. (1997) noted that as kidney cancer accounts for about 0.4% of the total deaths
both at the national and regional level, the small size of the cohort may not have allowed detection of small

increases over the very low background rate.

In summary, while no strong conclusions can be drawn based on these mortality studies, it is important to
note that four of these studies (Fanning 1988; Malcolm and Barnett 1982; McDonald and Potter 1996;
Michaels et al. 1991) reported some elevation in deaths due to cerebrovascular disease. No other studies

reported increased mortality due to cerebrovascular disease caused by lead exposure.

High levels of lead have been suggested as a causative agent in Sudden Infant Death Syndrome (SIDS)
(Drasch et al. 1988). PbB levels in 41 victims of SIDS (3.9+1.8 pg/dL) were compared to those of 77 living
control babies (3.5+1.2 ug/dL) and 5 babies of the same ages who died from traumatic causes

(3.5+2.1 pg/dL). The authors controlled for several factors that may influence PbB levels, including post-
mortem shifts in blood water, age, sex, social class, nutrition, fever prior to death or sampling, birth weight,
complications at birth, premature birth, and pregnancy history of the mothers. None of these factors
differed significantly between the SIDS babies and the control babies. The post-mortem shift in blood
water was accounted for by calculation of the lead concentration in blood dry weight. There was no
significant difference between either the arithmetic or geometric means of the dry PbB concentration for the
SIDS and control babies. However, a significantly greater number of the highest lead concentrations in dry
blood were found in the SIDS group than in the control babies (p<<0.01) as determined by Chi-square
analysis. Based on these results, there may be an association between higher body burdens of lead and
SIDS. Possibilities include an effect of lead on prenatal and/or postnatal neurological development. It
should be noted, however, that the authors did not control for smoking, a known risk factor for SIDS

(Haglund and Cnattingius 1990).

In children, entry of lead into the body occurs primarily by ingestion, although inhalation also contributes to
body burden. Once lead intoxication proceeds to encephalopathy, the risk of death exists. Dose-response

information on a pediatric population relating PbB levels with the occurrence of acute
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encephalopathy and death was compiled by the National Academy of Sciences (NAS 1972) using
unpublished data from groups of patients originally reported by Chisolm (1962) and Chisolm and Harrison
(1956). The range of PbB levels associated with encephalopathy was approximately 90—800 pg/dL
(mean, 330 pg/dL), and the range associated with death was approximately 125—750 pg/dL

(mean, 327 pg/dL). All but 1 of the 98 cases of fatal encephalopathy had PbB levels $150 pg/dL.

2.2.1.2 Systemic Effects

No studies were located regarding musculoskeletal, dermal, or ocular effects in humans after exposure to

lead.

Respiratory Effects. The only information located regarding respiratory effects in humans associated
with lead exposure was a case report of a 41-year-old man who was exposed to lead for 6 years while
removing old lead-based paint from a bridge. At the time of the initial assessment, his PbB level was

87 ng/dL, and he complained of mild dyspnea for the last 2-3 years. No abnormalities in respiratory
function were seen at clinical examination, so it is not possible to conclude that his respiratory symptoms

were related to exposure to lead (Pollock and Ibels 1986).

Cardiovascular Effects.  There is currently considerable scientific debate as to whether there is a
causal relationship between lead exposure and hypertension. Another area of controversy is whether
African Americans are more susceptible to the cardiovascular effects of lead than are whites or Hispanics.
The evidence from both occupational studies and large-scale general population studies (i.e., National
Health and Nutrition Examination Survey [NHANES II], British Regional Heart Study [BRHS]) is not
sufficient to conclude that such a causal relationship exists between PbB levels and increases in blood
pressure. The database on lead-induced effects on cardiovascular function in humans will be discussed by
presenting a summary of several representative occupational studies followed by a discussion of the

findings from the large-scale general population studies.

Cardiovascular effects have been noted in occupationally exposed workers after exposure to high levels of
lead following exposure durations of as short as 4 weeks. Construction workers (race not specified) using
oxyacetylene torches to cut a metal bridge that had been painted with lead-based paint were reported to

exhibit increases in heart rate and blood pressure after 4 weeks of exposure (Marino et al. 1989). Steep
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increases in PbB levels were observed only 2 weeks after work began. Peak PbB levels ranged from 48 to
120 pg/dL. Personal breathing zone exposure to airborne lead ranged from 600 to 4,000 pg/m’.
Hypertension was also observed in another group of men (race not specified) who removed lead-based paint
from a metal bridge for varying lengths of time (Pollock and Ibels 1986). PbB levels measured in these
workers ranged from 50 to 85 pg/dL; 2 of the 5 cases also exhibited nephropathy and one complained of

angina.

Another occupational study compared 53 lead-exposed male workers (2 nonwhite, 51 white) (mean PbB,
47.4 png/dL; range, 4451 pg/dL) from a plant processing lead and cadmium compounds with a control
group of 52 workers (8 nonwhite, 44 white) (mean PbB, 8.1 ug/dL, with none exceeding 20 ug/dL) from a
nonlead industry (de Kort et al. 1987). Blood pressure levels were positively correlated with PbB and urine
cadmium levels, but not with blood cadmium levels. The correlation for systolic blood pressure and PbB

level remained significant after controlling for confounding variables.

The relationship of PbB level to systolic and diastolic blood pressure was determined in a study of

89 Boston policemen (race not specified) (Weiss et al. 1986, 1988). These policemen were under
observation for health outcomes related to environmental work exposures (i.e., they had traffic exposure
histories). After statistically adjusting for previous systolic blood pressure, body mass index, age, and
cigarette smoking, high PbB level ($30 pg/dL) was a significant (p=0.01) predictor of subsequent elevation
in systolic blood pressure of 1.5-11 mm Hg in the working policemen with normal blood pressure. Low
PbB level (20-29 pg/dL) was not a predictor of subsequent systolic blood pressure elevations. Diastolic

pressure was unrelated to PbB levels.

Each of the four studies discussed above (de Kort et al. 1987; Marino et al. 1989; Pollock and Ibels 1986;
Weiss et al. 1986, 1988) involved cohorts of fewer than 100 subjects and failed to control for one or more

possibly significant confounding factors, such as smoking and alcohol intake.

Another occupational study failed to reveal any significant correlation between occupational lead exposure
and diastolic and systolic blood pressure (Parkinson et al. 1987). After controlling for known risk factors
(e.g., age, education, income, cigarette usage, alcohol consumption, and exercise), the association between

exposure and blood pressure was found to be small and nonsignificant when a group of randomly selected
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white battery plant workers (n=270) was compared to 158 nonexposed workers. The average PbB of

exposed workers was 40+£13 pg/dL; in nonexposed workers it was 75 pg/dL.

One cohort mortality study (Fanning 1988) has reported an increased mortality rate due to circulatory
disease, but three others found no such correlation (Cooper 1988; Gerhardsson et al. 1986b, 1995a) as
discussed in Section 2.2.1.1 (Table 2-1). An increased risk of death due to cerebrovascular disease was
observed in a cohort of 1,261 white male newspaper printers (typesetters) (Michaels et al. 1991) (see
Section 2.2.1.1).

Cardiovascular effects other than blood pressure changes have also been observed in individuals
occupationally exposed to lead. For example, 66% of a group of adults $46 years old, with chronic lead
poisoning of occupational origin, had electrocardiographic (ECG) abnormalities, a rate four times the
adjusted normal rate for that age group (Kosmider and Petelenz 1962). A study of 95 lead smelter workers
(mean PbB, 51 pg/dL) and matched unexposed controls (mean PbB, 11 ug/dL) revealed a significantly
higher incidence of ischemic ECG changes (20%) in the lead workers than in controls (6%) (Kirkby and
Gyntelberg 1985). In addition, a slight (4-5 mm Hg) but significant increase in diastolic blood pressure
was seen in the lead workers compared to controls. Systolic blood pressure was not affected. In contrast
with the results from Kosmider and Petelenz (1962) and Kirkby and Gyntelberg (1985), Gennart et al.
(1992a) found no effect of lead exposure on the R-R interval variations on the electrocardiogram in a group
of 98 workers from a lead acid battery factory. The mean exposure duration was 10.6 years and the mean
PbB level at the time of the examination was 51 pg/dL (range, 40-75 pg/dL). A group of 85 people not
occupationally exposed to lead served as controls; the mean PbB in this group was 20.9 pg/dL (range,

4.4-39 pg/dL). No other cardiovascular end point was evaluated.

Hypertension has also been associated with lead exposure in the general population. In a case-control study
of clinically defined groups, 38 male cardiovascular patients were compared with 48 matched normotensive
patients (Khera et al. 1980b). The cardiovascular patients were found to have higher PbB levels (mean,
44.9 pg/dL) than the normotensive patients (mean, 29.0 pg/dL). However, this study is limited by small

sample size and incomplete control of confounding factors.

Two large-scale general population studies, the BHRS (Pocock et al. 1984, 1985, 1988) and NHANES II
(Coate and Fowles 1989; Gartside 1988; Harlan 1988; Harlan et al. 1985; Landis and Flegal 1988; Pirkle
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et al. 1985; Schwartz 1988), examined the relationship between PbB levels and blood pressure in men.
Relationships between PbB levels and hypertension were evaluated in a clinical survey of 7,735 men, aged
40-49 years, from 24 British towns in the BHRS (Pocock et al. 1984, 1985, 1988). A small but significant
correlation between systolic blood pressure and PbB level was found. Of the 74 men with PbB levels
higher than 37 pg/dL, a higher proportion had systolic or diastolic hypertension than did all other men
combined. Reanalysis of the same data resulted in highly significant associations between both systolic and
diastolic blood pressure and PbB levels when adjustments were made for variation due to site (town) in
multiple regression analyses (Pocock et al. 1985). However, when these data were reanalyzed again, it was
concluded that the relationship, although statistically significant, was extremely weak (Pocock et al. 1988).
In the 1988 reanalysis (using multiple regression analysis), confounding factors, such as town of residence,
alcohol consumption, body mass index, age, cigarette smoking, and social class were adjusted for, and it
was found that a number of these factors (e.g., alcohol consumption) had a greater influence on pressure
than did PbB level. This reanalysis found that mean systolic blood pressure increased by 1.45 mm Hg and
diastolic blood pressure increased by 1.25 mm Hg for every doubling in PbB level, with the correlation
coefficients attaining statistical significance only because of the very large number of subjects in the survey.
Indeed, when separate univariate regression analyses were conducted on each town (i.e., smaller sample
size), there was no consistency among the regression coefficients obtained, indicating the high random
variability and the weakness of the association. In addition, when the PbB levels of 316 men who
experienced cardiovascular events associated with major ischemic heart disease were compared to those of
the rest of the cohort and adjustment was made for age, number of years smoking cigarettes, and town of
residence, the excess in PbB level among the ischemic heart diseases cases was 0.014 pmole/L

(0.03 png/dL), not a statistically significant difference. Based on their reanalyses, these authors concluded
that ". . . we see no convincing epidemiological evidence at present to support the claim that moderate

elevations in body lead burden are of relevance to the risk of cardiovascular disease" (Pocock et al. 1988).

Simple correlational analysis of the NHANES II data by Harlan (1988) and Harlan et al. (1985) revealed
statistically significant associations between PbB levels and systolic and diastolic blood pressure for both
men and women, aged 12—74 years. Statistical analyses controlling for a number of other potentially
confounding factors (e.g., age, race, and body mass index), however, indicated significant associations
between PbB level and blood pressure only for the men. Based on these analyses, the effect of PbB
concentration on blood pressure was estimated to be an increase in blood pressure of 7 mm Hg at PbB

levels between 14 and 30 pg/dL.
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Additional analyses of the same data set by Pirkle et al. (1985) focused on white males (40-59 years of age)
revealed significant correlations between PbB level and blood pressure. No threshold was found below
which PbB level was not significantly related to systolic or diastolic blood pressure across a range of

7-38 ug/dL. Moreover, the analysis by Pirkle et al. (1985) showed that large initial increments in blood
pressure occurred at relatively low PbB levels, with a diminution of blood pressure increments at higher
PbB levels. Lead was a significant predictor of diastolic blood pressure of $90 mm Hg, the criterion now

employed in the United States to define diastolic hypertension.

Other analyses of the NHANES II data for men have addressed the issue of possible time-trend effects
confounded by variations in sampling sites (Landis and Flegal 1988; Schwartz 1988). These analyses
confirm that correlations between systolic or diastolic blood pressure and PbB levels in men remain
significant when site is included as a variable in multiple regression analyses. In a separate analysis of the
NHANES II data, Gartside (1988) examined the relationship between PbB and systolic and diastolic blood
pressure for 26 different age groups, and concluded that there was no convincing evidence of an association
between PbB and blood pressure as reported by Schwartz (1988). Forward stepwise regression analyses
revealed statistically significantly correlation coefficients in only 24 of the 156 analyses (15%). Systolic
blood pressure increased about 1.1-4.4 mm Hg for every doubling of PbB in white males, and the largest
values were obtained in the older age groups. However, none of these achieved statistical significance.
Changes in systolic blood pressure ranged from a loss of 0.9 mm Hg to a gain of 0.7 mm Hg for every
doubling of PbB in white females; none of these changes were statistically significant. Systolic blood
pressure changes ranged from a loss of 4.7 mm Hg in the older blacks to a gain of 5.7 mm Hg in the
younger blacks. Only the changes in the younger age groups achieved statistical significance. All age
groups, sexes, and races grouped together resulted in an overall average increase of 1.1 mm Hg in systolic
blood pressure and 1.4 mm Hg in diastolic blood pressure for every doubling of PbB level. Based on this
reanalysis, it can be concluded that the NHANES II data provide only a negligible or weak association

between PbB level and blood pressure.

Problems with the NHANES II data cast some doubt on its usefulness for analyzing the relationship
between PbB levels and blood pressure. When the NHANES II data were reanalyzed, correcting for the
questionable blood pressure data, the significance and magnitude of the PbB-blood pressure relationship
reported by previous studies (Harlan 1988; Harlan et al. 1985; Landis and Flegal 1988; Pirkle et al. 1985;
Schwartz 1988) were far less than reported (Coate and Fowles 1989).
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A study of 1,627 pregnant women in south central Los Angeles (73% immigrants) found a positive
relationship between blood lead levels and blood pressure only in the immigrant group (Rothenberg et al.
1999a). From the 5" to 95" blood lead percentiles (0.9—6.2 pug/dL) in immigrants, systolic blood pressure
increased 2.8 mm Hg and diastolic blood pressure increased 2.4 mm Hg. The geometric mean PbB was
2.3 pg/dL in the immigrant group compared with 1.9 pg/dL in the non-immigrant group. Since most
potential confounders were accounted for, these results suggest that past lead exposure in the immigrant
group may have contributed to their slightly higher PbB and to the observed association between PbB and

blood pressure.

Several other general population studies failed to detect a convincing association between PbB levels and
blood pressure. Two studies were conducted in Wales (the Caerphilly Collaborative Heart Disease Studies
and the Welsh Heart Programme) in which PbB levels and blood pressure were measured in a cohort of
1,164 men and another cohort of 868 men and 856 women (Elwood et al. 1988). The geometric mean PbB
level was 12.7 ug/dL in the first cohort and 11.6 (males) and 9.0 pug/dL (females) in the second cohort.
Linear regression analysis, adjusting for age only, revealed no statistically significant relationship between
PbB level and blood pressure. The authors suggest that even if the correlation coefficients were significant,
the effect of PbB on blood pressure would be small. At most a mean rise in both systolic and diastolic
pressures of approximately 0.7 mm Hg for every 10-pg/dL difference in PbB was predicted for this

population.

A similar study was undertaken in Denmark in a cohort consisting of 451 men and 410 women (Grandjean
et al. 1989). A weak but statistically significant association was seen, particularly in the men, between PbB
and systolic and diastolic blood pressures. However, when multiple regression analysis was conducted,
adjusting for exercise, smoking, alcohol intake, occupation, height-adjusted weight index, blood
hemoglobin, serum cholesterol, and serum triglycerides, no statistically significant association between PbB
level and blood pressure was seen in this cohort. Hemoglobin concentration and alcohol intake correlated
best with both PbB levels and blood pressure; when one or both of these confounders were included in the
regression analysis, any statistically significant relationship between blood pressure and PbB levels was lost

for this population.

A negative correlation was found between PbB and systolic pressure in Belgian men in the Cadmibel study

(a cross-sectional population study of the health effects of environmental exposure to cadmium) (Staessen
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et al. 1991). In this study, blood pressure and urinary cation (positive ions found in the urine, such as
sodium, potassium, and calcium) concentration data were obtained from 963 men and 1,019 women;
multiple stepwise regression analyses were conducted adjusting for age, body mass index, pulse rate,
v-glutamyltranspeptidase, smoking habits, and use of a contraceptive pill. The only statistically significant
association found between PbB and blood pressure was negative, leading the authors to conclude that there
is no biologically significant correlation between PbB levels and blood pressure for this population. Similar
findings were subsequently published by the same groups of investigators based on observations collected
in a random population studied in Belgium for 1985 through 1989 (baseline) and reexamined for 1991
through 1995 (follow-up) (Staessen et al. 1996). The study group totaled 728 subjects (49% men) age 20 to
82 years old. Multivariate analysis controlled for most known potential confounders. At baseline, the mean
systolic/diastolic blood pressure was 130/77 mm Hg, the mean PbB was 8.7 pg/dL, and the mean ZPP was
1.0 pg/g hemoglobin. At follow-up, mean blood lead dropped to 2.9 pug/dL, systolic blood pressure
decreased 1.5 mm Hg, diastolic increased 1.7 mm Hg, and ZPP increased 0.5 pg/g hemoglobin.
Multivariate analysis showed that blood pressure was not correlated with PbB or ZPP concentrations in all
men; the same was true for all women, except that diastolic blood pressure tended to be positively
correlated with PbB. However, the association lost statistical significance after further adjustment for
hematocrit or hemoglobin. Analysis of the results also showed that of 501 initially normotensive subjects,
51 became borderline hypertensive and 47 became definitively hypertensive, but the risk of becoming

hypertensive was not associated with blood lead or ZPP concentrations at baseline.

A study of 398 male and 133 female civil servants in London, England, measured blood pressure, PbB, and
serum creatinine concentration; the study found no correlation between blood pressure and PbB after
adjustment for significant covariates, including sex, age, cigarette smoking, alcohol intake, and body mass

index in a stepwise multiple regression analysis (Staessen et al. 1990).

Both cross-sectional and longitudinal data collected in Canada indicated that there might be a slight
association between PbB and blood pressure (Neri et al. 1988). Analysis of the data from the cross-
sectional sampling of the general population (2,193 people, aged 25—64 years) resulted in a zero-order
correlation between diastolic blood pressure and a PbB level of 0.115 that was statistically significant at the
p<0.001 level. These results can be translated into a PbB level in excess of the median value of 10 pg/dL
being associated with a 37% higher risk of having a diastolic pressure above 90 mm Hg. The authors

showed that the variability in the blood pressure data that was estimated to be at most 3.0 mm Hg
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(0.064 mm Hg per unit of PbB) exceeded any difference in blood pressure that could be attributed to PbB.
Using these same data, multiple regression analyses were conducted including age, body weight/height
index, serum zinc, and hemoglobin as possible confounders, and there was no longer a statistically
significant relationship between PbB and blood pressure. These same authors also conducted a longitudinal
study of an occupationally exposed group of foundry workers in an attempt to eliminate the high variability
in blood pressure seen in the general Canadian population data and to compare blood pressure and PbB
level rises and falls within individuals. Multiple regression analyses, accounting for age and body weight,
detected a weak association between PbB and blood pressure; diastolic and systolic blood pressure
increased by 0.298 mm Hg and 0.210 mm Hg, respectively, for every pg/dL increase in PbB. However,
since the foundry workers were also exposed to cadmium, analysis of the association of cadmium and blood
pressure was conducted, and it was found that urinary cadmium levels also correlated with PbB levels.

Therefore, the association observed may be due to lead or cadmium, or both in combination.

The role of dietary calcium in the relationship between PbB and blood pressure was examined in a group of
798 male subjects who were participants in the Normative Aging Study (NAS), a longitudinal study of
aging established by the Veterans Administration in 1961 (Proctor et al. 1996). The age range of the
subjects was 43-93 years (mean, 66.1 years) and the PbB concentration ranged from 0.5 pg/dL to 35 pg/dL
(median, 5.6 ug/dL). Approximately 85% of the cohort had PbB level <10 pg/dL and only 1% had PbB
levels >20 pg/dL. The mean systolic/diastolic blood pressure was 133.7/80.1 mm Hg. The mean PbB
concentration in 334 men who had a daily intake of calcium of #800 mg (the RDA is 800 mg/day) was

6.7 pg/dL compared to 6.2 pg/dL in men who ingested >800 mg calcium/day. For the cohort overall,
neither PbB nor dietary calcium were significantly correlated with blood pressure. In multivariate
regression analyses that adjusted for age, body mass index, dietary calcium intake, (adjusted for total calorie
intake), alcohol consumption, sitting heart rate, kilocalories/week expended in exercise, hematocrit, and
smoking status, a unit increase in PbB predicted an increase of 1.2 mm Hg in diastolic blood pressure (95%
ClL, 0.11, 2.2, p=0.03). Adjusted calcium intake of 800 mg/day predicted a decrease of 3.2 mm Hg in
systolic blood pressure (95% CI, -0.56, -0.24, p=0.03). There was no evidence of an interaction between
dietary calcium and PbB on blood pressure. When the analyses were limited to men #74 years old, a unit
increase in PbB predicted an increase of 1.6 mm Hg in diastolic blood pressure. However, when men on
antihypertensive medication were excluded, PbB was not significantly associated with increased diastolic

blood pressure and neither was adjusted calcium intake associated with systolic blood pressure.



LEAD 43

2. HEALTH EFFECTS

Taken together, the results of both the occupational and general population studies do not provide
conclusive evidence that lead exposure, as assessed by PbB levels, is positively associated with hyper-
tension. The evidence is suggestive for adult men aged 40—59 years old and for systolic rather than
diastolic pressure. This association is most apparent for PbB levels as low as 7 pg/dL for middle-aged men,
and a mean increase in systolic blood pressure of 1.0-2.0 mm Hg appears to occur for every doubling in
PbB levels in middle-aged men with the increase being somewhat less in adult women. However, when the
existing data are adjusted for important confounding factors (e.g., age, body weight index, alcohol
consumption, cigarette smoking), the results do not allow for the establishment of a relationship between
PbB levels and hypertension. Future studies should control for anti-hypertensive medication status and type

of medication.

A study in children reported a small association between PbB concentration and blood pressure (Factor-
Litvak et al. 1996). The authors examined a group of 281 children age 5.5 years from the Kosovo,
Yugoslavia prospective study (see Section 2.2.1.6 for more details on this cohort). Approximately half the
children (n=137) lived in a town with heavy lead contamination and the other half (n=144) were relatively
unexposed. The mean PbB in the exposed town was 37.3 ug/dL compared with 8.7 ug/dL. among the
referents. Mean systolic blood pressures in the exposed and unexposed towns were 100.5 mm Hg and

98.4 mm Hg, respectively; the corresponding mean diastolic blood pressures were 59.1 mm Hg and

58.4 mm Hg. In unadjusted data it was found that an increase in PbB from 10 to 30 pg/dL was associated
with a 1.8 mm Hg increase in systolic blood pressure and a 0.9 mm Hg increase in diastolic blood pressure.
Adjusting for relevant covariates reduced the magnitude of the unadjusted regression coefficient for systolic
blood pressure by 40%, but did not modify the association with diastolic blood pressure. The magnitude of
the association between PbB concentration and blood pressure also decreased after adjusting for maternal

blood pressure and hemoglobin concentration at age 5.5 years.

The hypothesis that long-term lead accumulation, as reflected by levels of lead in bone, is associated with
an increased odds of developing hypertension was tested in a study by Hu et al. (1996a). A total of 590
male subjects participants in the NAS were evaluated. At the time of the evaluation, ages of the subjects
ranged from 48 to 92 years (mean 66.6 years). Blood lead levels, measured beginning in 1988, ranged from
<1 to 28 pg/dL. Levels of lead in the tibia (representing cortical bone) and the patella (representing
trabecular bone) were measured starting in 1991 with a K X-ray fluorescence instrument. The outcome

chosen, hypertension rather than blood pressure per se, was defined as taking daily medication for the
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treatment of hypertension or systolic blood pressure higher than 160 mm Hg or diastolic blood pressure of
90 mm Hg or higher during the time of the examination. Analysis of the results showed that an increase in
tibia bone lead from the middle of the lowest quintile (8 pg/g bone mineral) to the middle of the highest
quintile (37 pg/g) of 29 pg/g was associated with an increased odds ratio of hypertension of 1.5 (95%
confidence interval, 1.1-1.8) after adjusting fro body mass index, family history of hypertension, and tibia
lead. Among the study limitations recognized by the authors were crude estimations of long-term ethanol

ingestion and smoking habits and uncertain estimates of past dietary habits.

Qualitative evidence linking lead exposure to cardiac effects includes the finding of degenerative changes in
cardiac muscle, reported as the proximate cause of death in five fatal cases of lead poisoning in young
children with histories of pica (Kline 1960). Additional evidence indicates that ECG abnormalities are
fairly common in cases of childhood lead encephalopathy but disappear following chelation therapy (EPA
1986a). For example, abnormal electrocardiograms occurred in 21 of 30 overtly lead-intoxicated children

prior to chelation therapy, but in only 4 of these children after therapy (Silver and Rodriguez-Torres 1968).

In adults, a study of 75 autopsies of persons who had resided in a soft-water, leached soil region of North
Carolina found a positive correlation between lead level in the aorta and death from heart-related disease
(Voors et al. 1982). The association persisted after adjustment for the effect of age. A similar correlation
was found between cadmium levels in the liver and death from heart-related disease. (Aortic lead and liver
cadmium levels were considered to be suitable indices of exposure.) The effects of the two metals appeared
to be additive. Potential confounding variables other than age were not included in the analysis. The
investigators stated that fatty liver (indicative of alcohol consumption) and cigarette smoking did not

account for the correlations between lead, cadmium and heart-disease death.

Gastrointestinal Effects.  Colic is a consistent early symptom of lead poisoning in occupationally
exposed cases or in individuals acutely exposed to high levels of lead, such as occurs during the removal of
lead-based paint. Colic is characterized by a combination of the following symptoms: abdominal pain,
constipation, cramps, nausea, vomiting, anorexia, and weight loss. Although gastrointestinal symptoms
typically occur at PbB levels of 100-200 nug/dL, they have sometimes been noted in workers whose PbB
levels were as low as 40—-60 pg/dL (Awad et al. 1986; Baker et al. 1979; Haenninen et al. 1979; Holness
and Nethercott 1988; Kumar et al. 1987; Marino et al. 1989; Matte et al. 1989; Muijser et al. 1987; Pagliuca
et al. 1990; Pollock and Ibels 1986; Schneitzer et al. 1990).



LEAD 45

2. HEALTH EFFECTS

Colic is also a symptom of lead poisoning in children. EPA (1986a) has identified a LOAEL of
approximately 60—100 pg/dL for children. This value apparently is based on a National Academy of
Sciences (NAS 1972) compilation of unpublished data from the patient groups originally discussed in
Chisolm (1962, 1965) and Chisolm and Harrison (1956) in which other signs of acute lead poisoning, such

as severe constipation, anorexia, and intermittent vomiting, occurred at $60 pg/dL.

Hematological Effects.  Lead has long been known to have profound effects on heme biosynthesis.
In summary, lead inhibits the activity of certain enzymes involved in heme biosynthesis, namely,
d-aminolevulinic acid dehydratase (ALAD), and ferrochelatase. As a consequence of these changes, heme
biosynthesis is decreased and the activity of the rate limiting enzyme of the pathway, d-aminolevulinic acid
synthetase (ALAS), which is feedback inhibited by heme, is subsequently increased. The end results of
these changes in enzyme activities are increased urinary porphyrins, coproporphyrin, and é-aminolevulinic
acid (ALA); increased blood and plasma ALA; and increased erythrocyte protoporphyrin (EP); FEP; and
ZPP (EPA 1986a). However, the adverse effects of decreased ALAD and pyrimidine-5'-nucleotidase
activities seen at low PbB levels in the absence of detectable effects on hemoglobin levels and erythrocyte

function or survival are of questionable biological significance.

Increases in ALAS activity have been observed in lead workers (Meredith et al. 1978). Leukocyte ALAS
was stimulated at a PbB level of 87 nug/dL (Meredith et al. 1978), a level at which ALAD activity is already
significantly inhibited. ALAD activity correlated inversely with PbB levels in occupationally exposed
individuals (Alessio et al. 1976; Wada et al. 1973), as has been seen in subjects with no occupational
exposure (Secchi et al. 1974). Erythrocyte ALAD and hepatic ALAD activities were correlated directly
with each other and correlated inversely with PbB levels in the range of 12—56 pg/dL (Secchi et al. 1974).

General population studies indicate that the activity of ALAD is inhibited at very low PbB levels, with no
threshold yet apparent. ALAD activity was inversely correlated with PbB levels over the entire range of
3-34 pg/dL in urban subjects never exposed occupationally (Hernberg and Nikkanen 1970). Other reports
have confirmed the correlation and apparent lack of threshold in different age groups and exposure
categories (children—Chisolm et al. 1985; children—Roels and Lauwerys 1987; adults—Roels et al. 1976).
Inverse correlations between PbB levels and ALAD activity were found in mothers (at delivery) and their

newborns (cord blood). PbB levels ranged from approximately 3 to 30 ug/dL (Lauwerys et al. 1978).
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Inhibition of ALAD and stimulation of ALAS result in increased levels of ALA in blood or plasma and in
urine. For example, in a case report of a 53-year-old man with an 11-year exposure to lead from removing
old lead-based paint from a bridge, a PbB level of 55 ng/dL was associated with elevated urinary ALA
(Pollock and Ibels 1986). The results of the Meredith et al. (1978) study on lead workers and controls
indicated an exponential relationship between PbB and blood ALA. Numerous studies reported direct
correlations between PbB level and log urinary ALA in workers. Some of these studies indicated that
correlations can be seen at PbB levels of <40 pg/dL (Lauwerys et al. 1974; Selander and Cramer 1970;
Solliway et al. 1996), although the slope may be different (less steep) than at PbB levels of >40 pg/dL. In a
study of 98 occupationally exposed subjects (51 pg/dL, mean PbB) and 85 matched controls (20.9 pg/dL,
mean PbB) it was found that log ZPP and log ALA in urine correlated well with PbB levels (Gennart et al.
1992a). In the exposed group, the mean ZPP was 4 times higher than in the controls, whereas urinary ALA

was increased 2-fold.

Correlations between PbB levels and urinary ALA similar to those observed in occupationally exposed
adults have also been reported in non-occupationally exposed adults (Roels and Lauwerys 1987) and
children (unpublished data of J.J. Chisolm, Jr., reported by NAS 1972). Linear regression analyses
conducted on data obtained from 39 men and 36 women revealed that increases in urinary ALA may occur
at PbB levels of >35 pg/dL in women and >45 pg/dL in men (Roels and Lauwerys 1987). A significant
linear correlation between PbB level and log AL A was obtained for data in children 1-5 years old with PbB
levels of 25—75 pug/dL. The correlation was seen primarily at PbB levels >40 ug/dL, but some correlation
may persist at <40 pg/dL (NAS 1972).

A dose-related elevation of EP or ZPP in lead workers has been documented extensively (Herber 1980;
Matte et al. 1989). Correlations between PbB levels and log EP or ZPP indicate an apparent threshold for
EP elevation in male workers at 25-35 pg/dL (Grandjean and Lintrup 1978; Roels et al. 1975) for FEP and
a threshold of 30—40 pg/dL for EP (Roels and Lauwerys 1987; Roels et al. 1979). The threshold for EP
elevation appears to be somewhat lower (20-30 pg/dL) in women than in men (Roels and Lauwerys 1987;
Roels et al. 1975, 1976, 1979; Stuik 1974), regardless of whether exposure is primarily by inhalation
(occupational) or oral (nonoccupational). These studies were controlled for possible confounding factors

such as iron deficiency or age, both of which increase erythrocyte ZPP.
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Many studies have reported the elevation of EP or ZPP as being exponentially correlated with PbB levels in
children. However, peak ZPP levels lag behind peak levels of PbB. The threshold for this effect in children
is approximately 15 pg/dL. (Hammond et al. 1985; Piomelli et al. 1982; Rabinowitz et al. 1986; Roels and
Lauwerys 1987; Roels et al. 1976), and may be lower in the presence of iron deficiency (Mahaffey and
Annest 1986; Marcus and Schwartz 1987). A study by Koren et al. (1990) suggested that the current
Centers for Disease Control and Prevention (CDC) standard for acceptable blood FEP levels among
children up to 10 years of age is not applicable to newborns. The measurement of the maternal and
umbilical cord lead levels and FEP among 95 mother-infant pairs from Toronto showed a significant
inverse correlation. Most (99%) infants had cord PbB levels below 7 pg/dL; in 11 cases the levels were
below the detection limit. The cord blood FEP levels were higher than the maternal levels. This may
reflect immature heme synthesis and increased erythrocyte volume rather than lead poisoning, or perhaps an

early effect of lead poisoning.

An increase in urinary coproporphyrin has long been recognized in workers and children with lead
poisoning and used as an indicator of excessive exposure to lead (EPA 1986a). EPA (1986a) identified a
LOAEL for elevated coproporphyrin at a PbB level of 40 pg/dL for adults and 35 pg/dL for children, but

did not present the basis for this conclusion.

The threshold PbB level for a decrease in hemoglobin in occupationally exposed adults is estimated by EPA
(1986a) to be 50 pg/dL, based on evaluations of the data of Baker et al. (1979), Grandjean (1979), Lilis et
al. (1978), Tola et al. (1973), and Wada et al. (1973). For example, 5% of smelter workers with PbB levels
of 40-59 pg/dL, 14% with levels of 60-79 ug/dL, and 36% with levels of >80 ug/dL had anemia. In a
study of 98 workers from a lead acid battery factory with a mean PbB level of 51 pg/dL, the mean
hemoglobin concentration was not significantly different than in a control unexposed group of 85 subjects.
However, 4 exposed workers, but no controls, had hemoglobin levels below the level considered as the limit
value for defining anemia (13 g/dL) (Gennart et al. 1992a). The mean erythrocyte counts did not differ
significantly between the two populations. Solliway et al. (1996) also reported no significant differences in
hemoglobin concentration between a group of 34 workers from a battery factory (mean PbB 40.7 pug/dL,
range 23—-66 pg/dL) and a group of 56 nonexposed persons (mean PbB 6.7 pg/dL, range 1-13 pg/dL).
However, red blood cell count was significantly lower in exposed workers than in the controls. Lead-
induced anemia is often accompanied by basophilic stippling of erythrocytes (Awad et al. 1986; Pagliuca et
al. 1990). The PbB threshold for decreased hemoglobin levels in children is judged to be approximately
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40 pg/dL (EPA 1986a; WHO 1977), based on the data of Adebonojo (1974), Betts et al. (1973), Pueschel et
al. (1972), and Rosen et al. (1974). However, a cross-sectional epidemiologic study was conducted to
assess the association between blood lead level and hematocrit in 579 children 1-5-years old who lived in
close proximity to a primary lead smelter; the study revealed that adverse effects on hematocrit may occur
at even lower PbB levels in children (Schwartz et al. 1990). Anemia was defined as a hematocrit of <35%
and was not observed at PbB below 20 ug/dL. Analyses revealed that there is a strong negative nonlinear
dose-response relationship between PbB levels and hematocrit (i.e., there was a strong association between
elevation of PbB level and the probability of anemia). Between 20 pg/dL and 100 pg/dL, the decrease in
hematocrit was greater than proportional to the increase in PbB concentration. The effect was strongest in
the youngest children. The analysis also revealed that at PbB levels of 25 pg/dL there is a dose-related
depression of hematocrit in young children. Similarly, a study of 200 Saudi Arabian boys found a negative
correlation between PbB levels and all hematological values when the study group was subdivided into
"high" PbB (>15 pg/dL; mean 19+£3 pg/dL) versus "normal" PbB (<15 pg/dL; mean 6.5 pg/dL) (Kutbi et al.
1989). Hematocrit and mean corpuscular volume values were marginally below the normal range; red
blood cells and hemoglobin were at the low normal range; and mean corpuscular hemoglobin concentration
and white blood cells were within normal range. The authors state that this pattern is predictive of the early
stages of microcytic anemia, and suggest that low PbB levels once considered to be safe (e.g., 25 pg/dL)
may induce the early stages of microcytic anemia. However, it should be noted that both the higher and
lower exposure groups had low hematological readings for all of the parameters examined in the study, and
the lowest values recorded were in the lowest lead exposure group. This suggests that other factors, such as

poor iron or mineral status, could be contributing to the effects reported.

Erythrocyte pyrimidine-5'-nucleotidase activity was inhibited in lead workers, with the greatest inhibition
and marked accumulations of pyrimidine nucleotides apparent in workers with overt intoxication, including
anemia (Paglia et al. 1975, 1977). PbB levels in these workers ranged between 45 and 110 pg/dL, and 7 of
9 were anemic. Pyrimidine-5'-nucleotidase activity was correlated inversely with PbB when corrected for
an enhanced population of young cells due to hemolytic anemia in some of the workers (Buc and Kaplan
1978). Erythrocyte pyrimidine-5'-nucleotidase is inhibited in children at very low PbB levels. A significant
negative linear correlation between pyrimidine-5'-nucleotidase and PbB level was seen in 21 children with
PbB levels ranging from 7 to 80 pg/dL (Angle and Mclntire 1978). Similar results were seen in another
study with 42 children whose PbB levels ranged from <10 to 72 pg/dL (Angle et al. 1982). Additional
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findings included a direct correlation between cytidine phosphate levels and PbB levels (log-log). There

was no indication of a threshold for these effects of lead in these two studies.

Hepatic Effects.  In children, exposure to lead has been shown to inhibit formation of the heme-
containing protein cytochrome P-450, as reflected in decreased activity of hepatic mixed-function
oxygenases (Alvares et al. 1975; Saenger et al. 1984). Two children with clinical manifestations of acute
lead poisoning did not metabolize the test drug antipyrine as rapidly as did controls (Alvares et al. 1975).
Significantly reduced 6 B-hydroxylation of cortisol was observed in children who had positive (urinary
excretion of lead $500 pg/24 hours) calcium sodium ethylenediamine tetraacetate (EDTA) tests as
compared with an age-matched control group, controlling for free cortisol (Saenger et al. 1984). These

reactions are mediated by hepatic mixed-function oxygenases.

Abnormal liver function tests (alkaline phosphatase, aspartate transaminase, and gamma glutamyl
transferase) and mild hepatitis revealed at necropsy were observed in a 52-year-old man who was
occupationally exposed to lead following the oxyacetylene cutting of red lead painted ironwork (Pagliuca et
al. 1990). The man's PbB level upon hospital admission was 203 pg/dL. It is not clear whether this
relatively high level of lead exposure was responsible for the liver toxicity observed in this man, since
nothing was reported about his medical history, drinking habits, or other factors that may have contributed

to hepatotoxicity.

Renal Effects.  The characteristics of early or acute lead-induced nephropathy in humans include
nuclear inclusion bodies, mitochondrial changes, and cytomegaly of the proximal tubular epithelial cells;
dysfunction of the proximal tubules (Fanconi's syndrome) manifested as aminoaciduria, glucosuria, and
phosphaturia with hypophosphatemia; and increased sodium and decreased uric acid excretion. These
effects appear to be reversible. Characteristics of chronic lead nephropathy include progressive interstitial
fibrosis, dilation of tubules and atrophy or hyperplasia of the tubular epithelial cells, and few or no nuclear
inclusion bodies, reduction in glomerular filtration rate, and azotemia. These effects are irreversible. The
acute form is reported in lead-intoxicated children, whose primary exposure is via the oral route, and
sometimes in lead workers. The chronic form is reported mainly in lead workers, whose primary exposure
is via inhalation. Animal studies provide evidence of nephropathy similar to that which occurs in humans,

particularly the acute form (see Section 2.2.3.2).
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In a study of 102 cases of occupational lead poisoning, 17 cases of clinically verified chronic nephropathy
were found (Lilis et al. 1968). Endogenous creatinine clearance was <80 pg/dL. The mean PbB level for
the entire study population was 80 pg/dL (range, 42—141 pg/dL). Nephropathy was more common among

those exposed to lead for more than 10 years than among those exposed for less than 10 years.

Histopathological evidence of renal damage has been observed in lead-exposed workers. Renal
ultrastructure and function were examined in five men with heavy occupational exposure to lead (Cramer et
al. 1974). In addition, renal function was evaluated in two men from whom renal biopsies were not
obtained. PbB levels ranged from 71 to 138 pg/dL. Renal function tests were normal in all except for a
reduced glomerular filtration rate in one worker. Two subjects with relatively short exposure to lead

(6 weeks and 8 months) and PbB levels of 89—129 pg/dL had intranuclear inclusions in the proximal
tubules. Renal biopsies from workers with longer periods of lead exposure (420 years, PbB levels of
71-138 ng/dL) had diffuse interstitial or peritubular fibrosis. Glomeruli were normal in all subjects. Two
men exposed to lead for 15-25 years while removing old lead-based paint from a bridge also exhibited
clinical and histopathological signs of nephropathy (Pollock and Ibels 1986). In one man (PbB level =

80 ng/dL) who had 2 episodes of pyelonephritis over the past 11 years and hematuria, renal biopsy revealed
sclerotic and obliterated glomeruli. In the other, who complained of gouty arthritis and nocturia for the past

10 years, renal biopsy revealed sclerotic glomeruli and nephronal hypertrophy with interstitial scars.

Renal function was evaluated by means of clinical, functional, and morphological studies in 11 patients
diagnosed as having "plumbism" based on job background and laboratory findings (criteria not specified)
(Biagini et al. 1977). PbB levels in these patients ranged from 50 to 200 ug/dL. Negative associations
between urinary lead excretion following chelation with EDTA and clearance of p-aminohippuric acid
(PAH), glomerular filtration rate and duration of lead exposure were the only statistically significant effects
observed. Renal biopsies of these patients revealed signs of degeneration (swollen mitochondria, dilated
endoplasmic reticulum, scanty microvilli), signs of probable regeneration (poorly differentiated cells with
few microvilli, shallow infoldings of basal cell membrane), and signs of metabolic hyperactivity

(intranuclear granular inclusions) in the proximal tubules.

In a study of lead workers, Wedeen et al. (1979) identified 15 who had no other risk factors for renal

disease and who had previously unsuspected lead nephropathy (detected as reduced glomerular filtration
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rates). Only 3 of the 15 men had ever experienced symptoms of lead poisoning. Blood lead levels were as
follows: >80 ug/dL in 1 subject, 40—80 pg/dL in 11 subjects, and <40 ug/dL in 3 subjects. Examination of
renal biopsies from 12 of these men revealed focal interstitial nephritis in 6, in addition to nonspecific

changes, including deformed mitochondria, in the proximal tubules.

Other studies where no renal biopsies were conducted have yielded varying results with regard to
occupational lead exposure and nephropathy. The inconsistencies can be partially explained by differences
in the renal functional parameters measured. Various indicators of renal function were assessed in 155 male
lead workers and 126 male control workers (Verschoor et al. 1987). Workers were matched for factors such
as age, smoking habits, socioeconomic status, and duration of employment. Parameters measured included
PbB levels, ZPP, urinary lead levels, serum creatinine, serum urea, serum uric acid, serum 3,,-globulin,
serum retinal binding protein (RBP-S), creatinine in urine, uric acid in urine, total urinary protein, urinary
albumin, urinary f, -globulin, urinary retinal binding protein (RBP-U), immunoglobulin G, and
MN-acetyl-B-D-glucosaminidase (NAG). The length of exposure to lead was not explicitly stated. Exposure
levels were not available, but indicators of lead body burden or effect were: PbB level = 33.8-63.2 pg/dL
in the exposed workers and 5.6—12 pg/dL in the controls; ZPP = 34-292 pmol/mol hemoglobin in the
exposed workers and 10-35 pmol/mol hemoglobin in the controls. The highest PbB level measured was
97.6 ug/dL. No significant difference between exposed and control workers was found with respect to the
tubular or glomerular parameters studied, all urinary and serum parameters were within normal ranges,
there was no difference in protein excretion patterns, and there were no signs of clinical renal impairment.
Furthermore, no relationship was found between any of the renal parameters and duration of exposure. The
NAG levels in the lead-exposed workers were significantly increased over control values, and significantly
increased with increasing PbB level and ZPP. NAG is a lysosomal enzyme that is present in renal tubular
cells. It has been shown to be a sensitive indicator of early, subclinical renal disease. These results indicate
that lead exposure resulting in PbB levels #62 pg/dL can affect renal tubular function more so than

glomerular function.

Blood lead levels, urinary lead levels, serum creatinine, blood urea nitrogen (BUN), creatinine clearance
(CCT), and NAG were measured in 158 male and 51 female workers in a lead battery factory or a lead
smelting plant in Japan (Ong et al. 1987). Controls consisted of 30 professional and laboratory staff
members with no history of renal disease or lead exposure. The length of exposure to lead averaged

10.848.0 years with a range of 1-36 years. Exposure levels were not available, but indicators of lead body
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burden in the exposed workers were: PbB level = 3.0-80.0 pg/dL and urinary lead level = 0.5-49.7 pg/dL.
The highest PbB level measured was 80 ug/dL, and only five workers (3%) had PbB level levels over

60 ng/dL. Control values for these indicators of lead body burden were not provided. A weak but
statistically significant positive association was found between PbB level and BUN, PbB level and serum
creatinine; CCT was reduced with increased PbB level. The same associations were found with urinary
lead level. The NAG levels in the lead-exposed workers were significantly increased over control values,
and significantly increased with increasing PbB level and urinary lead level (when the data were adjusted
for age). These results indicate that lead exposure resulting in relatively low PbB levels can affect renal

function.

Various indicators of renal function were assessed in 60 workers diagnosed as having "lead poisoning"
(Maranelli and Apostoli 1987). No criteria for "lead poisoning" were specified. Controls consisted of
patients hospitalized for respiratory ailments with no history of lead exposure. Parameters measured
included PbB levels, urinary lead excretion following chelation with EDTA (PbU-EDTA), ZPP, urinary
d-aminolevulinic acid (ALA-U), and serum creatinine and serum uric acid clearance. The length of
exposure to lead averaged 10.8+8.0 years with a range of 1-34 years, and the occupations of the workers
varied considerably. Exposure levels were not available, but indicators of lead body burden or effect in the
"poisoned workers" were: PbB level = 71.9+16.6 ug/dL; PbU-EDTA = 3,375+2,737 pg/24 hours; ZPP =
12.846.9 ng/g hemoglobin; and ALA-U = 1.4+1.2 mg/24 hours. Control values for these indicators of lead
body burden were not provided. The only parameters of renal function that differed significantly from the
control group were increases in BUN and serum uric acid. There was no definitive correlation between

indicators of lead body burden or effect and parameters of renal function.

A study of 137 lead-exposed workers found that of various indices of exposure, time integrated index of
PbB was the best predictor of variation in serum 3,,-globulin, serum a, -globulin, and urinary albumin
(Chia et al. 1995a). Another index of exposure examined was the number of times the PbB level was above
critical values (e.g., 40, 50, 60 pg/dL). Serum B, -globulin was the only marker showing a significantly
higher prevalence rate ratio of abnormalities (increase) among lead-exposed workers. Based on
associations between abnormal serum [, -globulin and urinary albumin values and the number of times the
PbB was above critical values, Chia et al. (1995a) suggested that the threshold of 70 pug/dL for PbB may not

prevent the occurrence of nephropathy.
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Renal function in workers exposed to lead has also been examined in relation to bone lead, since this
measurement of exposure provides a better assessment of cumulative dose of lead to the kidneys than PbB.
The study was conducted in a group of 76 male lead workers and 68 controls matched for age, sex,
socioeconomic status, general environment, and workshift characteristics (Roels et al. 1994). The average
exposure duration was 18 years. Ten blood and urinary markers of nephrotoxicity were monitored. An
additional parameter measured was the increase in glomerular filtration rate (GFR) that occurs after acute
consumption of protein. GFR was evaluated in terms of creatinine clearance. The mean geometric lead
concentration in the tibia from workers and controls was 66 and 21 pg lead/g bone mineral, respectively.
Workers had higher mean PbB levels (43 pg/dL) than controls (14 pg/dL) and also higher mean urinary
lead than controls (40 versus 7.5 ug lead/g creatinine). Stepwise multiple regression analysis revealed that
none of the 10 renal markers measured was related to lead exposure. Furthermore, neither PbB, urinary
lead, or blood ZPP predicted baseline or peak GFR after the protein challenge. However, bone lead showed
a modest but positive and statistically significant association with both baseline and peak creatinine
clearance. No associations with lead in blood or urine, and blood ZPP were found in controls or lead-
exposed workers. The authors concluded that PbB levels <70 pg/dL do not cause adverse renal effects in

most adult male workers.

Other occupational studies have yielded negative results with regard to lead exposure and renal function.
Various serum and urinary indicators of renal function were assessed in 25 male lead smelter workers and
88 male control workers (Buchet et al. 1980). Factors such as age, smoking habits, socioeconomic status,
and duration of employment were examined for both groups. Parameters measured included PbB levels,
urinary lead levels, FEP, and various enzymes and proteins. The length of exposure to lead was

3.1-29.8 years. Exposure levels were not available, but indicators of lead body burden or effect were: PbB
level = 33.8-61.3 pg/dL in the exposed workers and 5.5-34.2 pg/dL in the controls; and urinary lead levels
=15.2-297.9 ng/g creatinine in the workers, 2.53—42.9 pg/g creatinine in the controls. No significant
difference between exposed and control workers was found with respect to any of the parameters of renal
function, and there were no signs of clinical renal impairment. FEP and ALA in urine were increased in the
lead group, and the concentration of urinary ALA was found to correlate positively with blood lead levels.
The results of this study of 25 lead smelter workers indicate that lead exposure leading to PbB levels of
#62 ng/dL does not result in nephrotoxicity. Another study examined kidney function in a group of 98
workers from a lead acid battery factory (Gennart et al. 1992a). Kidney function was assessed by
measurements of urinary retinol-binding protein, 3,,-globulin, albumin, NAG, and serum measurements of

creatinine and B,,-globulin. The mean duration of employment was 10.6 years, and the



LEAD 54

2. HEALTH EFFECTS

mean PbB level at the time of the evaluation was 51 pg/dL (range, 40-75 pg/dL). A group of 85 subjects
non-occupationally exposed to lead served as controls; the mean PbB level in this group was 20.9 ug/dL.
The results showed no effect of lead on the renal parameters whether the comparison was made on the basis
of mean values or on the basis of prevalence of abnormal values. It should be noted that since in these two
studies some control subjects had PbB levels of 20 pg/dL and above, the extent to which they serve as true

controls for normal function may be questionable, thus lead effects may been missed or underestimated.

Renal function was evaluated in a group of 36 male and 4 female lead smelter workers (Huang et al. 1988a).
The workers were exposed to lead for 1-10.4 years (mean, 5.4 years). Renal function was assessed by
means of a medical history, physical exam, routine urinalysis, total urinary protein, urinary IgG, urinary and
serum B, -globulin, and urinary creatinine. The presence of proteinuria is usually indicative of
nephrotoxicity; increased urinary f,,-globulin without an increase in serum [, -globulin can indicate tubular
dysfunction; and increased excretion of IgG combined with excess total protein can indicate glomerular
damage. Serum B, -globulin levels, however, are closely related to glomerular filtration rate. All
parameters were compared to average values in the healthy Chinese from Beijing obtained in previous
studies. The mean PbB level in the exposed workers was 41.8 ng/dL and the mean urinary lead level was
71 pg/L. The only statistically significant finding was an increase in urinary f, ,-globulin in the lead group

which may indicate subclinical tubular dysfunction.

A cohort mortality study was conducted to compare the mortality rates due to chronic renal disease in 4,519
battery plant workers and 2,300 lead production or smelter workers from 1947 to 1980 (Cooper 1988;
Cooper et al. 1985). The mortality data for these workers were compared with national mortality rates for
white males. Environmental lead levels and PbB levels were available for only about 30% of all workers
for varying time periods from 1947 to 1972. Statistically significant increases in mortality from "other
hypertensive disease" and "chronic nephritis" were seen in both lead cohorts. Limitations of this study
include the fact that various confounding factors, such as smoking, were not accounted for, and the workers

were probably exposed to other toxic chemicals.

Taken together, these studies provide some evidence for the association of chronic nephropathy in
occupationally exposed workers with PbB levels ranging from 60 to >100 pg/dL. It should be noted,
however, that PbB levels measured at the time of renal function testing may not fully reflect the exposure

history that contributed to the development of chronic nephropathy in lead workers.
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Excessive lead exposure has been implicated as a causative agent in kidney disease associated with gout
(Batuman et al. 1981). A correlation was found between the amount of mobilizable lead and the degree of
renal impairment in 44 veterans with gout. The 44 gout patients were similar with respect to age, duration
of gout, hypertension, history of lead exposure, serum uric acid concentration, PbB concentration, and ZPP.
A 3-day EDTA lead mobilization test was administered to all 44 gout patients, and kidney function was
assessed by measuring serum creatinine concentration, creatinine clearance, and 24-hour urinary protein
excretion. The results of the 3-day EDTA lead mobilization test were significantly different for the gout
patients with renal impairment than for the gout patients without renal impairment. The gout patients with
renal impairment excreted 80690 ng lead over the 3 days, compared to 470+£52 ng lead over 3 days in
patients with gout but no renal impairment. The upper limit of normal in this test is 600 ug lead excreted
over 3 days. To rule out the possibility that the renal impairment itself was the cause of excessive
mobilizable lead in patients with gout, 10 patients with renal disease but no gout were used as controls for
the EDTA lead mobilization test. These controls excreted approximately the same amount of lead over the
3 days as the gout patients without renal impairment (424472 ug lead). In addition, the severity of renal
impairment (as determined by the serum creatinine concentration) was directly correlated with the amount
of mobilizable lead measured in the EDTA test. It is important to note that the gout patients with high
mobilizable lead and renal impairment had blood lead levels and ZPP concentrations that were no different
from the rest of the group, indicating that there was no indication of lead overexposure in these individuals
until the EDTA lead mobilization test was administered. Based on these results, it may be concluded that

more extracellular lead accumulates in the renal impairment associated with some forms of gout.

Excessive lead exposure has also been implicated as a causative agent in kidney disease associated with
essential hypertension (Batuman et al. 1983). The 3-day EDTA lead mobilization test was administered to
70 veterans; 48 had essential hypertension (27 of which also were diagnosed with renal impairment) and the
22 that served as controls had renal failure but no hypertension. The 48 patients with essential hypertension
were similar with respect to age, blood lead concentration, and history of exposure to lead. Kidney function
was assessed by measuring serum creatinine concentration, creatinine clearance, and 24-hour urinary
protein excretion. A significant difference was found between the hypertensive patients with renal
impairment and those without with respect to the amount of mobilizable lead excreted over 3 days in the
EDTA test; the patients with both hypertension and renal impairment excreted 860£101 pg lead as
compared to 340+£39 pg lead in the hypertensive patients without renal impairment. To rule out the

possibility that the renal impairment itself was the cause of excessive mobilizable lead in patients with gout,
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22 patients with renal disease but no hypertension were used as controls for the EDTA lead mobilization
test. The amount of lead excreted over the 3 days by this group was not significantly different from that
excreted by the hypertensive patients without renal impairment (440+50 pg lead). In addition, the severity
of renal impairment (as determined by the serum creatinine concentration or creatinine clearance rate) was
directly correlated with the amount of mobilizable lead measured in the EDTA test. Based on these results,
it may be concluded that more extracellular lead accumulates in both the development of renal impairment

and essential hypertension.

The results from a longitudinal study provide information regarding low-level lead exposure and renal
function (Kim et al. 1996a). The cohort consisted of 459 men randomly selected from the participants of
the Normative Aging Study (NAS). The NAS is a longitudinal study of aging established by the Veterans
Administration in 1961. The main outcome measured, serum creatinine concentration, was determined at
each examination between 1979 and 1994. PbB was assayed in thawed samples of packed red blood cells
collected between 1979 and 1991 and in fresh whole blood for the period 1992 to 1994. The following
potential covariates known to be associated with blood lead and/or serum creatinine were considered: age,
body mass index, current smoking status, daily alcohol intake, hypertensive status, and educational level at
the inception of the cohort. Subjects were classified as hypertensive if they had a diastolic blood pressure
of 95 mm Hg, or a systolic blood pressure of 160 mm Hg, or if they were on antihypertensive medications.
The mean age of the study subjects was 56.9 years (range, 37.7—87.5) at the first visit (baseline). At this
time the mean serum creatinine concentration was 1.22 mg/dL and the mean PbB concentration was

9.9 ng/dL. After adjustment for the selected covariates, PbB was positively and significantly associated
with concurrent concentration of serum creatinine. The association between lead levels and change in
serum creatinine concentration was positive but statistically not significant, with additional controls for
baseline serum creatinine (reflecting baseline level over time) and time elapsed since the initial examination
(reflecting age related change). A 10-fold increase in PbB level predicted an increase of 0.08 mg/dL in
serum creatinine concentration. The association was also significant among subjects whose PbB levels had
never been $10 pg/dL throughout the study period. The results also showed that the age-related increase in
serum creatinine was earlier and faster and more linear among subjects in the highest quartile than among
those in the lowest quartile. Based on the results, Kim et al. (1996a) concluded that low-level exposure to
lead may impair renal function in middle-aged and older men; however, the biological significance of a

0.08 mg/dL increase in serum creatinine is unknown.
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The relationship between lead exposure and renal function was also investigated in the Cadmibel Study
(Staessen et al. 1992). The cohort consisted of a random population sample of 965 men and 1,016 women
between 20 and 88 years old. Lead exposure was estimated by PbB levels and ZPP; creatinine clearance
rate was also calculated in all subjects. The geometric mean PbB in men and women was 11.4 pg/dL
(range, 2.3—72.5) and 7.5 pg/dL (range, 1.7-60.3), respectively. The mean ZPP was 1.0 and 1.1 pg/g
hemoglobin in men and women, respectively. Analyses of the data showed that creatinine clearance rate
was inversely correlated with blood lead and ZPP in men and women, both before and after adjustment for
age, body mass index, and diuretic treatment (blood and urinary cadmium were among covariates con-
sidered in the analysis). A 10-fold increase in PbB was associated with a reduction of 10—13 mL/minute in
creatinine clearance. There was a positive correlation between serum f,,-globulin and PbB in men, between
serum f,,-globulin and ZPP in both sexes, and between serum creatinine and ZPP in men. These results
suggest that environmental lead exposure may impair renal function in the general population. However,

the alternative hypothesis that renal impairment may lead to an increase in PbB was not excluded.

Full Fanconi syndrome has been reported to be present in some children with lead encephalopathy (Chisolm
1968; Chisolm et al. 1955). According to the National Academy of Sciences (NAS 1972), the Fanconi
syndrome is estimated to occur in approximately one out of three children with encephalopathy and PbB
levels of approximately 150 pg/dL. Aminoaciduria occurs at PbB levels >80 pg/dL in children with acute
symptomatic lead poisoning (Chisolm 1962). The aminoaciduria and symptoms of lead toxicity

disappeared after treatment with chelating agents (Chisolm 1962).

In a study of children with slight neurological signs indicative of lead toxicity, aminoaciduria was found in
4 of 43 children with average PbB levels of 35 pg/dL (Pueschel et al. 1972). The highest PbB level for the
43 children was 68 pg/dL. Although PbB levels were not reported specifically for the children with

aminoaciduria, it may be assumed that they were probably at the high end of the range.

A study of 55 adolescents who had been treated for lead intoxication in early childhood (11-17 years
earlier) revealed no evidence of chronic nephropathy, as evidenced by endogenous creatinine clearance,
BUN, serum uric acid, and routine urinalysis (Chisolm et al. 1976). PbB levels during the acute poisoning
episode ranged from 100 to 650 ug/dL; all patients received immediate chelation therapy. At the time of
the study, their PbB levels had decreased to less than 40 pg/dL.
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A study of 151 children ages 3-6 years old living near a lead smelter in town in Romania found a significant
relationship between PbB concentration and NAG activity in the urine (Verberk et al. 1996). The mean
PbB concentration among the children was 34.2 ng/dL. NAG activity was found to increase 14% per

10 ug/dL PbB. No significant relationship was found between PbB and other urinary markers of renal
function such as albumin, a, -globulin, retinol binding protein, or alanine aminopeptidase. It was unlikely
that the increase in NAG activity was due to exposure to cadmium since cadmium in blood was less than

2 ng/L.

On the basis of the more recent study by Verberk et al. (1996), it seems that tubular damage may occur in

children at PbB levels of <40 pg/dL.

Endocrine Effects.  The effects of lead exposure on thyroid function have been examined in
occupationally exposed workers and in children. Blood lead levels, EP, total thyroxin (T,), free thyroxin
(FT,) total triiodothyronine (T;), and thyroid stimulating hormone (TSH) were measured in 172 black male
workers in 2 Kenyan car battery factories and one secondary lead smelter (Tuppurainen et al. 1988). The
mean duration of exposure to lead was 7.6£5.1 years (range, 0.1-20 years). The mean PbB level was
56+24 pg/dL (range, 15-134 ng/dL) and the mean EP was 16.3+5.1 umol/L (range, 2—104 umol/L). No
correlation was found between PbB level and T,, T,, or TSH, as determined by regression analyses.
However, there was a weak, but statistically significant, negative correlation between duration of exposure
and levels of T, and FT,. This association was even more apparent when only workers considered to have
"high" lead exposure (i.e., PbB level of $56 png/dL) were analyzed. Although these results suggest that lead
may adversely affect the thyroid over time, the authors did not control for confounding factors (such as
preexisting conditions that may affect thyroid function or exposure to other chemicals) and lead exposures
may have varied considerably in the workers. An additional study examined some endocrine parameters
(T,, FT,, T,, TSH, follicle-stimulating hormone, and luteinizing hormone) in a group of 98 workers from a
lead acid battery factory (Gennart et al. 1992a). The mean duration of exposure was 10.6 years and the
mean PbB concentration at the time of the evaluation was 51 pg/dL (range, 40—75 ug/dL). A group of

85 non-occupationally exposed subjects served as controls (mean PbB, 20.9 ng/dL; range, 4.4-39.0 ug/dL).
The results showed no lead-related alterations in the parameters examined. It should be noted that the mean
PbB level of 20.9 pg/dL in the control group may not be low enough to be considered a true control and

could have lessened the possibility of finding a lead effect in the more highly exposed group.
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No effects of lead on thyroid function have been found in children. Thirty-six male and 32 female children
ranging in age from 11 months to 7 years (median age of 25 months) took part in a study of the effects of
lead exposure on thyroid function in inner city children (Siegel et al. 1989). Blood lead levels, T,, and T,
uptake were determined, and sex, race, socioeconomic status, and hemoglobin were also assessed for each
child. The PbB levels ranged from 2.0 to 77 pg/dL, with a mean of 25 pg/dL. Forty-four percent of the
children had elevated lead levels (>24 ug/dL). Linear regression analysis revealed that there was no
association between PbB levels and either T, or FT,. This is contrary to what has been observed in adults
(i.e., others have shown that there is a relationship between PbB levels and T, levels in lead-exposed
workers) (Tuppurainen et al. 1988). The authors offered four possible explanations for the apparent lack of
effect of lead on thyroid function in children. Children may be less susceptible to the toxic effects of lead
on the thyroid gland. However, this is not consistent with the greater susceptibility of children to the other
toxic effects of lead (e.g., neurotoxicity). The lead-exposed workers had higher PbB levels than the
children in this study (51.9 pg/dL versus 25 pg/dL). However, no effect on thyroxine was seen even in the
children with PbB of $60 pg/dL. The workers had a longer duration of exposure (average exposure of

7.6 years versus 2.8 years in the children). T, levels may not be a sensitive enough indicator of thyroid
function. On the other hand, the positive findings in the adults described above are of limited value because
the authors did not control for confounding factors (such as preexisting conditions that may affect thyroid

function or exposure to other chemicals).

The results of a study by Siegel et al. (1989) are consistent with the findings of Huseman et al. (1992) who
examined a group of 12 children (2-5 years old) from the Omaha Lead and Poison Prevention Program with
PbB levels in the range of 41 to 72 ug/dL. The authors found that basal TSH, prolactin, T, and T; were not
affected by PbB. Also, TSH and prolacting responses to thyrotropin-releasing hormone, and cortisol
responses to insulin were not altered by PbB. However, Huseman et al. (1992) did find that the peak human
growth hormone (hGH) response to an L-dopa and insulin test, although within normal limits, was
significantly lower in children with toxic levels of lead compared with the peak response in children with
lower PbB levels (<30 pg/dL). Furthermore, the mean 24-hour hGH in children with high PbB was not
only significantly lower than those of normal children, but was comparable with that of children with hGH
neurosecretory dysfunction. High PbB levels were also associated with a lower mean insulin-like growth

factor I.
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Other Systemic Effects.

Eftects on Vitamin D Metabolism. Lead interferes with the conversion of vitamin D to its hormonal form,
1,25-dihydroxyvitamin D. This conversion takes place via hydroxylation to 25-hydroxyvitamin D in the
liver followed by 1-hydroxylation in the mitochondria of the renal tubule by a complex cytochrome P-450
system (Mahaffey et al. 1982; Rosen and Chesney 1983). Evidence for this effect comes primarily from

studies of children with high lead exposure.

Lead-exposed children with PbB levels of 33—120 ug/dL had marked reductions in serum levels of
1,25-dihydroxyvitamin D (Rosen et al. 1980). Even in the range of 33—55 pg/dL, highly significant
depressions in circulating 1,25-dihydroxyvitamin D were found, but the most striking decreases occurred in
children whose PbB lead levels were >62 pg/dL. In addition, children with PbB levels of >62 pg/dL also
had significant decreases in serum total calcium and ionized calcium and significant increases in serum
parathyroid hormone. These conditions would tend to enhance production of 1,25-dihydroxyvitamin D;
thus, the inhibition caused by lead may have been greater than was indicated by 1,25-dihydroxyvitamin D
levels. Serum levels of 1,25-dihydroxyvitamin D returned to normal within 2 days after chelation therapy.
These results are consistent with an effect of lead on renal biosynthesis of 1,25-dihydroxyvitamin D. A
strong inverse correlation between 1,25-dihydroxyvitamin D levels and PbB was also found among children
with PbB levels ranging from 12 to 120 pg/dL, with no change in the slope of the line at levels less than

30 pg/dL (Mahaftey et al. 1982).

However, results obtained by Koo et al. (1991) indicate that low to moderate lead exposure (average
lifetime PbB level range of 4.9-23.6 pg/dL, geometric mean of 9.8 pug/dL, n=105) in young children with
adequate nutritional status, particularly with respect to calcium, phosphorus, and vitamin D, has no effect on
vitamin D metabolism, calcium and phosphorus homeostasis, or bone mineral content. The authors
attribute the difference in results from those other studies to the fact that the children in their study had
lower PbB levels (only 5 children had PbB levels >60 ug/dL and all 105 children had average lifetime PbB
levels <45 pg/dL at the time of assessment) and had adequate dietary intakes of calcium, phosphorus, and
vitamin D. They concluded that the effects of lead on vitamin D metabolism observed in previous studies
may, therefore, only be apparent in children with chronic nutritional deficiency and chronically elevated

PbB levels. Similar conclusions were reached by IPCS (1995) after review of the epidemiological data.
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Effects on Growth. Since the report by Nye (1929) of runting in overtly lead-poisoned children, a number
of epidemiological studies have reported an association between PbB levels and decreased growth in
children, who take in lead primarily through the oral route (Johnson and Tenuta 1979). Although these
findings in the early epidemiological studies were suggestive of an effect, many of the studies failed to
control for possible confounding factors such as age, race, sex, or nutritional status. However, results from
some more recent and better conducted epidemiological studies have suggested an association between PbB

levels and decreased growth.

In a study that ruled out possible confounding effects of socioeconomic status on lead absorption, a set of
biometric measurements (including stature and weight) for children with PbB levels of less than 30 pg/dL
and for children with PbB levels of 40—60 ng/dL was compared (Lauwerys et al. 1986). When only the
children #8 years old were considered, the results indicated that slight decreases in biometric values
occurred in the high-lead group as compared with the lower-lead group. Huseman et al. (1992) found that
in a small group of 6 children (2-5 years old) with PbB levels between 41 and 72 pg/dL the growth rate
averaged 4.2 cm/year before chelation therapy, and 9.0 cm/year following chelation therapy.

Stronger evidence for an association between lead exposure and growth retardation is available in the
analyses by Schwartz et al. (1986) of data for 2,695 children #7 years old from the NHANES II study.
Stepwise multiple regression analyses indicated that PbB levels (range, 4-35 pg/dL) were a statistically
significant predictor of children's height, weight, and chest circumference, after controlling for age, race,
sex, and nutritional covariates. The strongest relationship was observed between PbB and height, with
segmented regression models indicating no evident threshold for the relationship down to the lowest
observed PbB level of 4 pg/dL. Parental stature was not considered as a variable, but analysis showed that
age, sex, nutrition, and PbB level accounted for 91% of the variance in height. The authors concluded that
the mean PbB level of the children at the average age of 59 months appeared to be associated with a
reduction of approximately 1.5% in the height that would be expected if the PbB level had been zero. The
impact on weight and chest circumference was of the same magnitude. This study is limited in that

environmental factors (in particular parental smoking) were not controlled for.

PbB concentrations in the range of 2.8 to 40 pg/dL were related with decreased stature in a cohort of
1,454 Mexican-American children aged 5 to 12 who were participants in the Hispanic Health and Nutrition

Examination Survey (HHANES) conducted in 1982—1984 (Frisancho and Ryan 1991). Height was
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considered the dependent variable in the multiple regression analyses, and age, poverty index, hematocrit,
hemoglobin, transferrin saturation, and blood lead were the independent variables. The mean PbB
concentration in males and females was 10.6 and 9.3 pug/dL, respectively. Eighty-two percent of the
variance in height in males was accounted for by hematocrit and PbB; in females the same 82% was
accounted for by age, poverty index, and PbB. After adjusting for these covariates, children whose PbB
levels were above the median for their age and sex (9—10 ug/dL range) were 1.2 cm shorter than children

with PbB levels below the median.

In a preliminary report of a cohort study of Danish children of homogeneous social/ethnic background
joining the first grade in 1982—1983, tooth lead was significantly associated with decreased height after
controlling for other variables (e.g., child's medical history, dietary history, behavior, tobacco smoking of
parent, and sociodemographic factors) (Lyngbye et al. 1987). Exposed children had tooth lead levels of
greater than 18.7 pg/g, while controls had tooth lead levels less than 5 pg/g. The average PbB level in the
exposed cohort was <60 pg/dL.

A retrospective study of the growth of 54 children from birth to 48 months of age was undertaken (Angle
and Kuntzelman 1989). Children were initially chosen for the study based on finding high EP (>35 pg/dL)
between 12 and 23 months of age. Blood lead levels were used to subdivide the children into 2 groups: the
low-lead <30 pg/dL (n=24), and the high-lead $30 pg/dL (n=30). The two groups were comparable with
respect to gender and skin color. None of the children were considered to have clinical signs of lead
toxicity. The mean annual PbB level increased from 17.0+1.7 pg/dL at 12—23 months to 18.5+3.5 pg/dL at
35-48 months in the low-lead group. The mean annual PbB level decreased from 46.743.5 pg/dL at

12-23 months to 40.5£2.4 pg/dL at 35-48 months in the high-lead group. The mean EP level decreased
with age in the low-lead children but remained consistently elevated in the high-lead children. The rate of
weight gain was significantly increased at 15 months, and mean weight was significantly increased at

24 months in the high-lead group. Even though the high-lead children showed initial increased growth,
analysis of the rates of height and weight gain from birth to 36 months showed a significant decrease in
growth of high-lead children when compared to the low-lead group. The authors state that the increased
growth rate at 15 months in the high-lead children is associated with increased food intake (particularly of
finger foods), therefore increasing the probability of lead ingestion from dust on the fingers. The
contribution of prenatal lead burden and iron deficiency to the growth patterns observed could not be

determined. This study suggested that after an initial acceleration in growth, high PbB may be associated
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with growth retardation, and that food and hand dust are among the primary sources of lead in the first year

of life.

A study was conducted on 21 children, aged 18 to 36 months, to examine the potential relationship between
the amounts of lead ingested in food and anthropometric measurements (height, weight, head circum-
ference, and mid-upper arm circumference) (Stanek et al. 1998). The children resided in homes located in
an urban area with potentially high lead levels. The main outcomes measured were lead contamination in
food and on hands, and blood lead levels. The mean PbB concentration was 6.4 pg/dL, and the total intake
of lead from food was 4.95 ng/day. Home-handled foods, canned foods, and hand-wipe lead were
significant predictors of lead content in food. When the anthropometric measurements were compared with
mean PbB levels, a negative relationship with head circumference was found. Regression analyses showed
that, in addition to blood lead, total energy intake was significantly related to head circumference,
suggesting possible nutritional influence. The influence of other factors such as prenatal care, nutrition, and

genetics was also mentioned as being possibly responsible for the findings.

Two studies failed to establish an association between PbB levels and growth. In a study designed to look
at the effect of lead exposure on stature (height and weight) among 104 high-lead subjects and 27 sibling
controls, PbB did not affect growth or the genetic predisposition for eventual adult height (Sachs and Moel
1989). The high-lead subjects had PbB that ranged from 10 to 47 pg/dL, and their nonexposed sibling
controls had PbB levels that ranged from 1 to 4 ug/dL. PbB levels, height, and weight were measured in
1974 (the year of their first post-treatment recall for evaluation, when the mean age was 8 years) and 1985
(the year of their sixth recall, when their mean age was 18 years). Between 70% and 77% of the high-lead
subjects ranked in or above the 50th percentile for height in 1974; in 1985, 84% of the high-lead subjects
ranked in or above the 50th percentile for height. These percentages were not different from those seen in

the sibling controls.

A follow-up of the 260 infants from the Cincinnati cohort (see Section 2.2.1.6 for a description of this
cohort) revealed that postnatal growth rates, measured as covariate-adjusted increases in stature from 3 to
15 months of age, were inversely correlated with postnatal increases in blood lead levels from 3 to

15 months of age (Shukla et al. 1987, 1989). This relationship was significant only for infants with
relatively higher prenatal lead exposures (i.e., those whose mothers had prenatal PbB levels of $7.7 ug/dL).

During the second and third years of life, 235 infants from this cohort were reevaluated
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(Shukla et al. 1991). Mean PbB during the period of 18 to 33 months was chosen as an integrated index for
lead exposure for this period. Mean PbB concentration for the cohort during this period was 17 pg/dL
(range, 5.7-53.9 pg/dL); mean PbB levels during the period of 3 to 15 months was 11.8 pg/dL. Length
measurements were conducted at 18, 21, 24, 27, 30, and 33 months. The results of the statistical analyses
showed that mean PbB levels during the second and third years were negatively associated (p=0.002) with
attained height at 33 months of age. However, this association was significant only among those children
who had mean PbB levels greater than the cohort median ($10.8 pg/dL) during the 3—15 months interval. It
also appeared that the effect of lead exposure (both prenatal and during the 3—15 month interval) was

transient as long as subsequent exposure was not excessive.

Two sets of analyses were conducted on the data from the Cleveland Prospective Study to assess the
association between PbB levels and size from a cohort of 359 mother-infant pairs (Greene and Ernhart
1991). The first analyses investigated the association between prenatal lead exposure and neonatal size
measures as well as growth through the preschool years. The second analyses were concerned with the
relationships between preschool PbB indices (at 6 months, 2 years, 3 years, and 4 years 10 months) and
concurrent and subsequent measurements of weight, length, and head circumference. The possible
interaction between prenatal and preschool lead exposure and its effect on reduced size were also studied.
Weight, length, and head circumference were measured at birth and during five subsequent in-home visits;
cord and maternal PbB levels were used as a measure of prenatal lead exposure, and preschool PbB samples
were taken at 6 months, 3 years, and 4 years 10 months. The analyses controlled for a variety of possible
confounding factors. Multivariate longitudinal analyses revealed no statistically significant effect of PbB

levels on growth from birth through age 4 years 10 months.

The results from a study that examined the effect of chronic lead exposure on body mass index (BMI,
weight in kg divided by the square of the height in meters), as well as on weight and height, have recently
become available (Kim et al. 1995). The cohort consisted of children who attended first and second grades
in the period between 1975 and 1978 in Chelsea and Somerville, Massachusetts, who were evaluated at a
13-year interval (see also Needleman et al. 1979 in Sections 2.2.1.4 and 2.2.1.6). A total of 236 subjects
provided complete information for the study of cross-sectional relationship between dentin lead levels and
physical growth in 1975-1978 (Study 1). Independent variables other than log,, dentin levels were age,
sex, birth weight, and mother’s socioeconomic status as of 1975-1978. Fifty-eight subjects provided data
on the relationship between the dependent variable (change in physical growth between 1978-1978 and
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1989-1990) and log,, dentin lead levels in 1975-1978 (Study 2). Also, 54 children provided information
on the relationship between changes in growth between 1975-1978 and 1989-1990, and lead in bone (tibia,
patella, or mean bone lead) in 1975-1978 (Study 3). Other independent variables adjusted in Studies 2 and
3 were age as of 1975-1978, age increase between 1975-87 and 1989-1990, sex, mother’s socioeconomic
status as of 1975-1978, and physical parameters (weight, height, or BMI). Analysis of the results showed
that log,, dentin lead was significantly associated with BMI, but not with weight or with height, after
controlling for age as of 1975-1978, sex, birth weight, and mother’s socioeconomic status. Also, after
adjusting for BMI as of 19751978, age increase, age as of 1975-1978, sex, and mother’s socioeconomic
status, log,, dentin lead was significantly associated with BMI change between 1975-1978 and 1989—-1990.
No significant associations were found between log,, dentin lead and weight, or between log,, dentin lead
and height. Furthermore, no significant associations were observed between bone lead as of 1989-1990
and any of the changes in physical growth between 1975-1978 and 1989-1990. Further analysis of the
results showed that a 10-fold increase in dentin lead level was associated with an increase of 1.02 kg/m? in
BMI at the age of 7 years, and a 10-fold increase in dentin level was also associated with an increase in
BMI change of 2.65 kg/m” from age 7 to age 20. Kim et al. (1995) indicate that because dentin lead level
reflects chronic exposure to lead during the several years prior to shedding of teeth, the results suggest that
children exposed to lead during childhood had greater BMI gain between age 7 and 20 than those less

exposed.

2.2.1.3 Immunological Effects

The data on immunological effects in occupationally exposed humans following exposure to lead are
inconsistent and limited, with some indication that lead may have an effect on the cellular component of the
immune system, while the humoral component is relatively unaffected. Lead workers with PbB levels of
21-90 pg/dL (median, 55 pg/dL) had more colds and influenza infections per year and had a significant
suppression of secretory IgA levels (Ewers et al. 1982). Secretory IgA is a major factor in the defense
against respiratory and gastrointestinal infections (Koller 1985). Serum immunoglobulin levels were not
significantly altered. Immune function in lead workers exposed occupationally for 4-30 years, whose PbB
levels at the time of testing ranged from 25 to 53 pg/dL (mean, 38.4 pg/dL), was no different from controls
whose PbB levels at the time of testing ranged from 8 to 17 pg/dL (mean, 11.8 pg/dL) (Kimber et al.
1986b). There were no differences between the workers and controls with regard to serum concentrations

of IgG, IgA, or IgM and no correlation between PbB levels and serum immunoglobulin levels. In addition,
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responses to the mitogen phytohemagglutinin (PHA) (a stimulator of T lymphocytes) and natural killer
(NK) cell activity were not altered in workers compared with controls. Lymphocyte transformation

(in vitro) and serum IgG and IgA levels were studied in 39 male lead storage battery workers who had
exposure to lead oxides, in 10 age-matched nonexposed health volunteers, and in 9 nonexposed
management personnel (Alomran and Shleamoon 1988). The length of exposure was not precisely
specified, but the range was 0 to about 18 years. The mean PbB level in these workers had been previously
shown to be 64 ng/dL, and the air concentration of lead oxide within the plant was reported to be

266 pg/m’. No specifics were given regarding how this measurement was obtained. The lymphocytes from
the exposed workers were significantly less responsive to stimulation by PHA and concanavalin A (con A)
than those from the controls, and the severity of the depression was related to the duration of exposure.

There was no effect on IgG and IgA levels.

Fischbein et al. (1993) examined the phenotypic parameters and functional integrity of peripheral blood
lymphocytes in a group of 51 firearm instructors employed in the New York Metropolitan area. A group of
36 industrial workers with no known exposure to lead served as control subjects. Fifteen of the 51 firearm
instructors had PbB levels $25 ug/dL (mean 31.4 ug/dL), whereas the rest had a mean PbB concentration of
14.6 pg/dL. The control group tested negative for lead. The results showed a significant decrease in
percentage and number of CD3" and CD4" cells in the high-exposure group relative to the low-exposure
group. In addition, cell-mediated immunity, assessed by the response of lymphocytes to T-cell mitogens
and by the mixed-lymphocyte culture, was impaired in lead-exposed subjects. Other cell types including
CDS8’, the B-lymphocyte, or the NK cells were not significantly altered relative to controls. The authors
proposed that a likely mechanism for the observed lead effects may be its high affinity for the sulfhydryl

groups on the surface receptors of the affected cell types.

A significant decrease in the number of CD4" cells as well as C3 and C4 complement levels among lead-
exposed workers (n=25) relative to unexposed controls (n=25) was also reported by Undeger et al. (1996).
The mean PbB level in the exposed workers was 74.8 ug/dL (range, 38—100 pg/dL) compared to

16.7 pg/dL (range, 11-30 pg/dL) among the controls. The mean duration of exposure was 6 years (range,
0.5-15 years) These authors also found a significantly reduced number of T-helper lymphocytes and
reduced serum IgG and IgM levels among the exposed workers. However, they found no significant

alterations in the number or percentage of other subsets of peripheral lymphocytes such as T-suppressor, B
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cells, and NK cells. No information was provided regarding the current or past health status of the exposed

cohort.

Sata et al. (1998) did not find significant differences in the number or percentages of CD4+ or CD3+ cells
between a group of 71 male workers engaged in the manufacturing of lead stearate who had a mean PbB
level of 19 pg/dL (range, 7-50 pg/dL) and a control group of 28 workers with no known occupational
exposure to lead (PbB levels in the controls were not measured). However, the exposed workers had a
significant reduction in the number of CD3"CD45RO" (memory T) cells and a significant increase in the
percentage of CD8" cells compared with controls. Also, there was a significant correlation between the
percentage of CD3"CD45RA" cells and PbB levels in the exposed workers. At the time of the study, no

subject had any signs or symptoms indicative of infection.

Pinkerton et al. (1998) evaluated a comprehensive panel of immunologic parameters among 145 lead-
exposed male workers from a large secondary lead smelter in the United States with a median PbB level of
39 ng/dL (range, 25-55 pg/dL). A group of 84 unexposed workers with a mean PbB level of <2 pg/dL
(range, 2—12 pg/dL) served as controls. The primary exposure at the smelter was lead. According to
company monitoring data, air concentration of other metals was negligible. The mean age of the exposed
workers was 32.9 years, and the mean duration of employment was 5.3 years. The following were
considered candidate covariates: age, race, smoking habits, alcohol consumption, marijuana use, whether
the subject worked first or second shifts, exposure to five or more hours of direct sunlight during the last
week, cold or flu symptoms in the last week, and hours of sleep the evening prior to the test. The covariates
for all final models were age, race, whether the subject worked first or second shifts, and current smoking
status. The study found no significant differences in the percentages of CD3" cells, CD4" T cells, CD8" T
cells, B cells, or NK cells between exposed and unexposed workers. In addition, there were no differences
between exposed and unexposed workers in serum immunoglobulin levels, salivary IgA, C3 complement
levels, or lymphoproliferative responses with tetanus toxoid. The study did find that on average, exposed
workers had a significantly lower percentage of monocytes than unexposed workers, although the
magnitude was small. Among exposed workers the percentage and number of B cells were positively
associated with current blood lead level, serum IgG was negatively associated with cumulative lead
exposure, and the percentage and number of CD4"/CD45RA" cells was positively associated with
cumulative lead exposure. Pinkerton et al. (1998) concluded that their results provided no evidence for a

marked immunotoxic effect of lead at the exposure levels studied. They also suggested that differences
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between their results and those of others, such as Fischbein et al. (1993) and Undeger et al. (1996), may

reflect methodological differences.

The data available on the immunologic effects of lead exposure on children are very limited. In a
comparison of 12 preschool children having PbB levels $40 pg/dL and elevated FEP with 7 preschool
children with lower PbB levels (14-30 ug/dL), it was found that there were no differences between groups
with respect to complement levels, immunoglobulin levels, or antitoxoid titers following booster
immunization with tetanus toxoid (Reigart and Graher 1976). The small number of children, the lack of
unexposed controls, and the fact that PbB levels of up to 30 pg/dL were seen in the comparison group limit

the conclusions that can be drawn from this report.

2.2.1.4 Neurological Effects

Neurological Signs and Symptoms in Adults. The most severe neurological effect of lead in
adults is lead encephalopathy, which is a general term to describe various diseases that affect brain function.
Early symptoms that may develop within weeks of initial exposure include dullness, irritability, poor
attention span, headache, muscular tremor, loss of memory, and hallucinations. The condition may then
worsen, sometimes abruptly, to delirium, convulsions, paralysis, coma, and death (Kumar et al. 1987).
Histopathological findings in fatal cases of lead encephalopathy in adults are similar to those in children

(see discussion below).

Severe lead encephalopathy is generally not observed in adults except at extremely high PbB levels (e.g.,
460 pg/dL [Kehoe 1961a]). Other data (Smith et al. 1938) suggest that acute lead poisoning, including
severe gastrointestinal symptoms and/or signs of encephalopathy, can occur in some adults at PbB levels

that range from approximately 50 to >300 pg/dL, but the data are somewhat ambiguous.

Occupational exposure to lead has often been associated with signs of neurotoxicity. The literature contains
numerous case reports and small cohort studies that describe a higher incidence of these symptoms,
including malaise, forgetfulness, irritability, lethargy, headache, fatigue, impotence, decreased libido,
dizziness, weakness, and paresthesia at PbB levels that range from approximately 40 to 120 ug/dL.
following acute-, intermediate-, and chronic-duration occupational exposure (Awad et al. 1986; Holness and

Nethercott 1988; Marino et al. 1989; Matte et al. 1989; Pagliuca et al. 1990; Pasternak et al. 1989;
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Pollock and Ibels 1986; Schneitzer et al. 1990). For example, significantly increased central and peripheral
nervous system and gastrointestinal symptoms were reported among 25 lead workers with maximum PbB
levels of 50-69 pg/dL and significantly increased central nervous system symptoms among 20 lead workers
with maximum PbB levels <50 ug/dL (Haenninen et al. 1979). Controls (n=23) had average PbB levels of
11.9 pg/dL. In another study, no smelter workers with PbB levels of <40 pg/dL had signs or symptoms of
lead intoxication, while 13% of the workers with PbB levels of 40—79 pg/dL had extensor muscle weakness

or gastrointestinal symptoms (Baker et al. 1979).

A study comparing 288 lead-exposed workers (current or historical PbB level of >35 ng/dL) at 3 battery
plants with 181 workers with current PbB level of #35 ug/dL at a truck frame plant reported a few
differences in neurobehavioral or psychosocial indices (Parkinson et al. 1986). Because the lead-exposed
workers were younger, less educated, employed for fewer years, and earned less income than the unexposed
workers, the analysis adjusted for age, education, and income. Exposed workers had mean current, time-
weighted average and peak PbB levels of 40.0, 48.8, and 78.8 ug/dL, respectively. PbB data for unexposed
workers were not characterized in this manner. Exposed workers had an increase in the number of work-
related accidents and poorer performance in a motor speed/manual dexterity test with the nondominant
hand, and greater levels of conflict in interpersonal relationships as compared with unexposed workers.
When multiple regression analyses were performed on the data for exposed workers, only the levels-of-

conflict measure showed a significant dose-response relationship with current or cumulative PbB levels.

Twenty low-exposure men (mean blood lead level, 20.4 ng/dL; range, 11.1-27.1 pg/dL), 20 intermediate-
exposure men (mean PbB level, 31.7 ug/dL; range, 26-35 ug/dL), and 20 men high-exposure men (mean
PbB level, 52.5 pg/dL; range, 45-60 pg/dL) at an storage battery plant were studied (Campara et al. 1984;
Zimmerman-Tanselia et al. 1983). Consistent and significant dose-response trends were observed in
symptoms such as loss of appetite, paresthesia in lower limbs, weakness of upper limbs, and dropping of
objects, with the most marked increases in neurological symptoms in the high-lead group (Zimmerman-
Tanselia et al. 1983). In addition, the high-lead workers performed significantly less well on neuro-
behavioral tests, with general performance on cognitive and visual-motor coordination tasks and verbal

reasoning ability most markedly impaired (Campara et al. 1984).
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The results of these studies showing neurological effects at lower exposure levels of lead indicate that the
lowest levels for overt signs and symptoms of neurotoxicity in adults is in the range of 40—60 pug/dL. These
neurological signs and symptoms occur at roughly the same PbB levels as do other overt signs and

symptoms of lead intoxication, such as gastrointestinal complaints.

Behavioral Function in Adults. Neurobehavioral testing has revealed effects in adults at PbB levels
(i.e., 40—80 pg/dL) below those causing encephalopathy (>400 pg/dL). Evaluations of occupationally
exposed adults include several affected parameters at PbB levels between 40 and 80 ng/dL. Disturbances in
oculomotor function (saccadic eye movements) in lead workers with mean PbB levels of 57-61 ug/dL were
reported in a study by Baloh et al. (1979) with follow-up by Spivey et al. (1980) and in a study by
Glickman et al. (1984). Deficits in hand-eye coordination and reaction time were reported in 190 lead-
exposed workers (mean PbB level, 60.5 ug/dL) (NIOSH 1974). Most of the workers had been exposed for
between 5 and 20 years. A similar study, however, reported no differences in arousal, reaction time, or grip
strength between controls (mean PbB, 28+10 pg/dL) and workers who had been exposed to lead for

1249.5 years (mean PbB level, 61+12 ug/dL) (Milburn et al. 1976). Disturbances in reaction time, visual
motor performance, hand dexterity, IQ test and cognitive performance, nervousness, mood, or coping
ability were observed in lead workers with PbB levels of 50-80 pg/dL (Arnvig et al. 1980; Haenninen et al.
1978; Hogstedt et al. 1983; Mantere et al. 1982; Valciukas et al. 1978).

As previously noted, Campara et al. (1984) found that workers with PbB levels of 45—60 pg/dL performed
less well on neurobehavioral tests. Impaired memory and learning ability were observed in workers with
time-weighted average PbB of 27-52 pg/dL (Hogstedt et al. 1983). In another study, impaired verbal
concept formation, memory, and visual/motor performance and increased rates of depression, confusion,
anger, fatigue, and tension were found among workers with PbB levels of >40 pg/dL (Baker et al. 1983).
Similar findings were reported in a cohort of 43 Venezuelan workers from a lead smelter who had a mean
employment duration of 4 years and a mean PbB concentration of 42 pg/dL (Maizlish et al. 1995). The
workers were evaluated with the WHO neurobehavioral core test battery and the results showed a
significant association between altered mood states and current, peak, and time-weighted average (TWA)
blood lead levels. Other parameters such as memory, perceptual speed, reaction time, and manual dexterity
tended to be poorer with increasing exposure, but the magnitude of the effect was small. A limitation of
this study may be that fact that neither the subjects nor the interviewers were blinded to the exposure

results.
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No neurobehavioral effects were seen in 288 randomly selected males who were occupationally exposed to
lead as compared to 181 demographically similar controls (Ryan et al. 1987). The mean PbB level in the
exposed workers was 40.1 pg/dL and that of the controls was 7.2 pg/dL. Nineteen tests of
neuropsychological performance were conducted. The lead-exposed workers performed no differently from
controls on all measures except psychomotor speed and manual dexterity. The authors discounted this
difference due to the observation that conflicting results were obtained in two different tests of motor speed
and manual dexterity and possible confounding effects of age. There was no evidence that history of

previous very high exposure had any effect on performance.

Ninety-one workers divided into three groups based on PbB levels (<20 ug/dL, 21-40 ug/dL, 41-80 ug/dL)
underwent a battery of neuropsychological testing including syntactic reasoning, serial reaction time,
category search, visual spatial memory, and category search recall (Stollery et al. 1989). They also
completed a mood checklist. There was no significant difference in mood in the three exposure groups.
Workers with high PbB concentrations showed evidence of impairment on tests of serial reaction time and
category search, with only weak impairment on tasks measuring syntactic reasoning and delayed verbal free
recall. In general, the magnitude of the impairment correlated with PbB levels. The impairment of serial
reaction time was the best predictor of PbB levels. A follow-up evaluation of 70 these workers confirmed
the results of the previous study (Stollery et al. 1991). The main deficit was a slowing of sensory motor
reaction time, which was seen most clearly when the cognitive demands of the task were low. The response
tended to be restricted to workers in the high PbB level group. A subsequent study examined the
performance of the 70 workers on a five-choice unprepared reaction time test to elucidate the basis for the
slowing (Stollery 1996). Performance was assessed by analyzing the distributional properties of correct
reaction times. The results showed that lead impaired both the speed of making simple movements, as well
as decisions, and suggested that decision slowing is due to central rather than peripheral factors.

Limitations of these studies include the fact that there were no lead-free controls, subjects had variable
durations of exposure, and only cross-sectional exposure data were available (i.e., no history of PbB levels

in the past were available).

One study has reported effects on neurobehavioral function in lead-exposed workers at mean PbB levels of
50 ug/dL (Williamson and Teo 1986). Neurobehavioral function was measured using tests that are based
on information processing theory in 59 lead workers and 59 controls matched for age, type of job, time on

the job, education level, smoking history, and alcohol consumption. Statistically significant decreases in
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the lead-exposed workers were seen for critical flicker fusion reaction, simple reaction time, tracking
speeds, hand steadiness tests, and sensory store memory. Sensory store memory speed showed a low but
statistically significant correlation with PbB concentrations. Measurements of neurobehavioral function
seemed well chosen, and repeated measures with associated appropriate statistics were used. The
performance of the lead-exposed workers was significantly impaired. The critical flicker fusion threshold

may reflect retinal or intermediate visual pathway function as well as cortical arousal.

A recent study examined the correlation between short- and long-term measures of exposure to lead and
performance on neuropsychological tests among a group of 467 Canadian male lead smelter workers
(Lindgren et al. 1996). The current PbB concentration was 27.5 ug/dL, and mean duration of employment
was 17.7 years. Three measures of exposure were evaluated: current PbB concentration, time-weighted
average (TWA), and time integrated blood lead (IBL), a cumulative dose estimate. Based on these three
measures estimates, the workers were divided into exposure terciles. Multivariate analyses of the
covariance showed that none of the three measures of exposure were significant. When years of
employment, a suppressor variable (a variable which improves the overall predictive validity of another
variable by removing irrelevant variance) was included as a covariate, IBL exposure groups differed
significantly in 5 of the 14 neuropsychological variables. The affected neuropsychological variables tested
primarily visuomotor skills. Lindgren et al. (1996) indicated that the lack of an association between current
blood lead or TWA PbB and neuropsychological performance was not necessarily inconsistent with other
studies that found such an association since in their study the current mean PbB levels were lower than in
other studies. Current PbB as well as TWA blood lead may have lacked the sensitivity to detect the

decrement in performance.

In summary, in studies where adults were exposed occupationally to lead, a number of neurobehavioral
parameters were affected. Current PbB levels in these workers were between 40 and 80 pg/dL. However,
some measures of cumulative exposure may be better predictors of impaired performance in workers with

current PbB levels <40 pg/dL.

The effects of lead exposure on cognitive dysfunction in nonoccupational cohorts of older persons has been
evaluated in two recent studies. Muldoon et al. (1996) conducted a wide range of cognitive tests designed
to assess memory, language, visuospatial ability, and general intellectual status, as well as sensorimotor

function in a group of 530 female participants in the Study of Osteoporotic Fractures. The cohort
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consisted of 325 rural dwellers and 205 urban dwellers with geometric mean PbB concentrations of

4.5 ng/dL and 5.4 ug/dL, respectively; the overall range was 1-21 ug/dL. The corresponding mean ages
were 71.1 and 69.4 years. For the group, the scores on the various tests were average, consistent with
normal values reported for older women. Analyses of the relationship between PbB concentrations and
neuropsychological function showed significant inverse associations with performance only among the rural
dwellers. After adjusting for age, education, and tobacco and alcohol consumption, women with blood
levels $8 pg/dL performed significantly worst in tests of psychomotor speed, manual dexterity, sustained
attention, and mental flexibility than women with PbB concentrations #3 pg/dL. Similar results were found
for reaction time tests after further adjusting for history of diabetes and/or arthritis. Muldoon et al. (1996)
stated that the reason for the inconsistency between the urban and rural cohorts is unclear; however, the
results suggest that factors other than lead have a bigger influence in the outcomes measured. A similar
study was conducted in a cohort of 141 men participants in the NAS (Payton et al. 1998). In this study, in
addition to PbB levels, lead in bone (tibia and patella) was also measured. The mean PbB concentration
among the participants was 5.5 pg/dL (range not provided), and the mean age was 66.8 years. Tibial and
patellar bone lead showed a stronger correlation with each other than either of them with blood lead. After
adjusting for age and education, the results showed that men with higher levels of blood lead recalled and
defined fewer words, identified fewer line-drawn objects, and required more time to attain the same level of
accuracy on a perceptual comparison test as men with the lowest level of PbB. In addition, men with higher
blood and tibial lead copied spatial figures less accurately, and men with higher tibial lead had slower
response for pattern memory. Payton et al. (1998) stated that the results are consistent with the hypothesis
that even within the relatively low range of exposure, higher levels of blood lead are associated with poorer
performance on some cognitive tests. The results showed that PbB was the strongest predictor of
performance on most tests. Also of interest was the finding that lead in the tibia, which changes at a slower
rate, showed more significant relationships with cognitive test scores than patellar bone lead, which changes
more rapidly. Limitations of the study recognized by the authors included the possibility of unknown
confounders, the greater error associated with bone lead measurements compared with PbB measurements,

and the need for a greater number of participants with higher PbB to minimize Type II errors.

Peripheral Nerve Function in Adults. There are numerous studies available on peripheral nerve
function that measured the conduction velocity of electrically stimulated nerves in the arm or leg of lead

workers. The most important studies are summarized below. In prospective occupational studies,
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decreased nerve conduction velocities (NCVs) were found in workers with PbB levels of 30—48 pg/dL
(Seppalainen et al. 1983), but another study found no significant differences in NCVs in workers with PbB
levels of 60—80 pg/dL, relative to controls (Spivey et al. 1980). Decreased NCVs were seen in the median
(motor and sensory) and ulnar (motor and sensory) nerves of newly employed high-exposure workers after
1 year of exposure and in the motor nerve conduction velocity of the median nerve of this group after 2 or
4 years of exposure (Seppalainen et al. 1983). Although the severity of the effects on NCV appeared to
lessen with continued exposure, several of the high-exposure workers in this study quit 1 or 2 years after
starting. Thus, the apparent improvement in NCVs may have been due to a healthy worker effect. A
similar healthy worker effect may have accounted for the negative results of Spivey et al. (1980) who tested
ulnar (motor and slow fiber) and peroneal (motor) nerves in 55 workers exposed for 1 year or more. The
studies differed in design; one prospectively obtained exposure history, while the other did it retro-
spectively. The end points that were measured also differed; Spivey et al. (1980) did not test the median

nerve, which was the most sensitive end point in the study by Seppalainen et al. (1983).

In cross-sectional occupational studies, significant decreases in NCVs were observed in fibular (motor) and
sural (sensory) nerves as a function of PbB levels with duration of exposure showing no effect (Rosen and
Chesney 1983). In another study, decreases in NCVs of ulnar (sensory, distal) and median (motor) nerves
were seen primarily at PbB levels of >70 pg/dL (Triebig et al. 1984). Duration of exposure and number of
lead-exposed workers in these 2 studies were 0.5-28 years and 15 workers (Rosen and Chesney 1983), and
1-28 years and 133 workers (Triebig et al. 1984). Results of an earlier study by Araki et al. (1980) suggest
that the decrease in NCV is probably due to lead since median (motor) NCVs in workers with a mean PbB
level of 48.3 pg/dL were improved significantly when PbB levels were lowered through CaNa,EDTA
chelation therapy.

There is suggestive evidence indicating that the changes in NCV associated with lead exposure may be
transient. Muijser et al. (1987) investigated the effects of a 5-month exposure to lead during the demolition
of a steel structure coated with lead-based paints. The motor and sensory nerve conduction velocities were
measured in the median and ulnar nerves of eight exposed workers and compared with unexposed referents
as well as themselves at 3 and 15 months after the termination of exposure. The mean PbB levels in the
exposed workers were 82.5+18.9 pg/dL at the termination of exposure, 50.3+£9.9 ug/dL 3 months after the
termination of exposure, and 29+11.8 pg/dL 15 months after the termination of exposure. Following

termination of the exposure, the motor nerve conduction velocity and distal motor latency were slowed as
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compared to the referents. However, the distal sensory conduction velocity was not affected by lead
exposure. Three months after exposure, these affected parameters showed improvement, and 15 months
after exposure were not different from the referents. These results suggest that a limited (5-month)

exposure to lead results in NCV deficits that are specific to motor nerves and are reversible in nature.

The results of these studies indicate that NCV effects occur in adults at PbB levels <70 pg/dL, and possibly
as low as 30 ug/dL. Ehle (1986), in reviewing many of the studies of NCV effects, concluded that a mild
slowing of certain motor and sensory NCVs may occur at PbB levels below 60 pg/dL, but that the majority
of studies did not find correlations between PbB and NCV below 70 pg/dL and that slowing of NCV is
neither a clinical nor a subclinical manifestation of lead neuropathy in humans. Ehle (1986), however, did
not cite or analyze the studies by Rosen and Chesney (1983) or Seppalainen et al. (1983). Other reviewers
have pointed out that decreases in NCV are slight in peripheral neuropathies (such as that induced by lead)
that involve axonal degeneration (Le Quesne 1987), and that although changes in conduction velocity
usually indicate neurotoxicity, considerable nerve damage can occur without an effect on conduction
velocity (Anderson 1987). EPA (1986a) noted that although many of the observed changes in NCV may
fall within the range of normal variation, the effects represent departures from normal neurological
functioning. NCV effects are seen consistently across studies and although the effects may not be clinically
significant for an individual, they are significant when viewed on a population basis. This is further
supported by the meta analysis of effects of lead exposure on NCV conducted by Davis and Svendsgaard
(1990).

More recent studies have also produced mixed results. Chia et al. (1996a) measured NCV in a group of 72
male workers from a lead battery manufacturing factory and 82 unexposed referents. Measurements of
NCV in the median and ulnar nerves, as well as of blood lead were performed every 6 months over a 3-year
period. Of the 72 original workers and 82 referents, only 28 and 4, respectively, completed the 3-year
period. The geometric mean PbB concentration for the exposed workers at the beginning of the study was
36.9 pg/dL compared to 10.5 pg/dL for the referents; the mean for the 28 workers who completed the study
was 39.7 ug/dL. Baseline measurements revealed significant slower NCV in workers, mostly in the median
nerve. Serial measurements in the exposed workers over the 3-year period showed a peak in PbB in the
third test which was followed by a decrease in median sensory conduction velocity and ulnar sensory nerve
conduction velocity in the fourth test. Evaluation at the end of the study of the 28 workers who completed

the 3-year period showed significant associations between PbB and 5 out 8 parameters
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measured. The same was observed when only workers with blood lead concentrations of $40 pg/dL were
included in the analysis, but no significant association was found among workers with PbB concentrations
of <40 pg/dL. Ishida et al. (1996) found no significant association between PbB concentrations in the range
of 2.1 pug/dL to 69.5 ug/dL and median nerve conduction velocity among a group of 58 male and 70 female
ceramic painters. They also found no significant association between blood lead and a test designed to
measure parasympathetic function. However, they did find a significant association between lead and an in-
direct measure of sympathetic function, but could not conclude that the alteration in test result with
increasing blood lead truly reflected sympathetic nerve dysfunction. Yeh et al. (1995) evaluated nerve
conduction velocity and electromyographic (EMQ) activity in a group of 31 workers from a battery
recycling factory and 31 sex and age matched controls. The mean duration of exposure to lead was

30.4 months and the mean PbB concentration was 63 pg/dL (range, 17-186 pg/dL). Eighty percent of the
workers (n=25) had extensor weakness of the distal upper limbs and six of these workers had weakness in
dorsiflexion of the foot; data for the control group were not provided. These 25 workers were classified as
the lead neuropathy subgroup and the remaining 6 as the lead exposure subgroup. Studies of motor nerve
conduction experiments showed a significantly increased distal latency in the median nerve from exposed
workers relative to controls, but no such effect was seen in the ulnar, peroneal, and tibial nerves. Studies of
sensory nerve conduction did not reveal any significant differences between exposed and control workers.
Ninety-four percent of the exposed workers had abnormal EMG, but no mention was made regarding the
control group. After controlling for age and sex, the authors found a significant positive association
between an index of cumulative exposure to lead (ICL) and the distal motor latencies of tibial nerves and
significant negative association between ICL and the NCVs of sural nerves. No correlation was found

between current PbB or duration of exposure and neurophysiological data.

Effects on Other Neurological End Points in Adults. Recent studies have provided evidence that
exposure to lead affects postural balance. For example, Chia et al. (1996b) evaluated the possible
association between postural sway parameters and current PbB concentration, cumulative PbB at different
years of exposure, and an index of total cumulative exposure to lead in a group of 60 workers; 60
unexposed subjects served as a control group. The current PbB concentrations were 36 ug/dL (range,
6.4-64.5 pg/dL) among the workers and 6.3 pg/dL (range, 3.1-10.9 pg/dL) among the referents. Exposed
and referents differed significantly in postural sway parameters when the tests were conducted with the eyes
closed, but not with the eyes open. Analyses of Pearson’s correlation coefficients showed that postural

sway parameters were not significantly correlated with current PbB concentration or with total cumulative
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lead exposure, but a significant correlation existed with cumulative exposure the 2 years prior to testing.
Also, some parameters had a significant correlation with cumulative lead exposure during the 9 years before
the tests were conducted. Further analysis showed that the association observed with the previous 2-year
exposure was not affected by the group of workers with longer exposure. The authors speculated that the
lack of correlation between postural sway and cumulative lead exposure could be due to underestimation of
cumulative exposure and/or to the effects of lead being reversible. A similar study of 49 male lead workers
employed at a chemical factory producing lead stearate found that an increase in postural sway with the
eyes open in the anterior-posterior direction observed in exposed workers was related to current PbB levels
(18 ng/dL) (Yokoyama et al. 1997). Also, an increase in sway with the eyes closed in the right-left
direction was significantly related to the mean blood concentration in the past. According to Yokoyama et
al. (1997), the change in the vestibulo-cerebellum seemed to reflect current lead absorption, whereas the

change in the anterior cerebellar lobe reflected past lead absorption.

No significant association was found between exposure to lead and the latencies of visual and brainstem
auditory evoked potentials in a group of 36 female glass workers (Murata et al. 1995). The mean PbB
concentration among the workers was 55.6 pug/dL (range, 25.8—79.3 ug/dL) and the mean exposure duration
was 7.8 years. On the other hand, parameters of peripheral autonomic function, assessed as
electrocardiographic R-R interval variability, were significantly depressed compared to a group of 17
referents with no known occupational exposure to lead. However, another study found no significant
alterations on the R-R interval variability among lead workers with a mean PbB concentration of

20.9 pg/dL (range, 4.4-39.0 pg/dL) (Gennart et al. 1992a).

Neurological Signs and Symptoms in Children. High-level exposure to lead produces encephalo-
pathy in children. The most extensive compilation of dose-response information on a pediatric population
is the summarization by NAS (1972) of unpublished data from the patient populations reported in Chisolm
(1962, 1965) and Chisolm and Harrison (1956). This compilation relates the occurrence of acute enceph-
alopathy and death in children in Baltimore, Maryland, to PbB levels determined by the Baltimore City
Health Department between 1930 and 1970. Other signs of acute lead poisoning and blood lead levels
formerly regarded as asymptomatic were also summarized. An absence of signs or symptoms was observed
in some children at PbB levels of 60-300 pg/dL (mean, 105 pg/dL). Acute lead poisoning symptoms other
than signs of encephalopathy were observed at PbB levels of approximately 60—450 pg/dL (mean,

178 pg/dL). Signs of encephalopathy such as hyperirritability, ataxia, convulsions, stupor, and
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coma were associated with blood lead levels of approximately 90—-800 pg/dL (mean, 330 pg/dL). The
distribution of PbB levels associated with death (mean, 327 ug/dL) was virtually the same as for levels

associated with encephalopathy.

Additional evidence from medical reports (Bradley and Baumgartner 1958; Bradley et al. 1956; Gant 1938;
Rummo et al. 1979; Smith et al. 1983) suggests that acute encephalopathy in the most susceptible children

may be associated with PbB levels in the range of 80-100 pg/dL. However, a recent study reported

19 cases of acute encephalopathy in infants of mean age 3.8 months and with mean PbB levels of

74.5 pg/dL (range, 49.7-331 pg/dL) following use of traditional medicines containing lead (surma, Bint al

Thahab) (Al Khayat et al. 1997a). Seven cases had PbB levels #70 pg/dL. In this report, lead level at

2 months post chelation was a significant predictor of abnormal neurological outcome.

Histopathological findings in fatal cases of lead encephalopathy in children include cerebral edema, altered
capillaries, and perivascular glial proliferation. Neuronal damage is variable and may be caused by anoxia

(EPA 1986a).

Numerous studies clearly show that childhood lead poisoning with encephalopathy results in a greatly
increased incidence of permanent neurological and cognitive impairments. Additional studies indicate that
children with symptomatic lead poisoning without encephalopathy (PbB level, >80-100 pg/dL) also have

an increased incidence of lasting neurological and behavioral damage.

Behavioral Function in Children. A number of studies of asymptomatic children with relatively high
lead body burdens have been published. These children were identified through lead screening programs or
other large-scale programs focusing on mother-infant health relationships and early childhood development.
Studies that were conducted rigorously enough to warrant consideration of their findings were those of de la
Burde and Choate (1972, 1975), Ernhart et al. (1981), Kotok (1972), Kotok et al. (1977), and Rummo et al.
(1979). These studies found that, in general, groups with high lead exposure performed less well on IQ or
other psychometric tests than did referent control groups with lower lead exposures. Some of these studies
did not control for important confounding variables, such as parental IQ or educational background; when
reanalyzed taking these variables into account, the authors found that differences between lead-exposed and
control children were reduced or lost statistical significance. In addition, many of the referent control

groups tended to have what are now recognized to be elevated PbB
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levels (averaging 20—40 pg/dL, or 55 pg/dL in the case of Kotok [1972]). Nevertheless, the consistent
pattern of lower 1Q values and other neuropsychologic deficits among the children exposed to higher lead
levels in these studies indicates that cognitive deficits occur in apparently asymptomatic children with

markedly elevated PbB levels (starting at 40-60 pg/dL and ranging up to $70-200 ug/dL).

The average decrement of approximately 5 IQ points observed in studies by de la Burde and Choate (1972),
and Rummo et al. (1979), described in more detail below, represents a reasonable estimate of the magnitude
of full-scale 1Q decrements associated with markedly elevated PbB levels (mean: approximately

50-70 pg/dL) in asymptomatic children.

A mean Stanford-Binet IQ decrement of 5 points, fine motor dysfunction, and altered behavioral profiles
were found in 70 preschool children exhibiting pica for paint and plaster and elevated PbB levels

(>40 pg/dL, mean of 58 pg/dL), when compared with results for matched control subjects not engaged in
pica for paint and plaster (de la Burde and Choate 1972). A follow-up study on these children (ages

1-3 years) at 7-8 years of age (de la Burde and Choate 1975) reported a mean Wechsler Intelligence Scale
for Children (WISC) full-scale IQ decrement of 3 points and impairment in learning and behavior, despite
decreases in PbB levels since the original study. These studies, however, did not report the PbB levels in

controls.

Additional evidence of lead-induced decrement in children's IQ was provided by Rummo et al. (1979) who
observed hyperactivity and a decrement of approximately 16 1Q points on the McCarthy General Cognitive
Index (GCI) among children who had previously had encephalopathy and whose average maximum PbB
levels at the time of encephalopathy were 88 pg/dL (average PbB level, 59—64 pg/dL). Asymptomatic
children with long-term lead exposures and average maximum PbB levels of 68 pug/dL (average PbB level,
51-56 pg/dL versus 21 pg/dL in a control group) had an average decrement of 5 I1Q points on the McCarthy
GCI. Their scores on several McCarthy Subscales were generally lower than those for controls, but the
difference was not statistically significant (at p<0.05). Children with short-term exposure and average
maximum PbB levels of 61 pg/dL (average PbB level, 46—50 pg/dL) did not differ from controls. PbB
levels in the referent group averaged 21 pg/dL, which is high for so-called “controls.” In these studies, the

environmental exposure levels and the durations of lead exposure were not reported.
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A number of general population studies available evaluated asymptomatic children with lower lead body
burdens than those evaluated in the above studies. Some of these studies provide evidence of an association
between neurobehavioral effects and the relatively low body burdens of lead representative of general
pediatric populations. The effects of PbB on 1Q may have major implications for public health when
considered on a population basis as discussed by Davis and Svendsgaard (1987) and Grant and Davis
(1989). A study of 158 first- and second-grade children by Needleman et al. (1979) provides evidence for
the association of full-scale IQ deficits of approximately 4 points and other neurobehavioral defects with
tooth dentin lead values that exceed 20-30 ppm. Corresponding average PbB values would probably range
from 30 to 50 pg/dL (EPA 1986a). In comparison with children having low dentin lead levels (<10 ppm),
children having high dentin lead levels (>20 ppm) had significantly lower full-scale WISC-Revised scores;
1Q deficits of approximately 4 points; and significantly poorer scores on tests of auditory and verbal
processing, on a test of attentional performance as measured by reaction time under conditions of varying
delay, and on a teachers' behavioral rating. The frequency of non-adaptive classroom behavior as rated by
teachers increased in a dose-related fashion to dentin lead levels (Needleman et al. 1979). The distribution
of verbal 1Q scores was shifted downward in the high-lead group, such that none of the children in the high-
lead group had verbal 1Q scores of >125, whereas 5% of the children in the low-lead group had verbal 1Q
scores of >125. Furthermore, children in the high-lead group were three times more likely to have verbal
1Q scores of <80 than were children in the low-lead group. Using regression analysis, Bellinger and
Needleman (1983) found that IQ scores of children in the high-lead group (with >20 ppm dentin lead) fell
below those expected based on their mothers' IQ scores and that the amount by which a child's 1Q fell below
the expected 1Q increased with increasing dentin lead levels in a nonlinear manner. These data indicate that
dentin lead level was not significantly correlated with 1Q residuals in the low-lead children (with >10 ppm
dentin lead) or in the high-lead children (with 20-29.9 ppm dentin lead) but was significantly correlated
with IQ residuals in high-lead children with 30—39.9 ppm dentin lead.

The study by Needleman et al. (1979) has been reanalyzed in additional reports (Bellinger and Needleman
1983; Needleman et al. 1985) and critically evaluated by EPA, as well as by other investigators.

In a later study, a subset (n=132) of a cohort of children studied as primary school students was reexamined

as young adults (mean age, 18.4 years) (Needleman et al. 1990). Neurobehavioral functioning had been
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found to be inversely related to dentin lead levels at the earlier examination (see discussion above). When
the 132 were reexamined 11 years later, impairment of neurobehavioral function was still found to be
related to the lead content of teeth shed at the ages of 6 and 7 years. In this study, higher lead levels in
childhood were significantly associated with lower class standing in high school, increased absenteeism,
lower grammatical-reasoning scores, lower vocabulary, poorer hand-eye coordination, longer reaction
times, and slower finger tapping. However, no significant associations were found with the results of 10
other tests of neurobehavioral functioning. These later effects could stem from a poor academic start as
opposed to effects of lead exposure; however, it could also be that the early lead exposure resulted in long-

term consequences.

Other investigators have also found that parameters of neurobehavioral function are associated with tooth
lead levels. A cross-sectional cohort of school children in first grade was ascertained in the city of Aarhus,
Denmark (Hansen et al. 1989), where the population is very homogeneous with regard to ethnicity and
language. A total of 2,412 children were contacted and asked to contribute a shed deciduous tooth. A total
of 1,291 children responded (response rate = 54%). Lead was determined in the circumpulpal dentin and
averaged 10.7 pug/g. A nested case-control study was set up within this cohort. Children with lead levels
above 18.7 png/g (n=110) were matched by sex and socioeconomic status with children with levels

<5.0 ug/g in order to identify risk factors for exposure to lead. The cases and controls were reviewed and
excluded if risk factors (other than lead) for neurobehavioral effects were present. Psychometric tests were
administered to 162 children. The high-lead children scored lower on the WISC than the low-lead controls.
No significant difference was seen between the high- and low-exposure groups on the Performance 1Q and
on several experimental tests. Impaired function associated with lead exposure was also found on the
Bender Visual Motor Gestalt Test (p<0.001) and on a behavioral rating scale (p<0.01). These results
suggested that some children may be affected in neuropsychological functioning at low lead levels seen in
minimally polluted areas. A group of 141 children from this cohort were reassessed at age 15 (Damm et al.
1993). At this time, mean dentin lead levels in the low- and high-lead groups were unchanged from the
values obtained when the children were 8 years old. At age 9, the geometric mean of the PbB concentration
was 5.7 ug/dL in 78 children from the high-lead group and 3.7 ug/dL in 83 children from the low-lead
group. Analysis of the results showed that most differences observed between the low-lead group an high-
lead group observed at age 8 years had decreased to nonsignificant levels. However, in children with a
history of neonatal jaundice, increased lead exposure was associated with mild neurobehavioral deficits, as
indicated by lower verbal IQ and decreased visuomotor coordination. The authors indicate that although
neonatal jaundice in this study did not exceed levels indicating clinical intervention, hyperbilirubinemia or

some other factor associated with it may have reduced the threshold to lead neurotoxicity.



LEAD 82

2. HEALTH EFFECTS

The possible relationship between children’s behavior and levels of lead in hair has also been investigated.
The study cohort consisted of 277 first grade students (51% male, 96% white) enrolled in the public schools
in a western Massachusetts city (Tuthill 1996). The study location had no known problem with heavy
metals. The children’s behavior in the classroom was evaluated by the teachers as they completed the
abbreviated Boston’s Teachers Rating Scale (ABTR) and by the parents, who completed a short
questionnaire. According to Tuthill (1996), the ABTR scale identifies children’s inability to focus attention
in a relatively structured classroom learning situation. Each child provided approximately 0.5 g of hair
from the nape of the neck. Cut pieces of hair were thoroughly washed to rule out external contamination.
The concentration of lead in hair ranged form <1 pg/g to 12 pg/g. The high lead group was defined as
those whose hair had $3 pg lead/g; this group contained approximately the upper quartile of hair lead levels
and teacher deficit ratings. The results of unadjusted data showed a strong association between high lead
concentration in hair and high deficit teacher ratings. Gender and ethnicity were also found to be related to
both lead level and teacher’s scores. Controlling for gender, ethnicity, child’s age, education and
occupation of main wage earner, and socioeconomic status did not reduce the original association below the
level of statistical significance. In a final logistic regression model into which gender, ethnicity, age, and
socioeconomic status were forced before lead level, gender and hair lead levels were the only two
significant variables that accounted for the variance in teacher’s attention-deficit ratings. While only 13.5%
of children with hair lead below 1 pg/g had high deficit scores, 62.5% in the highest group with $6 ug/g
had high deficit scores. The results showed also a strong association between hair lead levels and the
diagnosis of attention deficit hyperactivity disorder (prevalence odds ratio of 4.41). Although the results of
this study point to an association between hair lead and altered behavior, it should be noted that hair is not
considered a valid marker of lead exposure due to the extensive contamination possibilities and the extent to

which it relates to other usual markers of lead is not clear (Tracqui et al. 1994).

The association between lead burden, assessed by K X-ray fluorescence spectroscopy of the tibia, and social
adjustment was evaluated by Needleman et al. (1996). From a population of 850 boys in the first grade at
public schools, 503 were selected on the basis of a risk scale for antisocial behavior, and 212 of these
children (31% white) were analyzed in the study. Reports of antisocial behavior came from the parents,
teachers, and the subjects themselves at 7 and 11 years of age. Also evaluated in relation to bone lead were
attentional function, neurobehavioral, and academic performance. To minimize confounding, the authors
controlled for nine relevant social and economic variables covering the areas of maternal intelligence,

socioeconomic status, and quality of children rearing. Bone lead measures and psychological measures
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were determined at the mean age of 10.2 years and again at the mean age of 12 years. After adjustment for
covariates, the results showed borderline associations between teachers’ aggression, delinquency, and
externalization scores and bone lead at 7 years of age. At age 11, the parents reported a significant
association between lead and somatic complaints and delinquent, aggressive, internalizing, and
externalizing behavior. Also at age 11, teachers reported significant increases in scores associated with
bone lead on somatic complaints, anxious/depressed, social problems, attention problems, delinquent
behavior, aggressive behavior, internalizing, and externalizing. In addition, high-lead subjects reported
higher scores in self-reports on delinquency and were more likely to obtain worse scores on all items of the
Child Behavior Checklist during the 4-year period of observation. Lead concentration in bone was found to
be positively related to verbal and full-scale 1Q, but social rearing factors were much more influential than
lead. This study has been criticized on the basis of uncertainties related to the X-ray fluorescence

technique, lack of control for factors such as parental supervision and discipline and parent criminality.

The relationships between current and long-term indicators of lead exposure were studied to establish which
indicator correlated best with psychometric test scores, and to determine the most suitable neurological test
to evaluate the early effects of low-level lead exposure (Bergomi et al. 1989). Children (131 males and 106
females), whose average age was 7 years 8 months, living in an area of northern Italy with a high density of
ceramics factories were chosen. The daily air levels of lead decreased from 2.4-3.8 pg/m® in 1975 to
0.20-1.81 pg/m® in 1985, the year of the study. The biological indicators of lead exposure measured in this
study were PbB, tooth lead, hair lead, and ALAD activity. The following psychometric tests were
conducted: WISC-Revised I1Q, including two verbal and two performance tests; Bender Gestalt test to
assess visual-motor performance; Trail Making test to evaluate visual-motor and sequential ability;
Toulouse Pieron cancellation test to evaluate ability in figure identification, discrimination, and attention;
and a test for delayed reaction time. The influence of potentially confounding variables (e.g., age, sex, and
parental socioeconomic status) was evaluated and accounted for in the regression analyses that were
performed. Higher levels of hair and tooth lead and the IQ test were found to be affected by socioeconomic
status. The geometric means of PbB, hair lead, and tooth lead were 11.0 pg/dL, 6.8 pg/g, and 6.1 pg/g,
respectively. Mean ALAD activity was 51 milliunits (mU)/mL red blood cells. Statistical analyses
revealed that total and verbal WISC-R 1Q and Toulouse Pieron test results were negatively correlated with
levels of lead in teeth. ALAD values were also related to WISC-R IQ scores. The most predictive measure
of lead exposure was tooth lead (which is indicative of chronic lead exposure). Blood lead (which is

indicative of recent exposure) and hair lead (which is indicative of short-term exposure) were of little or no
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predictive value. These results indicate that neuropsychological impairment is associated with long-term
lead exposure. Limitations of this study include the fact that there was no control for parental 1Q and

HOME scores.

Schroeder et al. (1985) and Schroeder and Hawk (1987) evaluated 104 black children of lower socio-
economic status at ages 10 months to 6.5 years, using the Bayley Mental Development Index (MDI) or
Stanford-Binet IQ Scale. Hierarchical backward stepwise regression analyses indicated that PbB levels
(range: 659 pg/dL) were a significant source of the variance in IQ and MDI scores after controlling for
socioeconomic status and other factors. Fifty of the children were examined again 5 years later, at which
time PbB levels were #30 ug/dL. The 5-year follow-up 1Q scores were inversely correlated with
contemporary and initial blood lead levels, but the effect of lead was not significant after covariates,

especially socioeconomic status, were included in the analysis.

The above study was replicated later with 75 asymptomatic black children, 3—7 years old, of uniformly low
socioeconomic status (Hawk et al. 1986; Schroeder and Hawk 1987). Backward stepwise multivariate
regression analysis revealed a highly significant negative linear relationship between Stanford-Binet 1Q
scores and contemporary PbB levels over the entire range of 6—47 pg/dL (mean, 20.8 ng/dL). The
association was nearly as striking when past maximum or mean blood lead levels were used. Because
socioeconomic status was uniformly low, it was not a significant covariate. These results indicate that it
may be much easier to detect the effects of lead from a susceptible high risk group of homogeneous low

socioeconomic background.

Fulton et al. (1987) examined a total of 501 children, 6-9 years old, and of higher and less uniform
socioeconomic status, from Edinburgh, Scotland, exposed to lead primarily via drinking water. The
children were selected from a larger sample of 855 (mean PbB level, 10.4 pg/dL) by taking all subjects in
the top quartile of the PbB distribution from each of the 18 participating schools plus a random
approximately 1 in 3 subsample of the remaining children. The mean PbB level of the study population was
11.5 pg/dL, with a range of 3.3-34 ug/dL. A PbB level >25 ug/dL was found in 10 children. Multiple
regression analyses revealed a significant inverse correlation between log PbB and the British Ability
Scales Combined (BASC) score and attainment test scores for number skills and word reading after
adjustment for confounding variables. Further analysis divided the children into 10 groups of approx-

imately 50 each based on PbB level and plotted the group mean lead values against the group mean
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difference from the school mean score, adjusted for covariates. The authors reported that this analysis
revealed a dose-effect relationship extending from the mean PbB level of the highest lead groups

(22.1 pg/dL) down through the mean PbB level of the lowest-lead group (5.6 pg/dL), without an obvious
threshold. Although this study provides evidence that PbB levels of less than 25 pg/dL may result in IQ

deficits, the size of the effects of lead were small relative to that of other factors.

Two studies reported findings at even lower blood lead levels. Wang et al. (1989) reported on school
children residing near a battery plant in Shanghai, China. A significant dose-effect relationship was found
between blood lead levels and neuropsychological performance in children without any obvious signs of
lead poisoning. The PbB levels in these children (6—14 years old) ranged from 10 to >30 pg/dL; IQ
decreased as PbB level increased. This dose-response existed after confounding variables were controlled.
The study estimated that an increase of 10 ug/dL of PbB would result in a lowering of verbal 1Q of 8 points,
performance 1Q of 7 points, and full-scale IQ of 9 points.

In the second study Silva et al. (1988) evaluated intelligence, reading and behavior problems in 579
11-year-old children (both of European and Maori/Pacific Island descent) in New Zealand. Mean PbB lead
levels were 11.1 pg/dL (range, 4-50 pg/dL). The authors found a significant increase in behavioral

problems (inattention and hyperactivity) with increased PbB levels.

On the other hand, several studies have been published that suggest that there is no association between
PbB levels and neurobehavioral development (Cooney et al. 1989a; Ernhart and Greene 1990; Harvey et al.
1984, 1988; Lansdown et al. 1986; McMichael et al. 1986; Pocock et al. 1989; Smith et al. 1983), or that
some effects are not permanent (Bellinger et al. 1989a; Dietrich et al. 1987a). A cohort of Australian
children was investigated in a study that was designed to test the hypothesis that low-level ambient lead
exposure in the prenatal or early postnatal periods affects mental or motor development at age 4 (Cooney et
al. 1989a). Stringent selection criteria were used to ensure a homogeneous sample (n=207) so that potential
confounders could be minimized and the statistical power of the study enhanced. PbB levels were obtained
at birth (cord blood), at 6-month intervals to 4 years, and again at 5 years. This sample was drawn from a
well-educated, middle-class population. Mean PbB levels increased from birth to 18 months, then steadily
declined to 48 months. At 42 months, the percentage of the sample reaching the Australian level of concern
(25 pg/dL) was 1.5%; at 48 months, this percentage was 0.5%. The geometric mean PbB level at

48 months was 10.1 ug/dL. This study found no association between current or any previous PbB
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level with any developmental outcomes at age 4. Several prospective studies that focused on

neurobehavioral effects of prenatal exposure to lead are summarized in Section 2.2.1.6.

Eighteen separate measures were made on a total of 201 boys and girls aged 5.5 years to assess a variety of
cognitive, performance, neuropsychological, and behavioral end points (Harvey et al. 1988). The children
were randomly selected from birth records from the inner city area of Birmingham, United Kingdom. The
selection criteria were quite stringent to control for confounding factors in neuropsychological
development. There were no significant correlations between PbB and any of the three IQ measures. Birth
order and mother's IQ were good predictors of IQ. The Factual Performance Test time decreased with
increasing PbB levels (an improvement in performance), but results of the star copying test were poorer as
lead levels increased. The authors concluded that the effects of lead found in this inner urban area

(mean PbB, 13.05 pg/dL) in the United Kingdom are small and generally not significant.

Results by Smith et al. (1983), indicated an association between lead burden (mean PbB, 12.8 ug/dL; range,
7-27 png/dL) and intelligence in 6-year-old children in London. However, no association between blood
lead levels and intelligence and other psychological tests remained once social factors were controlled.
Lansdown et al. (1986) conducted an investigation in children of the same age, living near a main road in
London. In these children, the mean PbB level was 13 ug/dL (range, 7-24 ug/dL). The authors found no
evidence of the previously observed original association, which may have been due to different social
compositions of the two groups. The second study group consisted of more middle-class families than the

first group.

Pocock et al. (1989) further investigated the influence of confounding factors (sex, social group, family
size, length of gestation, birth weight, hospital stay after birth, mother's IQ and mental health, parent's
marital relationship and interest in child, and family characteristics score) in addition to lead that may
impact upon children's IQ. The investigators used the cohort from the study by Smith et al. (1983). Body
burden of lead was determined by lead concentration in teeth (low = 2.5 pg/g; medium = 5.5 pg/g; and high
=>8 ug/g). Rather than dividing the children into groups of low, medium, and high lead concentration, the
actual tooth concentration was used as a continuous variable. When all factors were considered, parental 1Q
was the best predictor for child IQ along with family size, social class, and quality of marital relationship.

Tooth lead concentration was not associated with child 1Q.
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The studies by Ernhart et al. (1988) and Ernhart and Greene (1990) found no associations between prenatal
lead exposure and intelligence or language development, whereas those by Dietrich et al. (1987a) and
Bellinger et al. (1989a) demonstrated that some effects that may have been present early in life were no
longer present after 2 years. These and many additional pediatric prospective epidemiological studies
which evaluated sensory and motor development rather than solely IQ are described in detail in

Section 2.2.1.6, Developmental Effects.

In conclusion, PbB levels of 40-60 ug/dL are considered to be markedly elevated in children, and neuro-
behavioral effects are distinct. There are no clear definitions of what constitutes low versus moderate PbB
levels, and effects observed at the lower levels (particularly <15 pg/dL), have proven more difficult to
separate from socioeconomic and other variables. Many of the cross-sectional studies that showed
neurobehavioral and other deficits, did so at mean PbB levels of >15 ug/dL. The studies that used dentin
lead as an indicator of exposure, mostly fall into this category of exposure level. Two well-designed studies
(Fulton et al. 1987; Silva et al. 1988) demonstrated effects on behavior, number skills, and word reading at
mean PbB levels in children as low as 11 pg/dL. Earlier studies by McBride et al. (1982) and Winneke et
al. (1984) showed no effects on intelligence at PbB levels of 14 and 8 ug/dL, respectively. A meta-analysis
of 13 studies (providing data on an inverse relationship between blood lead and children's 1Q) concluded
that the joint probability of obtaining the reported results was less than 3 in a billion (Needleman 1987b;
Needleman and Bellinger 1987). This analysis indicates that the effects observed at the lower levels of PbB

are real and do not constitute findings by chance.

The results of a neurological evaluation of young adults who were exposed to lead during childhood

(20 years earlier) while living near a lead smelter in the Silver Valley, Idaho, were recently published
(Stokes et al. 1998). The cohort consisted of 917 young adults 19-29 years of age who were from 9 months
to 9 years of age during the period January 1974 to December 1975. This period was chosen because the
smelter was known to have operated without appropriate emissions reduction devices during this period.
Data from past PbB surveillance of this population showed that mean PbB concentrations among
9-month-old to 9-year-old children were 50 pug/dL in 1974 and 39.6 ug/dL in 1975. The referent group
consisted of 754 subjects. From the exposed and referent groups, a randomly selected subsample of 281
exposed and 287 referents were included in the study. Further exclusions due, for example, to conditions
such as traumatic injury to the hand, arm, or shoulder, or consumption of medications that would affect the

PNS or CNS reduced the groups to 257 exposed and 276 referents. The tests were
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designed to evaluate peripheral and central motor and sensory function, as well as cognitive function and
mood. K X-ray fluorescence (K-XRF) of tibia lead content (ug Pb/g bone mineral) was used to assess lead
burden. Differences in mean test scores between exposed and unexposed groups were compared with
simple #tests. Subsequently, backward elimination stepwise multiple linear regression models were fitted
separately to each of the 20 neurobehavioral test score variables to control for potentially confounding
effects of important covariates of the neurological and neurobehavioral outcomes of the population
evaluated. Current PbB levels for the exposed and control groups were 2.9 pg/dL and 1.6 pg/dL,
respectively. Mean tibia lead concentrations were 4.6 and 0.6 pug Pb/g bone mineral in exposed and
referents, respectively. When the subjects were stratified into 4 groups according to bone lead, 44% of
exposed had tibia lead >5 pg Pb/g bone mineral compared to 25% of referents. The results showed
significant differences in crude mean values for 11 out of 12 motor and cognitive function tests (results of
other tests are summarized under Peripheral Function). After controlling for relevant covariates, the
exposure group was significantly associated with poorer performance on the hand-eye coordination, simple
reaction time, trails B, symbol digit, serial digit learning, Raven progressive matrices, and vocabulary tests.
Also, the score from the Swedish Q16 questionnaire for neuropsychiatric evaluation was significantly
associated with exposure groups after controlling for relevant covariates. When tibial bone lead
concentration was forced into the model rather than exposure, of all the tests (neurological and
neurobehavioral), only vocabulary score approached significance. Similar results were obtained when
stratified tibial bone lead was used in the models rather than tibial bone lead as a continuous measure.
Based on the results, Stokes et al. (1998) concluded that tibial bone lead measurements may not have the

precision necessary to measure community-based exposure to lead in young adults.

The issue of whether neurobehavioral deficits associated with lead burden can be reversed by reducing lead
body burden has been investigated. For example, Ruff et al. (1996) conducted such a study in 42 children
ages 18 to 30 month with PbB levels between 25 and 55 pg/dL. Cognitive function was assessed upon
enrollment into an intervention program and 6 months later. The intervention program consisted of
chelation therapy, if appropriate, iron supplementation, if needed, and steps aimed at eliminating the source
of lead in the home environment. Prescription for chelation and/or iron supplementation was based on the
results of the lead mobilization test (assessment of changes in urinary lead excretion in response to
CaNa,EDTA administration) and/or serum ferritin levels, respectively. Depending on the diagnostic
outcomes, the children received both forms of treatment, neither form, or either one of them alone. The

dependent measure of cognitive function was the MDI of the Bayley Scales of Infant Development.
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Analyses showed that the improvement in MDI scores over 6 months (particularly in perceptual motor
performance) was related to an interaction between change in PbB and initial iron status, such that in iron-
sufficient children, there was an increase of 1.2 points for every 1 pg/dL decrease in PbB. No such
relationship was observed in iron-deficient children. In the latter, however, a change in MDI results was
related to change in hemoglobin levels. It was also noticed that iron-deficient-children experience a lower
decline in PbB lead than iron-sufficient children. Ruff et al. (1996) suggested that low iron may have
interfered with the relationship between MDI scores and declines in blood lead by influencing absorption
and/or excretion of lead (see Section 2.3). Another possibility suggested was that iron levels are associated
with cognitive performance either directly or indirectly. This was supported by the finding that the
performance of the iron-deficient children seemed to change along with changes in hemoglobin and MCV,
and the observation that in this group there was an association between MDI and initial hemoglobin

concentration.

Electrophysiological Evidence of Neurotoxicity in Children. Electrophysiological studies have
provided evidence suggestive of effects on central nervous system function at PbB levels lower than

30 ug/dL, but findings were inconsistent. Linear dose-effect relationships were observed in slow-wave
voltage during conditioning in a series of studies (Otto et al. 1981, 1982, 1985) on the same subjects studied
by Schroeder et al. (1985). The association was linear throughout the range of PbB values (659 pg/dL).
No such relationships were observed in a replicate test, performed on the same subjects studied by
Schroeder and Hawk (1987). A study of 384 6-year-old German children with a geometric mean PbB
concentration of 4.3 pg/dL (range, 1.4—-17.4 ug/dL) from three environmentally contaminated areas in East
and West Germany found significant lead-related deficits for two out of three visual evoked potentials
(VEP) interpeak latencies after adjusting for confounding effects (Altmann et al. 1998). No association was
found between PbB concentrations and VEP amplitudes. These results confirmed previous findings from
the same group of investigators (Winneke et al. 1994). Altmann et al. (1998) also measured visual contrast

sensitivity and found no significant association between this parameter and lead.

Brainstem auditory evoked potential (BAEP) latency (Holdstein et al. 1986; Otto et al. 1985; Robinson et
al. 1987), pattern-reversal visual evoked potential (PREP) latency and their amplitude were also correlated
with blood lead levels (Holdstein et al. 1986; Otto et al. 1985). The specific components affected and the
direction of effect varied across studies. Some of these studies did not specify the route and the duration of

lead exposure and only accurately measured recent lead exposure; they revealed little about the exposure
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history of the individual. A study of 30 infants, the Mexico City Prospective Lead Study (see

Section 2.2.1.6) found alterations in BAEP (decreased wave III latency and increased I1I-V interpeak
interval) measured in the first weeks of life (Rothenberg et al. 1994). These effects were associated (p<0.1)
with mid-pregnancy maternal PbB levels in the range 2.5-35 ug/dL. Retesting at age 3 months showed that
maternal PbB levels at 20 and 36 weeks of pregnancy and cord PbB were associated with increased 111-V
interpeak intervals. The authors indicate, however, that since they did not attempt to correct test-wise error
(possibility of false positives due to multiple regressions) in the multiple independent statistical tests, some
of the reported correlations could have been due to chance alone. In a subsequent publication, the authors
reported an association between altered acoustic cry parameters in some of these infants and maternal log
PbB concentrations at various times during pregnancy (Rothenberg et al. 1995). Since they found a
negative correlation between the latencies of peak III and peak V of the BAEP with percent nasal cry, they
speculated that some changes in 15- and 30-day cry characteristics, which were associated with lead

exposure, might be secondary to lead-induced alteration in auditory function.

Suggestive evidence of a lead-related decrease in hearing acuity in children has been reported by Robinson
et al. (1985) and Schwartz and Otto (1987, 1991). Hearing thresholds at 2,000 Hertz increased linearly with
maximum blood lead levels, indicating that lead adversely affects auditory function. The PbB levels in 75
asymptomatic black children, 3—7 years old, ranged from 6 to 59 pg/dL (mean, 26.7 pg/dL). The children
were healthy and did not have middle ear infections at the time of testing. These results were confirmed in
an examination of a group of 3,545 subjects aged 6—19 years who participated in the Hispanic Health and
Nutrition Survey (Schwartz and Otto 1991). For the left ear, lead was associated with an increased risk of
elevated hearing thresholds at the four frequencies tested, 500, 1,000, 2,000, and 4,000 Hz, whereas for the
right ear the relationship was insignificant at 4,000 Hz. An increase in PbB from 6 pg/dL to 18 pg/dL was
associated with a 2-dB loss in hearing at all frequencies, and an additional 15% of the children had hearing

thresholds that were below the standard at 2,000 Hz.

NHANES II data, including audiometric results, developmental milestones (age at which a child first sat up,
walked, and spoke, according to parent's recollection) and presence of hyperactivity and speech difficulties
in 4,519 children (4-19 years old) were analyzed by Schwartz and Otto (1987). The analyses included
possible covariates or confounding variables that were then available from NHANES II data (e.g., race, sex,
head of household, education level, income, dietary factors, indices of iron deficiency and anemia [for

developmental milestones], history of signs of ear infection [for audiometric results]). Because



LEAD 91

2. HEALTH EFFECTS

children's PbB levels decrease with age but tend to remain in the same percentile within age group, data
were analyzed in two different ways: with current PbB as an independent variable and with PbB percentile
rank within age group as an independent variable. Logistic regression analysis revealed that the probability
of elevated hearing thresholds for both ears at 500, 1,000, 2,000, and 4,000 Hertz increased significantly
with increasing blood lead levels; this relationship was apparent across the entire range of PbB levels from
<4 to >50 ug/dL. When the regression analysis used PbB percentile rank within age group as the
independent variable, the association with hearing was not significant. According to the investigators, the
lack of association with lead rank indicated that the effect of lead was due to current rather than past lead
exposure. The probability that a child was hyperactive increased significantly with increasing PbB levels
(as PbB percentile rank within age group). The probability of speech impairment, however, was not related
to blood lead levels. Linear regression analysis demonstrated that PbB levels (as PbB percentile rank within

age group) were significantly associated with delays in all three developmental milestones.

These three studies indicate that exposure to low levels of lead may impact negatively upon children's
hearing. However, the authors of the Robinson study did not state whether age and other possible
confounding variables were controlled for. Similarly, in the NHANES study, age may have been a

confounding variable.

In contrast with the suggestive evidence of impaired hearing in lead exposed children from the studies
summarized above, Counter et al. (1997) found normal wave latencies and neural transmission times, and
no correlation between PbB and interpeak latencies among a group of 54 children (7-8 years old) with a
median PbB concentration of 40 pg/dL (range, 6.2—128.2 ug/dL). Furthermore, audiological tests showed
normal cochlear function and no statistical relation between auditory thresholds and PbB concentration.
The cohort evaluated in this study were children living in Andean villages of Ecuador exposed to lead as a

result of extensive production of lead glazed tiles and artisan crafts.

Bhattacharya et al. (1993) have presented evidence relating lead exposure and postural disequilibrium in
children. The authors evaluated 109 children from the Cincinnati Lead Program Project (see

Section 2.2.1.6, Developmental Effects, for a more detailed description of this cohort). The mean age of the
children was 5.8 years and the geometric mean PbB for the first 5 years of life was 11.9 pg/dL (range,
5.1-28.2 pg/dL). Balance was assessed in a system that provided a quantitative description of postural

sway by measuring the movement pattern of the body’s center of gravity during testing. Sway area was
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significantly correlated with PbB level in tests performed with the eyes closed, but not in a test performed
with the eyes open. This led the authors to suggest that lead-induced sway impairment might be related to
modifications of the functions of vestibular and proprioception systems, on which close-eye tests rely more.
Sway length was significantly correlated with blood lead under all test conditions. Three out of 4 postural
sway responses showed significant improvement in an 8-year-old child after an initial chelation trial with
CaEDTA followed by 7 chelation regimens with succimer over a 19-month period (Bhattacharya et al.
1998). The child’s PbB concentration fluctuated considerably during therapy from a pre-therapy
concentration of 81 pg/dL to a minimum of 27 pg/dL after the third dose of succimer; at the end of therapy,
the PbB concentration was 54 pg/dL. According to the authors, the three responses that showed
improvement rely relatively less on higher centers for balance compared to the response that did not

improve, which rely primarily on the vestibular system for balance maintenance.

Peripheral Nerve Function in Children. Effects of lead on peripheral nerve function have been
documented in children. Frank peripheral neuropathy has been observed in children at PbB levels of
60-136 png/dL (Erenberg et al. 1974). Of a total of 14 cases of childhood lead neuropathy reviewed by
Erenberg et al. (1974), 5 also had sickle cell disease (4 were black), a finding which the authors suggested
might indicate an increased susceptibility to lead neuropathy among children with sickle cell disease.
However, effects of race cannot be eliminated. A case study (Seto and Freeman 1964) reported signs of
peripheral neuropathy in a child with a PbB level of 30 pug/dL, but lead lines in the long bones suggested
past exposures leading to peak PbB levels of $40-60 pg/dL and probably in excess of 60 pg/dL (EPA
1986a). NCYV studies have indicated an inverse correlation between peroneal NCV and PbB levels over a
range of 13-97 pg/dL in children living near a smelter in Kellogg, ID (Landrigan et al. 1976). These data
were reanalyzed to determine whether a threshold exists for this effect. Three different methods of analysis
(segmental, logistic, and quadratic regressions) revealed evidence of a threshold for NCV at PbB levels of

20-30 pg/dL (Schwartz et al. 1988).

A recent study used tibial bone lead to assess lead burden among a group of 281 young adults who were
exposed to lead during childhood (20 years earlier) while living near a lead smelter in the Silver Valley,
Idaho (Stokes et al. 1998). A group of 287 referents served as controls (a summary of the study design can
be found under Behavioral Function in Children). The study found that crude mean sural sensory
amplitude and peroneal motor amplitudes were slightly smaller among the exposed group than among the

referent group. The corresponding nerve conduction velocities were similar between the two groups. The
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results of behavioral tests of peripheral nerve function showed significant differences between exposed and
referents regarding crude means for vibrotactile thresholds of the finger and standing steadiness both with
eyes open and eye closed. However, crude means for visual contrast sensitivity, and vibrotactile thresholds
of the toes did not differ significantly between the two groups. After controlling for relevant covariates, the
differences between means remained significant and the difference in vibrotactile thresholds of toes
achieved significance. When tibial bone lead concentration was forced into the model rather than exposure,
of all the tests, only finger and toes vibrotactile thresholds approached significance. Similar results were
obtained when stratified tibial bone lead was used in the models rather than tibial bone lead as a continuous
measure. As previously mentioned, Stokes et al. (1998) concluded that tibial bone lead measurements may

not have the precision necessary to measure community based exposure to lead in young adults.

2.2.1.5 Reproductive Effects

A large body of literature clearly indicates that high levels of lead cause adverse effects on both male and
female human reproductive functions. Women in particular, who are exposed during pregnancy, have
experienced miscarriages and stillbirths. Although the mechanisms underlying these effects are unknown at
this time, many factors could contribute to such results. These factors range from indirect effects of lead on
maternal nutrition or hormonal status before and during pregnancy to more direct gametogenic effects that
could affect parental fertility in both sexes. Human data have largely been derived from studies involving
relatively small numbers of subjects and therefore do not allow for discriminating statistical analysis.
Reproductive effects of exposure to chronic low levels of lead are less known. The results of 2 studies in
females with blood lead levels of 10 pg/dL indicate no effect on the rate of spontaneous abortions. Studies

in males indicated that effects on sperm may start to appear at PbB levels around 40 pg/dL.

Selected studies are discussed below and include reports on occupational exposure to lead for females and

males followed by environmental (low level) exposure to lead in females and males.

An increased frequency of spontaneous abortion was reported in women living close to a lead smelter
(Nordstrom et al. 1979). Moreover, the female workers at the smelter had an increased frequency of
spontaneous miscarriage when employed at the smelter during pregnancy, or when employed at the smelter

prior to pregnancy and still living near the smelter. Women who worked in more highly contaminated areas
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of the smelter were more likely to have aborted than were other women. These studies were confounded by

the presence of other toxic agents and by the lack of controlling for socioeconomic status.

Pregnancies were evaluated in the center of Port Pirie, a lead smelter town in South Australia (high
environmental lead exposure; mean maternal mid-pregnancy PbB level was 10.6 pg/dL; n=645) and in the
surrounding areas (low environmental lead exposure; mean maternal mid-pregnancy PbB level was

7.6 ng/dL; n=185). While no association was found between PbB levels and spontaneous abortions, 22 of
23 miscarriages and 10 of 11 stillbirths occurred in the Port Pirie residents, with only 1 miscarriage and

1 stillbirth occurring in residents outside Port Pirie (Baghurst et al. 1987; McMichael et al. 1986). Maternal
PbB levels were lower in the cases of stillbirth than in the cases of live birth, but fetal and placental levels
in this and another study (Wibberley et al. 1977) were higher than in cases of normal birth. Davis and
Svendsgaard (1987) suggested that these findings may be due to a transfer of lead from mother to fetus,
which is toxic to the fetus. This study is discussed more fully in the section on developmental toxicity (see
Section 2.2.1.6) because the study focuses primarily on the effects of prenatal exposure to low levels of lead

on fetal and early childhood development.

The rates of spontaneous abortions were compared in a prospective study (Murphy et al. 1990) in females
living close to a lead smelter (n=304; mid-pregnancy mean PbB concentration of 15.9 ug/dL) and females
living 25 miles away (n=335; mid-pregnancy mean PbB concentration of 5.2 pg/dL). Women were
recruited at mid-pregnancy and their past reproductive history (first pregnancy; spontaneous abortion=fetal
loss prior to 7th month; stillbirth=fetal loss from 7th month) was examined. The results indicated no
difference between the towns regarding the rate of spontaneous abortions. The rates were 16.4% and 14.0%
for the lead smelter town and the unexposed town, respectively. Similar results had been reported by
Alexander and Delves (1981) in a study of two groups of pregnant women, one from an urban area and the
other from a rural area based on a mining town. Mean PbB levels in the pregnant women were not
significantly different than in same-location nonpregnant controls (12—13 ug/dL in rural area as opposed to

16—-17 pg/dL in urban area).

The time to pregnancy was studied in a group of 121 women biologically monitored for exposure to lead at
the Finnish Institute of Occupational Health from 1973 to 1983 (Sallmen et al. 1995). The exposure
assessment was based on the self-report of lead exposure, detailed work description, and biological

measurements. Very low exposure was defined as having a PbB level <10 pg/dL, low exposure
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corresponded to PbB levels between 10 and 19 pg/dL, and the moderate-to-high category corresponded to
PbB $20 pg/dL. All other women were classified as nonexposed. Multivariate analysis revealed no
systematic differences in the distribution of time to pregnancy between exposed and nonexposed women.
Following adjustment for exposure to carcinogens, age, parity, use of alcohol, use of coffee, vaginitis, and
frequency of intercourse, the data showed that exposure to lead was not significantly associated with
decreased fecundability. However, among the eight most heavily exposed women (PbB between 29 and
50 pg/dL measured during time to pregnancy or during pregnancy), there was a suggestive association

between blood lead and decreased fecundability.

Hu (1991) examined the long-term consequences among survivors of childhood plumbism. Survivors
consisted of children admitted to the Boston Children's Hospital from 1930 to 1944 for childhood
plumbism. Matched controls (age, sex, and neighborhood) were enlisted through the use of town books.
All participants were asked to respond to a self-administered questionnaire. Information on all pregnancies
engendered (men) or carried (women); outcome; and intellectual development of resulting children were
given. Among the matched females, the rate of spontaneous abortion or stillbirths among pregnancies was
higher than for the controls (relative risk = 1.60; 95% confidence interval = 0.6—4.0). In addition, the
offspring from a matched female plumbism subject was more likely to experience learning disabilities
(relative risk = 3.0; 95% confidence interval = 0.9—10.2). Although this study included only a small
number of plumbism survivors, the results indicate that women significantly exposed during childhood may

be at risk even later in life for adverse reproductive outcomes.

Lead-induced effects on male reproductive functions have been reported in humans (Assennato et al. 1987,
Chowdhury et al. 1986; Lancranjan et al. 1975; Lerda 1992; Wildt et al. 1983). A group of 150 workmen
with long-term lead exposure were categorized by clinical and toxicological data into four groups: lead-
poisoned (mean PbB level, 74.5 ng/dL), and moderately (mean, 52.8 pg/dL), slightly (mean, 41 pg/dL), or
physiologically (mean, 23 pg/dL) exposed to lead (Lancranjan et al. 1975). The lead-poisoned group and
the moderately exposed group had decreases in fertility, as measured by asthenospermia, hypospermia, and
teratospermia. The effect of lead was thought to be directly on the testes because tests for changes in

gonadotropin secretion were negative. Secretion of androgens by the testes was not affected.

Another study compared two groups of men in a Swedish battery factory (Wildt et al. 1983). The men
exposed to high levels of lead had PbB levels of $50 ug/dL at least once prior to the study and had mean
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PbB levels of 46.1 and 44.6 pg/dL (range, 25-75 pg/dL) during fall and spring test periods. The controls
(exposed only to low environmental levels of lead) had PbB levels that seldom exceeded 30 pg/dL, and had
mean PbB levels of 21.1 and 21.5 pg/dL (range, 8-39 pg/dL) during fall and spring test periods. The high-
lead group tended to exhibit decreased prostate/seminal vesicle function as measured by seminal plasma
constituents, low semen volumes, and lower functional maturity of sperm (as measured by swelling of the

sperm heads in detergent [sodium dodecyl sulfonate] solution).

Chowdhury et al. (1986) reported that occupational exposure of 10 men to lead caused a significant
decrease in sperm count and motility and an increased percentage of abnormal spermatozoa. The average
PbB concentration in the lead-exposed group was higher (42.5 ug/dL) compared to controls (14.8 ug/dL).
Assennato et al. (1987) reported decreased sperm production in 39 battery factory workers with high PbB
levels ranging from 50 to 61 ug/dL, compared to 39 nonexposed workers. Lerda (1992) reported
significant decreases in sperm count and motility, as well as increases in the percent of dead sperm and in
sperm with anomalies in a group of 30 workers in a battery factory compared to 30 controls. PbB levels in
the exposed workers ranged from 40 to 98 pg/dL, whereas the range in controls was 18-26 nug/dL.
Although some parameters were within the normal range for the general population, they were significantly
different than those from the referent group. These studies, however, were limited by the small sample size.
Alexander et al. (1996) published the results of the evaluation of a much bigger cohort (n=2,469) of males
employed at a lead smelter; 152 workers provided blood samples and 119 also provided semen samples.
The workers were divided into four groups according to their current PbB concentration: <15, 15-24,
25-39, and >40 ng/dL; the geometric mean sperm concentrations were, respectively, 79.1, 56.5, 62.7, and
44 .4 million cells/mL and the geometric mean total sperm counts were 186, 153, 137, and 89 million cells.
The p value for the trend was 0.04. Workers with current PbB concentration of $40 pg/dL had an increased
risk of below normal sperm and total sperm count relative to those with PbB concentrations of <15 ug/dL.
Independent of current lead exposure, sperm concentration, total sperm count, and total motile sperm count
were inversely related to measures of long-term lead exposure. The authors also found no association
between lead exposure and measures of lead motility, sperm morphology, or serum concentrations of

reproductive hormones.

The effect of lead exposure on male fertility was examined in a group of 74 workers in a lead factory
(Gennart et al. 1992b). Fertility was assessed by examining the birth experiences of their wives through a

logistic regression model. Workers had a mean age of 39 years, had been exposed for a mean of
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10.7 years, and had a current mean PbB level of 46.3 pg/dL. They were compared with a group of 138
unexposed individuals whose mean PbB concentration was 10.4 pg/dL. In the exposed workers there was a
tendency before exposure to an increased birthrate. However, a significant decrease in fertility was
observed during the period of exposure relative to the unexposed group; duration of exposure was also
associated with decreased fertility. As indicated by the authors, the main limitation of the study was the
fact that the worker’s wives could not be interviewed, and therefore, the medical and occupational factors
that might also have affected their reproductive system could not be assessed. The results of an assessment
of male fertility in a much bigger cohort evaluated 4,256 lead-exposed workers and 5,148 matched
comparison subjects (Lin et al. 1996). Exposed workers were defined as having a PbB level $40 pg/dL
before 1986 or $25 ug/dL for the study period (1981-1992). The results showed that the lead-exposed
workers had fewer births than expected relative to the comparison group, and this was observed among all
age categories with the exception of the 51- to 55-year-old group. Those with the highest cumulative
exposure (mean PbB level x duration) had the most obvious reduction in fertility. However, Lin et al.
(1996) stated that the study conclusion may be limited by the inability to control for some confounders such

as marital status or contraceptive use.

In contrast with the results summarized above, two studies found no significant effects of lead exposure on
fertility. Coste et al. (1991) conducted a person-year analysis and reported no effects on fertility (defined as
the number of live births to a couple) among men exposed to lead in a French battery factory. Exposed
workers (229) were categorized into groups with PbB levels of <40 ug/dL, 40-60 ug/dL, and >60 pg/dL.
Nonexposed workers (125) did not have their PbB levels recorded. In agreement with these results are the
findings of a study that examined fertility among 1,349 male battery plant employees and 9,596 reference
workers at 3 Danish plants (Bonde and Kolstad 1997). The mean PbB concentration in a subset of 400
workers who provided 4,639 blood samples was 39.2 ug/dL. This study found no association between
employment at the plants and changes in fertility in terms of birth rate, either during years of employment
or during subsequent years. The authors point out, however, that their findings do rule out that the time
taken to achieve a pregnancy is increased among battery workers because most pregnancies in Denmark are

planned.

The relation between concentration of circulating pituitary and testicular hormones was evaluated in a
group of 122 workers in three lead battery factories (Ng et al. 1991). A group of 49 nonexposed subjects

was used for comparison. The mean PbB level in workers was 35.2 ug/dL (mean in controls was
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8.3 pg/dL) and the mean duration of exposure was 6 years. The results showed that increasing age was
significantly associated with increases in luteinizing hormone (LH) and follicle stimulating hormone (FSH)
concentrations, but not with testosterone or prolactin concentrations. Smoking was significantly associated
with decreased prolactin concentrations. Compared with control subjects, workers exposed for less than

10 years had normal testosterone but significantly higher levels of FSH and LH; those exposed for 10 or
more years had lower testosterone, but normal FSH and LH. As a group, the exposed workers had
testosterone levels comparable to controls; however, older ($40 years) workers had significantly lower
testosterone levels than older control subjects. LH and FSH concentrations showed a moderate increase
with PbB in the 10—40 pg/dL range; no clear association was observed for prolactin and testosterone. These
results are in general agreement with those of earlier studies of lead workers with higher PbB levels

($66 pg/dL), which indicates that lead acts directly on the testes to cause severe depression of sperm count
and peritubular testicular fibrosis, and also produces reduced testosterone synthesis or disrupts regulation of
LH secretion at the hypothalamic-pituitary level (Braunstein et al. 1978; Cullen et al. 1984; Rodamilans et
al. 1988). Although some of these studies had limitations such as concomitant exposure of workers to other
chemicals, lack of matched control group, small sample size, and in some cases a possibility of observed
effects being precipitated by the EDTA chelation (as in Braunstein et al. 1978), taken together they provide

evidence for lead-induced endocrine disturbances and reproductive dysfunction in male workers.

2.2.1.6 Developmental Effects

The best data regarding potential developmental consequences of low-level prenatal exposure to lead are
provided by several recent human studies. Because of improved analytical techniques for measuring low
lead levels in blood, the availability of large numbers of subjects, and careful consideration of potential
confounding factors, these human studies provide useful information on the developmental effects of lead.
Less emphasis has been placed on studies conducted in animals because of the availability of good human
data, although a large body of animal data is available and the results are in agreement with those of the
human studies. (See review by Davis et al. [1990]) for a comparison of human and animal data in

developmental neurotoxicity.)

In most of these studies, prenatal exposure was generally estimated through maternal and/or cord blood lead

concentrations. Exposure of the mothers can be assumed to have been primarily through the oral
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route, but with contribution from the inhalation route as well. The most relevant studies are discussed

below, along with results from a few investigations of different markers for lead exposure.

No reports were found indicating low levels of lead as a cause of major congenital anomalies. Needleman
et al. (1984), however, demonstrated an association between blood lead levels and minor congenital
anomalies. Using logistic regression modeling techniques and controlling for a number of possible
confounders, the authors reported a significant association between cord blood lead levels and the collective
occurrence of minor anomalies in 4,354 infants born in Boston. Data were obtained from hospital records.
The most common of these anomalies were hemangiomas, lymphangiomas, minor skin anomalies (tags and
papillae), and undescended testicles. No individual anomaly was significantly associated with blood lead

levels. Major malformations, birth weight, and gestational age were not associated with PbB lead levels.

A cross-sectional study of 236 mothers and their infants in Glasgow, Scotland, demonstrated reductions in
gestational age with increasing cord or maternal PbB lead levels (Moore et al. 1982). In the 11 cases of
premature birth (gestational age <38 weeks), maternal PbB levels averaged approximately 21 pg/dL, and
cord PbB lead levels averaged approximately 17 pug/dL at delivery. The overall geometric mean PbB levels
at delivery were 14 pg/dL (maternal) and 12 pg/dL (cord). Statistical analyses showed significant negative
coefficients for length of gestation against log-transformed maternal or cord PbB levels. Birth weight was

not associated with PbB lead levels.

The association between low birth weight and parental occupational lead exposure variables was studied by
Min et al. (1996). The study comprised 220 cases (birth weight <2,500 g) and 522 controls (birth weight
$2,500 g) selected among 3,572 participants in the Baltimore-Washington Infant Study. Parental
occupational exposure was inferred from jobs held during the period 6 months before pregnancy to the end
of pregnancy. Only a few mothers were potentially exposed to lead either directly or indirectly during the
exposure period of interest; therefore, the analysis included fathers only. Twenty-one percent of the fathers
were potentially exposed to lead either directly or indirectly. Univariate analyses of low birth weight in
relation to various measures of lead exposure showed that the risk of low birth weight was significantly
increased only among infants of fathers with direct and high levels of lead exposure. This association
persisted after adjusting for relevant confounders. Although reports of sperm abnormalities and reduced
fertility among lead-exposed men (Section 2.2.1.5) would support a direct male-mediated effect, Min et al.

(1996) suggested that a direct paternal preconceptional effect on birth weight, which is gained after 24
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weeks of gestation, is unlikely. A more likely explanation discussed is that prenatal exposure occurs by
indirect maternal contact with contaminated work clothing or tools brought home. Limitations of the study
include lack of actual measures of exposure in the workplace, possible additional non-occupational

exposure to lead, and simultaneous occupational exposure to other chemicals.

An ongoing prospective study of the effects on child development following prenatal and postnatal lead
exposure in the lead smelter town of Port Pirie, South Australia, and its surrounding areas, has provided
information on congenital anomalies, length of gestation, birth weight, and stillbirth or miscarriage
(McMichael et al. 1986), and on neurobehavioral development (Baghurst et al. 1987, 1992; Vimpani et al.
1985, 1989). Of 831 pregnant women, 774 pregnancies were followed to completion (McMichael et al.
1986). Although still relatively low, PbB levels during pregnancy and at delivery in women who lived in
Port Pirie were significantly higher than in those who lived in adjacent towns and rural areas (e.g., at
delivery: 11.2 pg/dL in Port Pirie and 7.5 pg/dL in the surrounding areas). No association was found
between the PbB lead levels and the occurrence of congenital anomalies when pertinent risk factors, such as
smoking and alcohol consumption, were controlled for. As was the case with Needleman's study
(Needleman et al. 1984), hospital records were used to detect congenital anomalies. This may have caused
a lack of precision and uniformity. Also, the relatively small number of subjects may not have been
sufficient for detection of differences in low frequencies of anomalies. Multivariate analysis revealed a
significant association between preterm delivery (before the 37th week of pregnancy) and maternal blood
lead levels at delivery. The relative risk of preterm delivery increased more than 4-fold at PbB levels of
>14 pg/dL compared with a relative risk of 1 at PbB levels of #8 ug/L. The incidence of low birth weight
(<2,500 g at gestational age $37 weeks) was greater in Port Pirie than in the surrounding areas, but maternal
and cord PbB levels at delivery were somewhat lower in the low-birth-weight pregnancies. Similarly, 22 of
the 23 miscarriages and 10 of the 11 stillbirths in this study occurred in the Port Pirie mothers, but the

average maternal PbB level at delivery was significantly lower for stillbirths than for live births.

The results of McMichael et al. (1986) are puzzling because the proportion of Port Pirie pregnancies
(delivery maternal PbB, 10.4 pg/dL) resulting in low-birth-weight infants was more than twice that for
outside pregnancies (delivery maternal PbB lead, 5.5 pg/dL). Yet the maternal and cord PbB levels were
somewhat lower in low-birth-weight pregnancies than in pregnancies with birth weights >2,500 g. A

similar phenomenon was seen with regard to stillbirths, which occurred primarily in the Port Pirie
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pregnancies, but which were associated with lower maternal PbB levels than were live births. Davis and
Svendsgaard (1987) suggested that the findings for blood lead versus birth weight or stillbirth in the Port
Pirie study suggest an increased transfer of lead from mother to fetus, which is toxic to the fetus. This
suggestion is supported by the inverse correlation between placental lead levels and birth weight, head
circumference, and placental weight reported by Ward et al. (1987) and the increased levels of lead in the
placenta reported by Wibberley et al. (1977) in cases of stillbirth and neonatal death. Alternatively, it has
been suggested that such findings may indicate that lead accumulates in the placenta in times of fetal stress

(Wibberley et al. 1977).

In a prospective study by Factor-Litvak et al. (1991), prenatal lead exposure versus reproductive outcome
(intrauterine growth and preterm delivery) were assessed in pregnant women from two towns in Kosovo,
Yugoslavia. Titova Mitrovica is a lead smelter town, while Pristina is an unexposed town 25 miles further
south. At mid-pregnancy, 401 and 506 women were recruited from T. Mitrovica and Pristina, respectively,
with mean PbB concentrations of 0.92 and 0.27 umol/L (19 and 5.6 pg/dL) in the respective group; at time
of delivery, these concentrations were 1.13 and 0.33 umol/L (23.4 and 6.8 pg/dL), respectively. No
differences were found between the two areas for either birth weight or length of gestation. In addition, no
associations were observed between PbB concentrations (maternal and cord, at mid-term and time of
delivery) and birth weight, length of gestation, or preterm delivery (<37 weeks). Children from this cohort
were reevaluated at age 4 (Wasserman et al. 1994). The study was conducted in a group of 332 children.
The geometric mean PbB level in children from the smelter town rose from 22.4 pg/dL at birth to

39.9 pg/dL at age 4; in children from Pristina, it rose from 5.4 pg/dL to 9.6 pg/dL. Of all the potential
confounders examined, the Home Observation for Measurement of the Environment (HOME) scores,
maternal age, intelligence, education, language, birthweight, and gender accounted for 42.7% of the
variance of the McCarthy Scales General Cognitive Index (GCI). After adjusting for these confounders and
concurrent hemoglobin concentration, it was found that PbB, measured every 6 months from birth to age 4,
was significantly associated with a decrease in GCI at each age point. It was also found that 4-year GCI
scores declined by an estimated 4 points as PbB, measured between 24 and 48 months, increased from 10 to
25 pg/dL, and similar patterns were seen for five other subscales of the McCarthy. Interestingly, blood lead
measured at 24 months or later accounted for a greater portion of the variance in the subscales than did
prenatal PbB or that measured during infancy. Also, of the five subscales examined, the Perceptual-
Performance subscale appeared to be the most sensitive to lead exposure. These findings are consistent

with those of other prospective studies (see below). A group of 309 children from this cohort
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was evaluated again at age 7 years (6.5—7.5 years) (Wasserman et al. 1997). At this time the investigators
examined the association between lifetime lead exposure, estimated by the area under the blood lead versus
time curve, and intelligence, assessed by the WISC-III. Geometric mean PbB concentration at age 7 was
34 ug/dL in children from Mitrovica versus 8 pg/dL in children from Pristina. There were no differences in
serum ferritin levels or hemoglobin concentration between the two towns. Consistent with results from
other studies, covariates such as HOME, birth weight, gender, number of siblings, maternal age, ethnicity,
and education explained 41-47% of the variance in Full Scale, Performance, and Verbal 1Q. Furthermore,
before covariate adjustment, lifetime lead exposure was not related to IQ. However, after adjustment,
lifetime lead exposure explained a significant 2.8-4.2% of the variance in 1Q, and a change in lifetime PbB
lead from 10 to 30 ug/dL was associated with an estimated decrease in 4.3 Full Scale 1Q points. The
decreases in Verbal and Performance 1Q were 3.4 and 4.5 points respectively. It was also found that
lifetime lead exposure was significantly inversely related to three WISC-III factor scores: Freedom from
Distractibility, Perceptual Organization, and Verbal Comprehension; of these, Perceptual Organization
showed the strongest association, suggesting that perceptual motor skills are significantly more sensitive

than are the language related aspects of intelligence.

Information regarding behavior problems in children from the Yugoslavian cohort were recently published
(Wasserman et al. 1998). The evaluation was conducted when the children were 3 years old. A total of 379
children comprised the sample. At that time, the geometric mean PbB concentration was 40.9 pg/dL in the
exposed children (Mitrovica) versus 9.8 pug/dL in the referents (Pristina). The mothers in the study had
completed Infant Characteristics Questionnaire at child-age 2, from which the authors included scores on
the Difficult Temperament scale. When the children were 3 years old, the mothers completed the Child
Behavior Checklist/2-3 (CBCL), which generates 6 subscales: Destructive, Aggressive, Somatic Problems,
Withdrawn, Anxious-Depressed, and Sleep Problems. Seven to 18% of the variance on the CBCL
subscales was explained by a set of sociodemographic confounders. After controlling for confounders, and
prior to examination of Difficult Temperament scores, log PbB at age 3 accounted for an incremental 4% of
the variance in Destructive and Withdrawn scores, 2% of the variance in Somatic Problems and Sleep
Problems, and 1% of the variance on the Anxious-Depressed subscale. However, only tests on the
Destructive and Withdrawn subscale achieved a p<0.01 level of significance. Log PbB at age 3 was most
strongly associated with behavior across all subscales; log PbB other ages showed no clear pattern of
association with behavior. Difficult temperament was also significantly associated with 5 of the 6

subscales, accounting for 2—5% of their variances, but had little impact on the association between log
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blood lead and behavior. Log PbB at age 3 remained significantly associated with scores on the Destructive
and Withdrawn subscales, even after control for prior difficult temperament. Wasserman et al. (1998)
concluded that lead/behavior associations are significant but small compared with the effects of social

factors.

Numerous others studies have found that exposure to low levels of lead interferes with the mental
development of children. Preliminary results of blood lead and neurobehavioral testing of 592 children
from the Port Pirie study were reported by Baghurst et al. (1987), Vimpani et al. (1985, 1989), and Wigg et
al. (1988). In these children, geometric mean PbB levels increased from approximately 14 pg/dL at

6 months of age to approximately 21 pg/dL at 15 and 24 months. At 24 months, approximately 20% of the
children had PbB levels >30 pg/dL. Neurobehavioral tests—the Bayley MDI and Bayley Psychomotor
Development Index (PDI)—were conducted at 24 months. Multiple regression analyses indicated that
reduced MDI scores were significantly (p=0.07) associated with higher integrated postnatal blood lead
levels and with 6-month PbB levels, but not with prenatal delivery or cord PbB levels. Controlling for both
maternal IQ and HOME scores, the association between 6-month PbB and 24-month MDI scores remained
significant, with a 2-point deficit in MDI for every 10-pg/dL increase in PbB. A follow-up of this cohort
involved PbB testing at 3 and 4 years of age and neurobehavioral assessment using the McCarthy Scales of
Children's Abilities (McMichael et al. 1988). Multiple regression analyses showed that children's scores on
these tests were significantly and inversely correlated with log PbB levels at 6, 24, and 36 months and with
the integrated average for birth to 4 years. The estimated decrease in the GCI score was approximately

7.2 points, for an increase in integrated average PbB from 10 to 30 pg/dL. The neurobehavioral
development of this cohort, as assessed by the WISC was again studied at 7 years of age (n=494) (Baghurst
et al. 1992). Multiple regression analysis adjusting for sex, parents' level of education, maternal age at
delivery, parents' smoking status, socioeconomic status, quality of the home environment, maternal 1Q,
birth weight, birth order, feeding method, duration of breast-feeding, and whether the child's natural parents
were living together revealed a statistically significant inverse relationship between 1Q and blood lead
levels from birth through 7 years of age. This relationship was more evident for PbB levels at 15 months to
4 years. The IQ was reduced by 4.4-5.3 points for an increase in PbB levels of 10-30 pg/dL. In a later
publication, the authors examined the relationship between lead concentration in deciduous central upper
incisor teeth from 262 Port Pirie children and intellectual functioning (McMichael et al. 1994). Intellectual
functioning was assessed with the revised WISC (WISC-R) when the children were in their eighth year; the

average age at which the teeth were shed was 6.8 years. The results showed
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that there was an inverse relation between tooth lead concentration and intellectual development. Twelve of
13 scales/subscales assessed were inversely associated with tooth lead concentration (p#0.10). A
particularly strong inverse association was found for the Block Design subscale, which tests a subject’s
perceptual organization and synthesis, spatial visualization, nonverbal concept formation, and visual-motor
coordination. After adjusting for all the measured covariates, it was found that the full-scale 1Q declined
2.6 points for each natural-log unit increase in tooth lead concentration, expressed in ppm. The results also
showed no statistically significant interaction between a child’s sex and tooth lead concentration for any of
the WISC-R scales. A subsequent study of this cohort, also at age 7 years (mean PbB, 11.6 pug/dL), showed
a dose-related inverse association between both prenatal and postnatal PbB concentrations and children’s
visual motor performance, assessed with the Beery Developmental Test of Visual-Motor Integration (VMI)
(Baghurst et al. 1995). The children’s mean VMI score was 13.4 points. The analyses showed that for an
increase in lifetime average PbB concentration from 10 to 30 pg/dL, the expected deficit was estimated to
be 1.6 points. The association between PbB and VMI scores were stronger in girls and in children from
lower socioeconomic background. Baghurst et al. (1995) pointed out that visual-motor integration may be a
more sensitive index than global measures of development, such as 1Q. They also stated that although a
decrease of 1.6 points in VMI in an individual may not be considered clinically or biologically important, a

change of this magnitude across an entire community may be worrisome.

The Port Pirie cohort was evaluated again at the age of 11-13 years (Tong et al. 1996). The cohort
consisted of 375 children whose current geometric mean blood level was 7.9 pg/dL (range,

0.6-30.9 pg/dL). The revised version of the WISC was used to assess the cognitive abilities of each child.
Unadjusted analyses of the results revealed a consistent inverse relation between PbB and scores for all 12
subscales of the WISC-R. This association held for PbB concentrations at all ages, except at birth. The
magnitude of the deficit in IQ with increased PbB was similar for the verbal and performance scales. The
larger 1Q deficits were associated with PbB concentrations measured at earlier ages and with lifetime
average PbB concentration. Simple regression analyses showed that all measures of PbB except those of
the cord sample, were significantly inversely associated with IQ. In multiple regression analyses after the
effects of potential confounders were adjusted for, the inverse associations between PbB concentration and
1Q were attenuated. In particular, the associations of children’s 1Q with maternal and cord PbB
concentrations lost significance. However, the inverse association between various measures of PbB
concentrations over the range 15 months to 7 years and IQ remained significant or marginally significant

after adjusting for potential confounders. The mean score for full scale IQ declined 3 points for a doubling
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of lifetime PbB from 10 to 20 pg/dL. Individual subscales scores showed varying degrees of inverse
association with lifetime PbB lead levels. However, those showing the strongest associations were the
information, arithmetic, block design, and maze subscales. Analyses of the association between PbB
concentrations stratified by thirds, between the ages of 2 and 11-13 years, and developmental status showed
that the adjusted differences in developmental scores between the top and bottom thirds of exposure were

4 points on the Bayley mental developmental index at age 2; 4.8 points on the McCarthy general cognitive
index at age 4; and 4.9 and 4.5 IQ points at 7 years and 11-13 years, respectively, after accounting for

confounders.

In other prospective studies (Bellinger et al. 1984, 1985a, 1985b, 1986a, 1986b, 1987a, 1987b), cord PbB
levels were determined at delivery, for 249 middle-class and upper-middle class Boston children. PbB
levels and MDI and PDI scores were measured every 6 months thereafter. Infants born at <34 weeks of
gestation were excluded from the study. Cord PbB lead values were <16 pug/dL for 90% of the subjects,
with the highest value being 25 pg/dL. On the basis of cord PbB lead levels, the children were divided into
low-dose (<3 pg/dL; mean = 1.8 pg/dL), medium-dose (6—7 pg/dL; mean = 6.5 ug/dL), and high-dose
($10 pg/dL; mean = 14.6 png/dL) exposure groups. A slight but not significant direct correlation between
cord PbB lead category and length of gestation was seen. However, analysis within gestational age
categories indicated no correlation between cord PbB lead category and length of gestation (Bellinger et al.
1984, 1985a). The percentage of infants that were small for their gestational age increased with increasing
cord PbB, although the trend was not statistically significant (Bellinger et al. 1984). Multivariate regression
analysis revealed an inverse correlation between cord PbB levels and MDI scores at 6, 12, 18, and

24 months of age (Bellinger et al. 1985a, 1985b, 1986a, 1986b, 1987a). The high-lead group had an
average deficit of 4.8 points on the covariate-adjusted MDI score as compared with the low-lead group.
MDI did not correlate with postnatal PbB lead levels. No correlations between PDI and cord or postnatal
blood lead levels were seen. The findings of earlier studies (Bellinger et al. 1985a, 1985b, 1986a, 1986a,
1987b) were confirmed in subsequent studies (Bellinger et al. 1989a, 1989b) and suggest that the younger
the infants are, the more vulnerable they are to lead-induced developmental toxicity. Moreover, the decline
in MDI scores varied with the child's age at exposure, the level of exposure, and socioeconomic status
(Bellinger et al. 1989b). Infants in lower socioeconomic groups showed deficits at lower levels of prenatal
exposure (mean PbB levels, 6—7 pg/dL) than children in higher socioeconomic groups. The early postnatal
PbB levels (range, 10-25 pg/dL) were also associated with lower MDI scores, but only among children in

lower socioeconomic groups. Follow-up evaluation of these children at approximately 5 years of age
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showed that deficits in GCI scores correlated significantly with PbB levels at 24 months of age (mean

7 ng/dL), but not with prenatal PbB levels (Bellinger et al. 1991). These results suggest that prenatal PbB
levels are a better predictor of cognitive development in infants than in 4-5-year-old children and that early
developmental deficits associated with elevated PbB may not persist to 4-5 years of age, especially in

socioeconomically advantaged families.

Bellinger and coworkers have presented preliminary findings regarding the association between pre- and
postnatal lead exposure and problem behavior in the Boston children at the age of 8 years (Bellinger et al.
1994). Problem behavior was rated on the Teacher Report Form of the Child Behavior Profile. Prenatal
and postnatal lead exposure was assessed by umbilical cord PbB (mean 6.8 pg/dL) and dentin lead of a shed
deciduous tooth (mean 3.4 png/g). The results showed that cord PbB level was not associated with overall
prevalence or nature of problem behaviors. However, tooth lead was significantly associated with total
problem behavior scores in both crude and adjusted analyses, and with both internalizing and externalizing
scores. The association was not limited to children manifesting the most problems or the highest levels of
tooth lead but was nevertheless considered modest; tooth lead accounted for less than 1% of the variance in
total problem behavior scores. Furthermore, the authors recognized that the study provided little basis for
distinguishing alternative hypothesis about temporal features of the association between tooth lead and
problem behavior. According to Bellinger et al. (1994) two factors not measured in the study that could
have influenced the outcome were the family history of psychiatric illness and the family

microenvironment.

A neuropsychological evaluation of 148 of the Boston cohort children at age 10 years confirmed the
continued presence of the association noted at 5 years of age (Bellinger et al. 1992). The primary end
points evaluated were the WISC-R and the Kaufman Test of Educational Achievement (K-TEA). Analysis
of the unadjusted data showed that all postnatal blood lead levels were inversely associated with Full Scale
1Q measured at age 10; however, only the associations involving PbB level at ages 10 years, 57 months, and
24 months were statistically significant. This was also seen for both Verbal and Performance IQ scores.
After adjusting for confounding, only the coefficient associated with 24-month blood lead level remained
significant. It was also shown that the association between 24-month PbB and Full Scale 1Q at age 10 years
was not due simply to the high correlation between GCI scores at age 5 years and 1Q. The decline in Full
Scale 1Q corresponded to 5.8 points per 10 ug/dL increase in 24-month PbB. PbB at 24 months was also
significantly associated with Verbal 1Q and five WISC-R subtest scores. Only PbB
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levels at 24 months were significantly associated with adjusted K-TEA scores. For each 10 pg/dL increase
in 24-month PbB the battery composite score declined 8.9 points. The results suggested that timing of
exposure may be more important than magnitude alone and supported the hypothesis of an age-specific

vulnerability.

Interim results of an investigation of 185 subjects and later results from the complete follow-up sample of
305 subjects in a prospective study of inner-city children (>80% black) born in Cincinnati, Ohio, were
reported by Dietrich et al. (1986, 1987a, 1987b). Maternal PbB levels were measured at the first prenatal
visit; cord PbB was measured at delivery; infant PbB levels were measured at 10 days and at 3 months of
age; and neurobehavioral tests were performed at 3 and 6 months of age. Mean PbB levels were as follows:
prenatal (maternal)—8.0 pg/dL (range, 1-27 pg/dL); umbilical cord—6.3 pg/dL (range, 1-28 pg/dL);
10-day-old and 3-month-old infants—4.6 and 5.9 pg/dL (range, 1-22 pg/dL for each). Multiple regression
analyses, with perinatal health factors such as birth weight and gestational age treated as confounders,
showed inverse correlations between prenatal or cord PbB levels and performance on the MDI at 3 months,
and between prenatal or 10-day neonatal PbB levels and performance on the MDI at 6 months. No
significant correlation of PbB level with PDI was seen. Male infants and low socioeconomic status infants
appeared to be more sensitive to the effect on the MDI. Multiple regression analyses for male or low
socioeconomic status infants showed covariate-adjusted decrements of 0.84 or 0.73 MDI points per pg/dL
of prenatal or 10-day neonatal PbB, respectively (i.e., an approximate 8-point deficit for a 10-ug/dLL
increase in PbB) (Dietrich et al. 1987a).

Further analyses by structural equation modeling in the study by Dietrich et al. (1987a) showed that the
effect of prenatal lead exposure on MDI was in part mediated through its effects on birth weight and
gestational age. Higher prenatal PbB levels were associated with reduced birth weight and reduced
gestational age, which were each significantly associated with reduced MDI scores (Dietrich et al. 1987a).
Separate preliminary analyses of the data from the Cincinnati study by Bornschein et al. (1989) indicated
that for each natural log unit increase in PbB, the decrease in birth weight averaged 114 g, but ranged from
58 to 601 g depending on the age of the mother. The authors reported that the threshold for this effect could
be approximately 12—13 pg/dL PbB. In addition, a decrease in birth length of 2.5 centimeters per natural
log unit of maternal PbB was seen, but only in white infants. In a later report, the PbB levels during
prenatal (maternal PbB, 8.2 pg/dL; range, 1-27 pg/dL) and neonatal (4.8 pg/dL, range, 1-23 pg/dL)

periods were found to be inversely related to a complex of sensorimotor developmental indices at 6 and
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12 months of age. The prenatal maternal blood level was also related to lower birth weight, which in turn

was related to poorer sensorimotor performance in infants during the first year of age (Dietrich et al. 1989).

The cognitive development of 258 children from the Cincinnati Lead Study was examined when the
children were 4 years old (Dietrich et al. 1991). Cognitive development was assessed by the Kaufman
Assessment Battery for Children (K-ABC), which measures general intelligence, information processing,
and achievement for children between the ages of 2.5 and 12.5 years. The results showed that higher
neonatal PbB levels were associated with poorer performance in all K-ABC subscales; however, there was a
significant interaction between neonatal PbB and socioeconomic status. Results from separate regression
analysis conducted to determine the nature of the interaction revealed that the association was limited to
children from the poorest families. This, according to the authors, suggested that children from less
advantaged environments express cognitive deficits at lower PbB levels than do children from families of
relatively higher socioeconomic status. Prenatal (maternal) PbB levels were not related to 4-year cognitive
status. Significant negative associations between postnatal PbB levels and K-ABC subscales were found in
unadjusted regression analyses. These associations were most consistently significant for PbB levels at
ages 3—4 years and mean lifetime PbB levels; PbB levels at ages 1-2 years were usually unrelated to
K-ABC performance. No statistically significant effects of postnatal PbB on any of the K-ABC subscales
was found after covariate adjustment. A subsequent evaluation of the same cohort at age 5 found that fetal
(maternal), neonatal, and postnatal PbB levels were significantly and inversely associated with performance
on the Filtered Word Subtest (FWS) of the SCAN (a screening test for auditory processing disorders)
(Dietrich et al. 1992). In addition, higher postnatal PbB levels were associated with poorer performance on
all cognitive developmental subscales of the K-ABC; however, after controlling for HOME scores and

maternal intelligence most of the observed relationships lost statistical significance.

Two hundred and fifty-three children from the Cincinnati lead study cohort were administered the WISC-R
again at approximately 6.5 years of age (Dietrich et al. 1993a). In this cohort, mean prenatal and neonatal
PbB concentrations were 8.3 pg/dL and 5 pg/dL, respectively. Examination of the PbB concentration for
the group from 3 to 60 months of age showed that PbB peaked at approximately 2 years of age and declined
thereafter. Analysis of unadjusted data showed that prenatal and neonatal PbB were unrelated to
intellectual capacity at 6.5 years, but almost every index of postnatal exposure was associated with

Wechsler Performance 1Q, including PbB at 66 and 72 months of age. Verbal 1Q was associated only with
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PbB close to the time of testing. When PbB regression coefficients were adjusted for HOME score,
maternal 1Q, birth weight, birth length, child sex, and cigarette consumption during pregnancy, postnatal
PbB continued to be associated with lower Performance 1Q. Also, the mean PbB concentrations during the
5th and 6th year of life were inversely associated with Wechsler Full Scale 1Q. It was also found that, of
the various cofactors, maternal 1Q was usually the strongest predictor of a child’s Full Scale IQ. Further
analysis of the results suggested that averaged lifetime PbB concentrations in excess of 20 pg/dL were
associated with deficits in Performance 1Q on the order of about 7 points when compared with children with
mean PbB concentrations #10 pg/dL. The authors noted that many of the children with lifetime average
PbB 20 pg/dL had fairly high PbB levels at earlier ages. Dietrich et al. (1993a) stressed that the statistical
significance was retained after adjustment for covariates such as maternal IQ and HOME scores and
suggested that this may be a function of the increased reliability and precision of measurement which is

gained when testing older children.

Two hundred and forty-five children from the same cohort examined by Dietrich et al. (1993a) were also
evaluated at approximately 72 months of age with a comprehensive and standardized assessment of gross-
and fine-motor functioning using the Bruininks-Oseretsky Test of Motor Proficiency (BOTMP) (Dietrich et
al. 1993b). The authors hypothesized that measures of motor development may be less confounded with
sociohereditary cofactors in lower socioeconomic status populations than cognitive or other language-based
indices. In the BOTMP, gross motor skills are assessed with the subtests of Running Speed and Agility,
Balance, Bilateral Coordination, and Strength, while fine-motor skills are indexed by the subtests of
Response Speed, Visual-Motor Control, and Upper Limb Speed and Dexterity. As a group, the children
showed average performance on the Bilateral Coordination, Strength, Upper-Limb Coordination, and
Upper-Limb Speed and Dexterity subsets, but did poorly on the Balance, Response Speed, and Visual-
Motor Control subtests relative to national norms. Prior to covariate adjustment, the results showed that
prenatal, neonatal, and postnatal PbB levels were unrelated to Balance, Strength, Upper-Limb Coordination,
or Response Speed. However, neonatal and/or postnatal PbB were significantly associated with lower
scores on the Bilateral Coordination, Visual-Motor Control, and Upper-Limb Speed and Dexterity subtests
as well as the Fine Motor Composite. After adjusting for HOME scores, maternal IQ, social class, and child
sex and race, Bilateral Coordination, Visual-Motor Control, Upper-Limb Speed and Dexterity, and the Fine
Motor Composite retained some significant relationships to neonatal and/or postnatal PbB. Again, prenatal
(maternal) PbB was not related to BOTMP performance. However, neonatal PbB levels were significantly

associated with lower scores on the Upper-Limb Speed and Dexterity subtests and the Fine Motor
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Composite and marginally related to lower scores on the Bilateral Coordinations subtests. Further analysis
of the results revealed that children having a mean lifetime PbB of $9 ug/dL appeared to experience a
deficit on both the Bilateral Coordination subtests and Fine Motor Composite relative to children in the

lowest PbB quartile.

Some neurobehavioral effects (decreased ability to self-quiet and to be consoled) seemed to be associated
with a rise in maternal blood lead levels from 36 weeks gestation to birth (Rothenberg et al. 1989a).
Absolute PbB levels did not appear to be associated with effects. These results were obtained on 42
mother-infant pairs selected in the Mexico City pilot study. Blood samples were obtained at 36 weeks
gestation from the mother. At birth, cord blood samples and maternal samples were obtained. The
Brazelton Neonatal Behavioral Assessment Scale (NBAS) was administered by psychologists certified in
the use of this instrument. The principal shortcoming of this study is the small sample size (42—50 mother-
baby pairs, depending on the end point measured). Large numbers of statistical analyses were performed,

increasing the likelihood that some significant associations would occur by chance.

Emory et al. (1999) evaluated 103 African-American newborns with the NBAS. Maternal PbB levels were
obtained at 67 months of pregnancy. No significant differences were found between quartiles across
Brazelton Cluster scores. The researchers then compared the low quartile group (maternal PbB #1
ug/dL; mean=0.855 pg/dL; n=26) with the high quartile group (maternal PbB $2.5 pg/dL;
mean=4.01 pg/dL; n=14) and found modest detrimental effects as determined by four Brazelton
item scores related to motor control and attention. A slight trend was observed when PbB levels

were plotted against motor maturity and hand-to-mouth activity.

In a prospective study of mothers and infants in Cleveland, Ohio (Ernhart et al. 1985, 1986, 1987; Wolf et
al. 1985), mean PbB levels at the time of delivery were 6.5 ug/dL (range, 2.7-11.8 pg/dL) for 185 maternal
samples and 5.8 pg/dL (range, 2.6—14.7 pg/dL) for 162 cord samples. There were 132 mother-infant pairs
of data. The infants were evaluated for anomalies using a systematic, detailed protocol and for
neurobehavioral effects using the NBAS and part of the Graham-Rosenblith Behavioral Examination for
Newborns (G-R), including a Neurological Soft Signs scale. Hierarchical regression analysis was
performed. No evidence of an association between PbB levels and morphological anomalies was found.
This relatively small number of subjects, however, may not have been sufficient for the detection of

differences in low frequencies of anomalies. Using the complete set of data, abnormal reflexes and
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neurological soft signs scales were significantly related to cord PbB lead levels and the muscle tonicity
scale was significantly related to maternal PbB level. Using data from the mother-infant pairs, the only
significant association found was between the Neurological Soft Signs score and cord PbB levels, which
averaged 5.8 ug/dL and ranged up to only 14.7 ug/dL; no association with maternal PbB levels was seen
(Ernhart et al. 1985, 1986). A brief, preliminary report on later outcomes from this study reported a
significant association between the Neurological Soft Signs measure and the MDI scores at 12 months
(Wolf et al. 1985). Hence, it is possible to infer an indirect effect of cord PbB on MDI (Davis and
Svendsgaard 1987; EPA 1986a), although Ernhart et al. (1985, 1986) did not reach such a conclusion. The
effects noted by these investigators were significantly related to cord PbB levels that averaged 5.8 pg/dL
and ranged upward to only 14.7 pg/dL.

A later analysis (Ernhart et al. 1987) related PbB levels obtained at delivery (maternal and cord blood) and
at 6 months, 2 years, and 3 years of age to developmental tests (MDI, PDI, Kent Infant Development Scale
[KID], and Stanford-Binet 1Q) administered at 6 months, 1 year, 2 years, and 3 years of age, as appropriate.
After controlling for covariates and confounding risk factors, the only significant associations of blood lead
with concurrent or later development were an inverse association between maternal (but not cord) blood
lead and MDI, PDI, and KID at 6 months, and a positive association between 6-month PbB and 6-month
KID. The investigators concluded that, taken as a whole, the results of the 21 analyses of correlation
between blood lead and developmental test scores were "reasonably consistent with what might be expected
on the basis of sampling variability," that any association of blood lead level with measures of development
was likely to be due to the dependence of both PbB and development on the caretaking environment, and
that if low-level lead exposure has an effect on development the effect is quite small. Ernhart et al. (1987)
also analyzed for reverse causality (i.e., whether developmental deficit or psychomotor superiority in
infants at 6 months of age contributes to increases in subsequent blood lead levels). No significant
correlations were observed when covariates were controlled. Greene and Ernhart (1991) conducted further
analyses of the 132 mother-infant pairs in the Cleveland Prospective Study searching for a potential
relationship between prenatal lead exposure and neonatal size measures (weight, height and head

circumference) and gestational age. No such relationship was observed.

The predictive value of different markers of lead exposure for neurobehavioral performance (WISC verbal,
performance, and full-scale 1Qs; Wiener [Vienna] reaction performance tests; Cued Reaction Time) was

investigated by Winneke et al. (1985a, 1985b). This investigation involved the follow-up, at 6—7 years of
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age, of 114 children from an original study population of 383 children born in Nordenham, Germany. At
delivery, the mean maternal PbB level was 9.3 ug/dL (range, 4-31 pg/dL), and the mean cord PbB level
was 8.2 ng/dL (range, 4-30 pg/dL); most of the PbB levels were #15 pg/dL. Cord and maternal PbB levels
were highly correlated. Stepwise multiple regression analyses indicated that maternal PbB levels at
delivery accounted for nearly as much of the variance in neurobehavioral test scores at 6—7 years as did
contemporary PbB levels in the children. With either exposure marker, significance was seen only in

increased errors on the Wiener Reaction Performance tests.

Bonithon-Kopp et al. (1986b) investigated another potential marker for lead exposure. Maternal and infant
hair lead levels, determined from hair samples taken at birth, were found to be correlated inversely with
results on neurobehavioral tests (McCarthy Scales of Children's Abilities) when the children were tested at
6 years of age. Other studies have also reported associations between hair lead levels and behavioral or
cognitive test scores, but measures of lead in hair may not accurately reflect internal body burden of lead,

and such data should not be used to evaluate internal dose-response relationships (EPA 1986a).

A few studies have reported associations between prenatal lead exposure and changes in heme metabolism.
In a study of 294 mother-infant pairs, Haas et al. (1972) reported mean PbB levels of 16.98 pg/dL for
mothers and 14.98 ng/dL for newborns. Infant PbB levels and ALA-U were positively correlated. The
authors, however, did not report the levels of ALA-secretion in infants and mothers with no lead exposure.
In pregnant urban women (Kuhnert et al. 1977), cord erythrocyte lead levels ranged from 16 to 67 ug/dL of
cells (mean: 32.9 pg/dL) and were inversely correlated with ALAD activity, as were maternal erythrocyte
lead levels. In a study of 500 mothers at delivery, Lauwerys et al. (1978) reported negative correlations
between PbB levels and ALAD activity in both mothers and their infants (cord blood). No correlation
between PbB level and erythrocyte protoporphyrin was seen. PbB levels averaged 10.2 ug/dL with a range
of 3.1-31 pg/dL in the mothers and 8.4 pg/dL with a range of 2.7-27.3 pg/dL in the infants. Taken
together, the results of these studies indicate that AL AD activity may be a more sensitive indicator of lead
effects on fetal heme synthesis than erythrocyte protoporphyrin or ALA-U levels (EPA 1986a). In contrast
to the findings of Lauwerys et al. (1978), the measurement of maternal and umbilical cord PbB levels and
FEP levels for 95 mother-infant pairs from Toronto showed a significant inverse correlation. Most infants
had cord PbB levels below 7 pg/dL; the cord blood FEP levels were higher than the maternal levels (Koren
et al. 1990). The higher FEP levels may reflect immature hematopoiesis.
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Developmental effects that have been observed in humans following exposure to low levels of lead include
reduced birth weight, reduced gestational age and neurobehavioral deficits or delays. No evidence of an
association with major congenital malformations has been found, although one study reported an
association between cord PbB levels and the collective occurrence of minor anomalies. The evidence for an
association between PbB levels and reduced birth weight and gestational age is inconsistent. The weight of
evidence indicates that there may not be a direct association. There is a predominance of negative results,
with the most recent (and presumably best designed) studies showing no such association. The evidence in
support of neurobehavioral deficits or delays is more consistent, with most of the studies indicating that

there is an association between lead exposure at low levels and developmental neurobehavioral effects.

2.2.1.7 Genotoxic Effects

Results of assays made following in vivo exposure from occupational sources are contradictory, but do
suggest that lead may have an effect on chromosomes. Increased frequency of sister chromatid exchange
was not observed in one study of occupationally exposed adults with blood lead levels of 48.7 pg/dL
(Maki-Paakkanen et al. 1981) or in environmentally exposed children with PbB levels of 30-63 ug/dL
(Dalpra et al. 1983). A slight positive correlation between sister chromatid exchanges and increasing
duration of exposure has been reported in lead-exposed workers (Grandjean et al. 1983). This observation
was independent of PbB level. Similar slight increases of sister chromatid exchanges in lead-exposed
workers that may have been confounded by age effects were reported in a study that used too few controls
to show conclusive results (Leal-Garza et al. 1986). Increased frequencies of chromosomal aberrations
(primarily chromatid-type) were seen in 21 battery factory workers; these elevations were positively
correlated with PbB levels, and showed a marked increase when PbB levels reached 50 pg/dL. Sister
chromatid exchanges were also significantly elevated in these workers when PbB levels reached 80 ug/dL
(Huang et al. 1988b). This study examined a fairly small number of workers, but appropriate selection
criteria were used in order to minimize the effects of other potential genotoxic factors, such as smoking,
drinking, viral diseases, exposure to medical X-rays, chelation agents, or use of medications with known
clastogenic effects. A common problem in these occupational studies is possible concurrent exposures to

many other agents in the occupational environment.

Occupational exposure to lead is associated with increased mitotic activity in peripheral lymphocytes,

increased rate of abnormal mitosis (Forni et al. 1976; Sarto et al. 1978; Schwanitz et al. 1970), and
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increased incidence of chromosomal aberrations (Al-Hakkak et al. 1986; Forni et al. 1976, 1980; Nordensén
et al. 1978; Schwanitz et al. 1970) at PbB levels ranging from 22 to 89 pg/dL. While a positive correlation
between PbB levels and the frequency of chromosomal aberrations has been reported (Nordenson et al.
1978), most of the available data on occupationally exposed workers show no increase in the frequency of
chromosomal aberrations when PbB levels ranged from 38 to 120 pg/dL (Bauchinger et al. 1977; Maki-
Paakkanen et al. 1981; O'Riordan and Evans 1974; Schmid et al. 1972; Schwanitz et al. 1975) or in
environmentally exposed children with PbB levels of 12-33 pg/dL (Bauchinger et al. 1977). Other

genotoxicity studies are discussed in Section 2.5.

2.2.1.8 Cancer

The information available regarding the association of occupational exposure to lead with increased cancer
risk is generally limited in its usefulness because the actual compound(s) of lead, the route(s) of exposure,
and level(s) of lead to which the workers were exposed were often not reported. Furthermore, potential for
exposure to other chemicals including arsenic, cadmium, and antimony occurred, particularly in lead
smelters, and smoking was a possible confounder (Cooper 1976; IARC 1987). These studies, therefore, are
not sufficient to determine the carcinogenicity of lead in humans, and the following discussion is restricted

to the most comprehensive of these studies.

The most extensive was a series of reports of a large number of workers at 6 domestic lead production
plants (smelters and recycling plants) and 10 battery plants (Cooper 1976; Cooper and Gaffey 1975). A
total of 7,032 individuals were studied. PbB lead levels were available for 1,850 individuals, and the
distribution was as follows: 1,433 had a PbB concentration $40 pg/dL, 488 had $70 pg/dL, 188 had

$80 pg/dL, and 77 had $100 pg/dL. Increased incidences of total malignant neoplasms were observed for
both categories of lead workers, but the increase was statistically significant only for lead production
workers. The increase in total malignancies appeared to be due to small, statistically nonsignificant
increases in digestive and respiratory tract tumors (evident in both the lead production and battery workers)
and urinary tract tumors (in production workers). In a statistical reanalysis of the Cooper and Gaffey (1975)
data, Kang et al. (1980) determined that the incidence of total malignant neoplasms, cancers of the digestive
tract, and cancers of the respiratory tract were statistically elevated in both lead production workers and

battery workers.
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In a follow-up to the original study, Cooper (1981) reported that lead had no cancer-inducing properties,
although standard mortality ratios (SMRs) of 125-149% for total malignant neoplasms, 172% for
respiratory cancer, and 229% for cancers of other sites were reported in battery workers. In a subsequent
evaluation of a more select subset from the original study, Cooper et al. (1985) reported increased SMRs for
total malignancies in both groups of workers (statistically significant only in the battery workers) attributed
to digestive and respiratory cancers. These small excesses of cancer deaths could not be correlated with
onset, duration, or level of exposure. In addition, no adjustments could be made for other concomitant
industrial exposures or for smoking. The attributable risk of smoking could easily explain the small
increase in respiratory cancer in an industrial cohort that contained an excess of heavy smokers. Also, a
marginally significant increase in digestive tract cancer in acid-lead battery workers was observed during
the early years of lead exposure (when lead levels were presumably higher than in later years) (Fanning

1988; Malcolm and Barnett 1982).

In a historical cohort mortality study of 1,990 primary lead smelter workers, an SMR of 2.04 for mortality
from renal cancer was calculated (Selevan et al. 1985). The cohort consisted of workers who had worked at
least 1 year, with at least 1 day of employment at the smelter between 1940 and 1965. The cohort had been
heavily exposed to lead and in 1976 the PbB levels averaged 56.3 pug/dL. Exposures to cadmium and
arsenic were generally minor. A follow-up study of this cohort was conducted from 1977 through 1988
(Steenland et al. 1992). Analysis of the follow-up study revealed an excess of kidney cancer, particularly in
the high-lead group (SMR 2.39). Although, as the authors indicate, the study is limited by lack of detailed
data on lead exposures, potential confounding exposures to cadmium and arsenic, lack of smoking data, and
small cohort size, the results are of interest because animal studies associate lead exposure with kidney
cancer (see Section 2.2.2.8). In addition, two cases of renal cancer have been reported in occupationally
exposed men who had symptoms of lead poisoning and high blood lead levels (Baker et al. 1980; Lilis
1981). In one case, the tumor was reported to contain a high level of lead and to have histopathological

characteristics similar to those of kidney tumors induced by lead in animals (Baker et al. 1980).

In a study of cancer incidence in workers exposed to tetracthyl lead, a statistically significant association
was found between exposure to this compound and rectal cancer (odds ratio = 3.7; 90% confidence limits of
1.3-10.2) (Fayerweather et al. 1997). The odds ratio increased four times at the high-to-very high

cumulative exposure level, demonstrating a dose-response relationship. When a 10-year latency was
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assumed, the association became even more pronounced. No increases in the incidence of cancer at other
sites (i.e., brain, kidney, lung, spleen, and bone) were observed in the exposed workers. A study that
comprised 20,700 Finnish workers exposed to lead during 1973—1983 found a 1.4-fold increase in the
overall cancer incidence and a 1.8-fold increase in the incidence of lung cancer among workers who had
ever had a blood lead level $21 pg/dL (Anttila et al. 1995). The overall mortality for the whole cohort,
however, was less than expected, and there was no clear excess mortality for specific causes of death. In
order to examine the association of lung cancer with indices of lifetime exposure to lead and to obtain
information on potential confounders, the authors conducted a case-referent study on lung cancer within the
study base. Analysis of the results showed an increased odds ratio for lung cancer for concomitant
exposure to lead and engine exhaust. In a subsequent study of this same cohort, an excess risk of nervous
system cancer, specifically gliomas, was found in workers with a PbB concentration $29 pg/dL compared
with those whose PbB concentration had not exceeded 14.4 ug/dL (Anttila et al. 1996). However, the
authors stated that no firm conclusions could be drawn because of the small number of cases, the rather

short follow-up time, and the low response rate.

2.2.2 Inhalation Exposure

2.2.2.1 Death

Deaths associated with occupational exposure to inorganic lead (which is predominantly by the inhalation
route of exposure) are discussed in Section 2.2.1.1. No studies were located regarding death in animals

after inhalation exposure to inorganic lead.

2.2.2.2 Systemic Effects

No studies were located regarding cardiovascular, gastrointestinal, musculoskeletal, dermal, or ocular

effects in humans or animals after inhalation exposure to inorganic lead.

Respiratory Effects.  No studies were located regarding respiratory effects in humans after inhalation
exposure to inorganic lead. See Section 2.2.1.2 for a discussion of the respiratory effects of lead in humans

after multi-route exposure.
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Lung weights in mice continuously exposed to lead nitrate at a concentration of 1.6 mg lead/m’® for 28 days
were slightly but significantly elevated. The lungs from these mice appeared hemorrhagic at necropsy.
These effects were most likely due to pulmonary edema resulting from an irritative response to the
inhalation of lead aerosol for 28 days (Hillam and Ozkan 1986). Increased lung weight and hemorrhage
were not observed in the lungs of mice similarly exposed for 14 days, indicating that the effects observed in
mice exposed for 28 days were exposure duration dependent (Hillam and Ozkan 1986). This LOAEL is
presented in Table 2-2 and plotted in Figure 2-1.

Hematological Effects.  As discussed in Section 2.2.1.2, lead has long been known to affect heme
biosynthesis by affecting the activities of several enzymes of the heme biosynthetic pathway. Lead inhibits
the activity of certain enzymes involved in heme biosynthesis, namely, ALAD, and ferrochelatase. The
mechanisms for these effects are discussed in detail in Section 2.4. As a consequence of these changes, the
activity of the rate limiting enzyme of the pathway, ALAS, is subsequently increased. The end results of
these changes in enzyme activities are increased urinary porphyrins, coproporphyrin, and ALA; increased
blood levels of ALA; and increased EP, FEP, and ZPP (EPA 1986a).

In one study, adult male volunteers were exposed to particulate lead in air at 0.003 or 0.01 mg lead/m’ for
23 hours a day for 3—4 months. Mean PbB levels increased from 20 pg/dL (preexposure) to 27 ug/dL at the
0.003 mg/m’ exposure level and from 20 pg/dL (preexposure) to 37 pg/dL at the 0.01 mg/m® exposure
level. ALAD decreased to approximately 80% of preexposure values in the 0.003 mg/m® group after

5 weeks of exposure and to approximately 53% of preexposure values in the 0.01 mg/m’® group after

4 weeks of exposure (Griffin et al. 1975b). These results are presented in Table 2-2 and plotted in

Figure 2-1.

Hepatic Effects. A significant increase in liver weight was observed in mice continuously exposed to
1.6 mg/m’ lead nitrate for 14 or 28 days as compared to air-exposed control animals (Hillam and Ozkan
1986). Although the authors suggest that these results indicate that inhalation exposure to lead may be toxic
to the liver, no functional (i.e., serum enzyme) or histopathological studies were conducted. Therefore, the
toxicological significance of this increase in liver weight is not known. These results are presented in

Table 2-2 and plotted in Figure 2-1.

Renal Effects.  No studies were located regarding renal effects in humans after inhalation exposure to
inorganic lead. See Section 2.2.1.2 for a discussion of the other systemic effects of lead in humans after

multi-route exposure.



Table 2-2. Levels of Significant Exposure to Lead - Inhalation

a Exposure/ LOAEL
Keyto  Species duration/ NOAEL Less serious Serious Reference
figure (strain) frequency System (mg/m3) (mg/m3) (mg/m3) Chemical Form
ACUTE EXPOSURE
Immunological/Lymphoreticular

1 Mouse 14d 1.6 (decreased spleen and Hillam and
(Swiss- 7 diwk thymus weight; Ozkan 1986
Webster) 24 hr/d decreased splenic and Pb(NO3)2

thoracic lymph node
antibody forming cells;
decreased total
leukocyte count)

2 Rabbit 4d 0.028 M (altered lung macrophage Zelikoff et al.
(New 3 hr/d function including 1998
Zealand) decreased phagocytosis, PbO

increased production of
oxygen radicals, and
increased LDH and
lysozyme activities)

INTERMEDIATE EXPOSURE

Systemic

3 Human 18 wk Hemato 0.011M (47% decrease in ALAD Griffin et al.
23 hr/d activity) 1975b

4 Rat 3wk Hemato 1 F (decreased ALAD Prigge and

(NS) 7 diwk activity) Greve 1977
24 hr/d

S1O03443 HLTVAN 2
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Table 2-2. Levels of Significant Exposure to Lead - Inhalation {(continued)

a . Exposure/ LOAEL
Key to Spec_les duration/ NOAEL Less serious Serious Reference
figure (strain) frequency System (mg/m3) (mg/m3) (mg/m3) Chemical Form
5  Mouse 28 d Resp 1.6 (increased lung weight; Hillam and
(Swiss- 7 diwk lung hemorrhage) Ozkan 1986
Webster) 24 hr/d Pb(NO3)2
Hepatic 1.6 (increased liver weight)
Renal 1.6
Bd Wt 1.6
Immunological/Lymphoreticular
6 Mouse 28d 1.6 (decreased spleen and Hillam and
(Swiss- 7 d/wk thymus weight, Ozkan 1986
Webster) 24 hr/d decreased leukocyte Pb(NO3)2
count, decrease in
antibody titer following
intraperitoneal
immunization; decreased
splenic antibody forming
cells)
Developmental
7  Rat Gd 1-21 1 (decreased ALAD in Prigge and
(NS) 21 d fetus) Greve 1977
24 hr/d

*The number corresponds to entries in Figure 2-1.

S1034493 HIV3IH ‘2

avan

ALAD = aminolevulinic acid dehydratase; d = day(s); F = female; Gd = gestational day; Hemato = hematological, hr = hour(s); LDH = lactatate dehydrogenase; LOAEL
= lowest-observable-adverse-effect level; M = male; NOAEL = no-observable-adverse-effect level, Resp = respiratory; wk = week(s).

6L1
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Figure 2-1. Levels of Significant Exposure to Lead - Inhalation (cont.)
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No increase in kidney weight was noted in mice continuously exposed to 1.6 mg lead/m’ as lead nitrate for
28 days (Hillam and Ozkan 1986). No other studies were located regarding renal effects in animals after

inhalation exposure to inorganic lead. These results are presented in Table 2-2 and plotted in Figure 2-1.

Body Weight Effects.  No studies were located regarding body weight effects in humans after
inhalation exposure to inorganic lead. See Section 2.2.1.2 for a discussion of effects of lead on growth in

humans after multi-route exposure.

No effects on body weight were noted in mice continuously exposed to 1.6 mg lead/m’ as lead nitrate for
28 days (Hillam and Ozkan 1986). No other studies were located regarding body weight effects in animals
after inhalation exposure to inorganic lead. These results are presented in Table 2-2 and plotted in

Figure 2-1.

2.2.2.3 Immunological Effects

One study was identified that examined the effects of acute-duration exposure to lead via inhalation on
macrophage function in rabbits (Zelikoff et al. 1993). Lung macrophage function (phagocytosis, production
of reactive oxygen intermediates, and biological activity of tumor necrosis factor-a [TNF]) were examined
in vitro up to 72 hours after nose-only exposure to particulate PbO at a concentration of 0.028 mg Pb/m’ for
3 hours per day for 4 days. Exposure to lead decreased phagocytic activity, increased spontaneous
production of hydrogen peroxide by macrophages, and increased stimulated production of superoxide anion
radicals. While spontaneous release of TNF was not altered by exposure to lead oxide, lipopolysaccharide-
stimulated TNF activity was significantly decreased immediately and 24 hours after the last exposure; this
was followed by a significant increase in activity relative to controls at 72 hours. Exposure to PbO also
resulted in a significant increase in lactate dehydrogenase activity (marker of lung cell damage) and
lysozyme levels (marker of lysosomal membrane permeability) in the fluid 24 and 72 hours after the final
exposure. The concentration of lead in blood from the lead-exposed rabbits remained near control levels

(1-2 pg/dL).

The effects of acute- and intermediate-duration inhalation lead exposure on local and systemic immune
function following intratracheal, intraperitoneal, or intravenous immunization were studied in mice
continuously exposed to lead nitrate for 14 or 28 days (Hillam and Ozkan 1986). Several parameters of

local and systemic immune function were measured in the immunized, lead-exposed mice. Lead content
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was significantly higher in the liver, spleen, thymus, lung, and kidney as compared to the control group in
both the 14-day and 28-day exposure groups, but the effect was more pronounced in the 28-day exposure
group. Both splenic and thymic weights were significantly decreased in all of the lead-exposed animals as
compared to the controls. Decreases in leukocyte counts, circulating antibodies, and antibody forming cells
were noted in different lead exposed groups. These results suggest that lead induces immunosuppression.
Furthermore, since only the thoracic lymph node response was suppressed after intravenous immunization,
it seems that inhaled lead does not cause systemic immunosuppression. These results also demonstrate that
inhaled lead accumulates in the body, since higher tissue levels were observed following 28 days of
exposure as compared to 14 days of exposure, and the immunosuppressive effects were more pronounced in

the mice exposed for 28 days as compared to those exposed for 14 days.

The LOAEL from these studies are presented in Table 2-2 and plotted in Figure 2-1.

2.2.2.4 Neurological Effects

No studies were located regarding neurological effects in humans or animals after inhalation exposure to
inorganic lead. See Section 2.2.1.4 for a discussion of the neurological effects of lead in humans after

multi-route exposure.

2.2.2.5 Developmental Effects

No studies were located regarding developmental effects in humans after inhalation exposure to inorganic
lead. See Section 2.2.1.6 for a discussion of the developmental effects of lead in humans after multi-route

exposure.

The data from the only available animal study (Prigge and Greve 1977) indicate that inhaled lead is not
teratogenic. However, it impaired heme synthesis in both rat dams and fetuses. In this study, dams were
exposed to 1, 3, or 10 mg lead/m* (chemical species not provided) throughout gestation (days 1-21).
Maternal and fetal ALAD were inhibited at all exposure levels in a dose-related manner, and fetal (but not
maternal) hematocrit and body weight were decreased at the 10-mg/m’ lead level. These results suggest

that the fetuses were more sensitive to lead-induced toxicity than were the dams.

The LOAEL from this study is presented in Table 2-2 and plotted in Figure 2-1.
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2.2.2.6 Reproductive Effects

No studies were located regarding reproductive effects in humans or animals after inhalation exposure to
inorganic lead. See Section 2.2.1.5 for a discussion of these effects in humans after multi-route exposure to

inorganic lead.

2.2.2.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans or animals after inhalation exposure to
inorganic lead. See Section 2.2.1.7 for a discussion of these effects in humans after multi-route exposure to

inorganic lead.

Genotoxicity studies are discussed in Section 2.5.

2.2.2.8 Cancer

No studies were located regarding cancer in humans or animals after inhalation exposure to inorganic lead.

See Section 2.2.1.8 for a discussion of cancer in humans following multi-route exposure to inorganic lead.

2.2.3 Oral Exposure

2.2.3.1 Death

Oral LDy, values for lead or its inorganic or organic salts were not found in the available literature. LD, ,
values for a number of lead compounds have been estimated (Sax 1984, see Table 2-3). An LD, is defined
as the lowest dose of a substance given over any given period of time in one or more divided portions
reported to have caused death (Sax 1984). Furthermore, unlike LD, values, these values are not derived

statistically, and comparisons between compounds and species are difficult.
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Table 2-3. Oral LD, Values for Lead Compounds

Compound Species LD, (mg/kg)? LD, (mg lead/kg)
Lead acetate Dog 300 191
Lead chloride Guinea pig 2,000 1,490
Lead nitrate Guinea pig 500 313
Lead oxide Dog 1,400 1,300
Lead sulfate Dog 2,000 1,366
Guinea pig 30,000 20,500

@ Based on the weight of individual compounds
Source: Sax 1984

LD o = lowest dose expected to cause death
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Increased mortality was observed in a 2-year feeding study in rats (Azar et al. 1973). However, the
increased mortality did not occur in a dose-related manner. The apparent lack of a dose-response
relationship in either sex precludes meaningful conclusions regarding effect levels for mortality in this
study. Increased mortality was reported in mice exposed to 0.5% lead acetate in the drinking water in a
3-generation study (Rasile et al. 1995). This level of lead in the water provided approximately 605 mg
lead/kg/day.

The LOAEL values for mortality are presented in Table 2-4 and Figure 2-2.

2.2.3.2 Systemic Effects

No studies were located regarding respiratory effects in humans or animals following oral exposure to
inorganic lead. See Section 2.2.1.2 for a discussion of the respiratory effects of lead in humans after multi-

route exposure.

Cardiovascular Effects.  No studies were located regarding cardiovascular effects in humans
following oral exposure to inorganic lead. See Section 2.2.1.2 for a discussion of the cardiovascular effects

of lead in humans after multi-route exposure.

Most of the animal database concerns effects of lead acetate, a “bioaccessible” form of lead that does not
mimic the bioaccessibility of lead oxide, lead sulfide, or other forms of geologic lead. Lead acetate has
been used as a paint pigment and hair dye. There is a large database that describes cardiovascular
(primarily hypertensive) effects in laboratory animals resulting from exposure to lead. In the earlier studies,
relatively high doses of lead were administered (i.e., 70 mg/day), and it is difficult to determine whether the
hypertension observed in the treated animals was due to a direct effect of lead or was secondary to lead-
induced renal damage (Victery 1988). Furthermore, increases in blood pressure were not always observed
in these studies; sometimes decreases in blood pressure were observed, and PbB levels were not always
quantified, making comparisons across studies difficult because of considerable experimental design
differences (Victery 1988). The more recent chronic-duration exposure studies at doses that are otherwise
nontoxic clearly indicate that lead ingestion is associated with an elevation in blood pressure that is
sustained over a considerable portion of the animal's life span. For example, male rats given lead acetate at

50 ppm lead in the drinking water for 160 days had markedly increased blood pressure



Table 2-4. Levels of Significant Exposure to Lead - Oral

Exposure/ LOAEL
Kev t a duration/
e€y10  gpecies  frequency NOAEL Less serious Serious Reference
figure  (strain) (Specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
ACUTE EXPOSURE
Systemic
1 Human 5d Hemato 0.03M (24-61% decrease in Cools et al. 1976
1x/d ALAD activity)
©) PbAc
2 Human 3-14d Hemato 0.02 (decreased ALAD Stuik 1974
7 d/wk activity)
1x/d
PbAc
(©)
3 Rat once Hemato 17.5 F (increased activity of Chmielnicka et al.
(Wistar) (GW) ALA-S in liver and 1994
kidney)
PbAc
4 Rat 10d Bd Wt 17.5 F (approximately 19% Minnema and
(Sprague- ad iib decreased body weight Hammond 1994
Dawle ain
y) gain) PbAc
(W)
Other 17.5 F (approximately 18% and
27% reductions in food
and water intake,
respectively)
5 Rat 6d Hemato 146 M (decreased erythrocyte Simmonds et al.
(Fischer- 344) ad lib ALAD activity; increase 1995
(W) urinary coproporphyrins)
PbAc
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Table 2-4. Levels of Significant Exposure to Lead - Oral {(continued)

Expos_ure/ LOAEL
Key to” Soeci fduratlon/
pecles requency NOAEL Less serious Serious Reference
fgure (Strain) (Specificroute)  System  (mglkglday) (mg/kg/day) (mg/kg/day) Chemical Form
6 Rat 1-2 wk Other 734.7 M (blockage of calcium Smith et al. 1981
(Holtzman)  adlib intestinal transpont
response to vitamin D
(F) P ) PbAc
Iimmunological/Lymphoreticular
7 Mouse 14d 2.6 (decreased spleen and Hillam and Ozkan
(Swiss- 7 diwk thymus weight, 1986
Webster) 1x/d leukopenia) PBNO3)2
(G)
Neurological
8 Rat ppd 9-18 50 M (impaired latent learning) Massaro and
(Wistar) 1x/d Massaro 1987
(GW) PbAc
Reproductive
9 Rat Gd 6-16 39 F 390 F (decreased number of Kennedy et al.
(COBS) 11d pregnancies) 1975
1x/d
PbAc
(GW)
10 Mouse Gd 5-15 39 F 390 F (decreased number of Kennedy et al.
(CD-1) 11d pregnancies) 1975
1x/d
PbAc
(GW)
- Developmental
11 Rat Gd 6-16 39 390 (increased fetal resorptions, Kennedy etal.
(COBS) 11d retarded skeletal 1975
1x/d development)
PbAc
(GW)

S103443 HLIVAH ‘2
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/
Key t a duration/ LOAEL
eyto gpecies  frequency NOAEL .
. . Less serious Serious Reference
figure (Strain) (Specificroute)  system (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
INTERMEDIATE EXPOSURE
Death
12 Mouse multi gen 605 F (increased fatality rates) Rasile et al. 1995
(HET) W)
PbAc
Systemic
13 Human 7 wk Hemato 0.01 M (decrease ALAD activity; Cools et al. 1976
7 diwk increased RBC porphyrin)
1x/d
PbAc
(C)
14 Human 21d Hemato 0.02 (increased protoporphyrin Stuik 1974
7 d/iwk IX in RBC of females)
1x/d
PbAc
(C)
15 Monkey 174d (2d at Hemato 0.7 (increased ZPP) Levin et al. 1988
{Rhesus) 10 mg/kg, 12
d at 3 mg/kg,
160dat0.7 PbAc
mg/kg) Other 0.7
1x/d
(GwW)
16 Rat 6 wk Cardio 873 M (myofibrillar Asokan 1974
(Sprague- ad lib fragmentation,
Dawley) (W) mitochondrial swelling) PbAG

SLO3443 HLV3H ¢
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Kev to® duration/
e .
ﬁgyur(:: ?gter:::j s f;i?ﬁ::;ﬁte) NOAEL Less serious Serious Reference
p System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
17 Rat 30d Hemato 1.5M 5M (increased urinary Dieter et al. 1993
(Fischer- 344) (F) excretion of
aminolevulinic acid) PbA
C
Renal 0.5M 1.5 M (mild to moderate
enlargement of nuclei in
renal tubules)
- Bd Wt 1.5M 5M (14-20% reduction in
weight gain)
Other 5M
18 Rat 30d Hemato 1.5M 5M (increased urinary Dieter et al. 1993
(Fischer- 344) (F) excretion of
aminolevulinic acid) PbO
Renal 1.5M 5M (mild to moderate
enlargement of nucleiin
renal tubules)
Bd Wt 15M 5M ({14-20% reduction in
weight gain)
Other 5M

S103443 H1TV3H ¢

ava

oel



Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Expos_ure/ LOAEL
Key to® Soeci fduratlon/
pecies requency NOAEL Less serious Serious Reference
fi i ifi
'gure  (Strain)  (Specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
19 Rat 30d Hemato 5M Dieter et al. 1993
(Fischer- 344) (F)
PbsS
Renal 5M
Bd Wt 5M
Other 5M
20 Rat 30d Hemato 5M Dieter et al. 1993
(Fischer- 344) (F)
Pb Ore
Renal 5M
Bd wt 5M
Other 5M
21 Rat 50d Musc/skel 1 F (Decreased trabecular Escribano et al.
(Wistar) (F) bone mass and 1997
thickness)
PbAc
Bd wt 1F

S1O3443 HLTV3AH 2
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

ava

Exposure/ LOAEL
Key to’ duration/
€y10 gpecies  frequency NOAEL " .
N ; Less serious Serious Reference
figure  (Strain) (Specific route)  system (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
22 Rat 4 wk Hemato 109 M (decreased ALAD activity Flora et al. 1993
(albino) ad lib and hemoglobin;
(W) increased urinary
excretion of ALA and PbAc
increased blood zinc
protoporphyrin)
Hepatic 109 M (increased hepatic lipid
peroxidation)
Bd Wt 109 M (decreased body weight ’“
gain, but not quantitated) i
B
Ey
23 Rat 3wk Ocular 0.5 F (rod degeneration) Fox and Chu m
(hooded) ad lib ?1’;
W) PbAc ®
24 Rat 3wk Ocular 0.5 F (alterations in rod Fox and Farber
{(hooded) ad lib photo-receptors) 1988
(W) PbAc
25 Rat 21d Ocular 0.08 F (decreased rod Fox and Katz
(Long- Evans) Ld 1-21 Zen'fitisitytart\'d range of
ark adaptation
(W) ptation) PbAC
26 Rat 3wk Ocular 0.5 F (decreased retinal Fox and
(hooded) ad lib sensitivity, rhodopsin, Rubinstein 1989
W and rod outer segment
W) PbAc

length)

cel



Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/
Kev to’ duration/
€y10 gpecies  frequency NOAEL . .
h Less serious Serious Reference
figure (Strai Specific route
gure _(swain) {Sp ) System  (mgikg/day) (mg/kg/day) (mgkg/day) Chemical Form
27 Rat 44d Hemato 0.9 M (reduction in blood Freeman et al.
(Fischer- 344) ad lib ALAD activity) 1996
(F) PbAc
Bd Wt 6.4 M
Other 6.4 M
28 Rat 44 d Hemato 6.4 M (reduction in blood Freeman et al.
(Fischer- 344) ad lib ALAD activity) 1996
(F) PbS
Bd Wt 6.4M
Other 64M
29 Rat 44d Hemato 0.9 M (reduction in blood Freeman et al.
(Fischer- 344) ad lib ALAD activity) 1996
(F) Pb Soi
Bd Wt 6.4 M
Other 64 M
30 Rat 1-12 months Musc/skel 7.5M (Decreased femur Gruber etal.
(Sprague- (W) density)
Dawiey)
PbAc
31 Rat 26d Musc/skel 145 M (altered bone Hamilton and
(Long- Evans) (W) development) O'Flaherty 1995
PbAc
Bd Wt 145 M (13% reduced weight
relative to controls)
Other 145M (decreased food intake)

S103443 H1VaH 2
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

avai

Exposure/ LOAEL
Key t a duration/
ey to i
i yure Spec!es s freqfl-xencyt NOAEL Less serious Setious Reference
gure (Strain) (Specificroute)  System  (mg/kgrday) (mg/kg/day) (mg/kg/day) Chemical Form_
32 Rat 20d Hemato 11.1 M (36% decrease in ALAD Hayashi et al.
{Wistar) ad lib activity in erythrocytes 1993
. on day 20
W) : y 20) PbAc
Hepatic 111 M
Renal 111 M
Bd Wt 111 M
33 Rat 63d Hemato 0.9 Hubermont et al.
(Sprague- ad lib 1976
Dawley) (W) Pb(NO3)2
34 Rat 90d Bd Wt 38M Kala and Jadhav
{Long- Evans) ad lib 1995a
W) ] PbAc
Other 38 M
35 Rat 20-30d Hepatic 0.005 0.05 (decreased RNA, Krasovskii et al.
(NS) 1x/d glycogen; pyknosis of 1979
ad lib Kupffer cells; increased
W) liver weight) PbAc

$103d443 H1WV3H 2
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Kev to® duration/
e .
ﬁgyur:: Sspte cles s f:::?flij:l:gxt e) NOAEL Less serious Serious Reference
(Strain) p System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
36 Rat 6-12 mo Hemato 0.0015 0.005 (impaired heme synthesi Krasovskii et al.
(NS) ad lib assessed by increased 1979
(W) excretion of ALA and
porphobilinogen) PbAc
Hepatic 0.0015 0.005 (decreased glycogen,
RNA, sulfhydry! groups,
alterations in activities of
oxidizing enzymes)
37 Rat 18d Hemato 6.4 19.2 (decreased hematocrit) Overmann 1977
(Long- Evans) 1x/d
(GW) PbAc
38 Rat 159d Cardio 003 F 0.3 F (increased systolic blood Perry and
(Long- Evans) ad lib pressure) Erlanger 1978
W) PbAc
39 Rat 14 -50 Bd Wt 502 M (24% reduction in body Ronis et al. 1996
(Sprague- ad lib weight gain)
Dawle!
iz W) PbAc
Other 502  (17-20% reduction in

water intake)

S103443 HLIV3H 2
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Kev t a duration/
eyto gpecies  frequency NOAEL - .
h Less serious Serious Reference
f' -
igure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
40 Rat 10 wk Hemato 14.6 M (decreased erythrocyte Simmonds et al.
(Fischer- 344) ad lib ALAD activity and 1995
(W) ZPP/heme ratio;
increased urinary PbAc
coproporphyrins
41 Rat 20 wk Bd Wt 0.64 Singh 1993
(NS) 5 x/wk
@w PbAc
Other 0.64
42 Rat 4 mo Hepatic 64 F (significant reduction in Singh et al. 1994
(Porton) 1 x/d hepatic AST, ALT and
AP activities
@ ) PbAc
43 Rat 7 wk Cardio 5 M (atrophy of the elastic fibers Skoczynska et al.
(Buffalo) 1-2 x/wk of the aorta) 1993
(G) PbAc
Hepatic 5M (24% increase in serum
triglycerides)
Bd Wt 20M
44 Rat 2-3mo Renal 414 828 M (proximal tubular dysfunction; Vyskoci et al.
(Wistar) 7 d/wk increased urinary excretion 1989
ad lib of B2- microglobulin)
PbAc
(W)

SL1O3d443 HITV3H 2
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Key to? duration/
ey 1o
fi yure Species s fre?;’ encyt NOAEL Less serious Serious Reference
gl (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
45 Rat 2-4 mo Renal 81 F 320 F (tubular dysfunction as Vyskocil et al.
(Wistar) ad lib indicated by 2-3-fold 1995
(W) increase in urinary
excretion of PbAc
B2-microglobulin)
Bd Wt 320 F
Other 81 F 320 F (water intake reduced by
half)
46 Rat 7-8 wk Hemato 318 M (decreased hematocrit) Walsh and Ryden
(Wistar) 7 d/iwk 1984
(F PbAc
Renal 318 M (increased kidney weight)
Bd Wt 318 M (18% reduction in body
weight gain)
47 Rat 13 wk Bd Wt 77 M (15% reduction in final Yokoyama and
(Wistar) ad lib body weight) Araki 1992
(W) PbAc
Immunological/Lymphoreticular
48 Rat 31d 17 42  (decrease in blood total Miller et al. 1998

(Fischer- 344)
(W)

leukocyte count in
offspring)

PbAc

S103443 H1IV3aH 2
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

ava

Exposure/ LOAEL
Kev to® duration/
ey to ;
ﬁyure Sgec!es s fre::?'l_:er:gyte NOAEL Less serious Serious Reference
9 (Strain) (Specific route) System (mg/kg/day) {mg/kg/day) (mg/kg/day) Chemical Form

Neurological

49 Monkey 344-362d 0.3  (deficit in reversal learning  Bushnell and
(Rhesus) 7 diwk during exposure and 3 years Bowman 1979b
1x/d after exposure ceased)
PbAc
{F)
50 Monkey 357d(2dat 0.7-10  (impaired open field Ferguson and
(Rhesus) 10mg/kg, 12 behavior, behavioral Bowman 1990
d at 3 mg/kg, alterations)
343dat0.7 PbAc
mg/kg)
1x/d
(G)
51 Monkey 200d 0.05 0.1 (impaired spatial Gilbert and Rice
(Cynomolgus) S d/wk discrimination reversal task 1987
1x/d at 9-10 years of age)
PbAc
(GW)
52 Monkey 174d (2d at 0.7-10  (lower muscle tonus; Levin et al. 1988
(Rhesus) 10 mg/kg, 12 decreased visual
d at 3 mg/kg, attentiveness)
160d at0.7 PbAc
mg/kg)
1x/d
(GW)
53 Monkey 200d 0.05 (impaired nonspatial Rice 1985b
5 d/iwk discrimination at 3 years
1x/d of age) PA
(@w) °

S103d443 HLTVaAH 2
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

a
Keyto gpecies

figure (Strain) (Specific route)

" Exposure/

duration/
frequency

System

NOAEL
(mg/kg/day)

LOAEL

Less serious Serious
(mg/kg/day) (mg/kg/day)

Reference
Chemical Form

54 Rat
(NS)

55 Rat

(Long- Evans)

56 Rat
(Wistar)

57 Rat

(Long- Evans)

58 Rat

35d
ad lib

w)

>50d
ad lib

(W)

335d
ad lib

186 d
ad lib

W)

21d

(Long- Evans) (w)

59 Rat

90d

{Long- Evans) ad lib

(W)

1.6 M (reduced radial maze
accuracy)

4.2 M (increased sensitivity to
muscarinic cholinergic
agonists)

9.5M (increased fixed interval
response rates to lever
press)

2.1 M (higher response rate for
operant learning tests)

8.3 (increased sensitivity of
D2-D3 receptor subtype
to dopamine agonists)

2.2 M (reduction in dopamine in
nucleus accumbens and
in serotonin in brain stem
and frontal cortex)

Bushnell and
Levin 1983

PbAc

Cory-Slechta and
Pokora 1995

PbAc

Cory-Slechta et
al. 1983

PbAc
Cory-Slechta et
al. 1985

PbAc

Cory-Slechta et
al. 1992

PbAc
Kala and Jadhav
1995a

PbAc

S103443 HITVaH ¢
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Key to® duration/
ﬁ?urz Sgte ;:es s f;i?;.:::gxte) NOAEL Less serious Setious Reference
(Strain) 5P System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
60 Rat 90d 4 M (reduced basal and Kala and Jadhav
(Long- Evans) ad lib potaddium induced 1995b
(W) release of dopamine from
the nucleus accumbens) PbAc
61 Rat 6-12 mo 0.0015 0.005 (disruption of conditioned Krasovskii et al.
(NS) ad lib responses and motor 1979
activi
W) ) PbAc
62 Rat 112d 143 M Massaro and
(Wistar) ad lib Massaro 1987
) PbAc
63 Rat 18d 6.4 19.2  (increased motor activity and Overmann 1977
{Long- Evans) 1x/d operant delayed response;
(GW) impaired motor coordination) PbAG
64 Rat 20 wk 0.64 (altered normal Singh 1993
(NS) 5 x/wk developmental pattern of
(GW) proteins in neurons of PbAG

young exposed prenatally
and continued
postnatally)

S103443 HIV3H ¢

ava
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Kev to® duration/
ey {o i
fi yure Species s freq;_‘ encyt NOAEL Less serious Serious Reference
gure  (Strain) (Specificroute)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
65 Rat 10 wk 0.64 (altered levels of Singh and Ashraf
(NS) 5 d/wk neurotransmitters in the 1989
1x/d brain after pre- and
(G) postnatal exposure) PbAc
66 Rat 10 wk 0.64 Singh and Ashraf
(NS) 5 d/wk 1989
1x/d
PbAc
(G)
67 Rat 21d 8.3 (increased number of D2 Widzowski et al.

68

69

70

(Long- Evans) (W)

Rat 15 wk
(Wistar) ad lib
(W)
Rat 13 wk
(Wistar) ad lib
(W)

Reproductive

Rat 9 wk

(Wistar) 7 diwk
1x/d
(GW)

dopaminergic receptors
in striatum and nucleus
accumbens)

89.6 M (decrease in motor nerve
conduction velacity)

77 M (decreased slow axonal
transport of proteins)

0.19 M (decreased number of
spermatozoa)

1994

PbAc

Yokoyama and
Araki 1986

PbAc

Yokoyama and
Araki 1992

PbAc

Barratt et al. 1989

PbAc

S103443 H1TV3H ¢

ava
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Key t a duration/
€y {0 gpecies frequency NOAEL ) .
? Less serious Serious Reference
fi -
'gure (Strain) (Specificroute) _ System  (mgikgiday) (mg/kg/day) (mg/kg/day) Chemical Form
71 Rat 60d 22M 45 M (partial inhibition of 90 M (testicular atrophy, cellular ~ Chowdhury et al.
(albino) ad lib spermatogenesis) degeneration) 1984
(W) PbAc
72 Rat 312d 34 Fowler et al. 1980
(NS) 7 diwk
ad lib PbA
c
W)
73 Rat 30d 0.013 M (increased prostate 0.26 M (impotence; hyperplasia; Hilderbrand et al.
(NS) 1x/d weight) increase prostate weight) 1973
(@ PbAc
0.014 F (irreguiar estrus cycles) 0.28 F (ovarian cysts; persistent
vaginal estrus)
74 Rat 63d 09 F Hubermont et al.
(Sprague- ad lib 1976
Dawle
] (W) Pb(NO3)2
75 Rat 6-12 mo 0.0015 M 0.05M (decreased activity of Krasovskii et al.
(NS) ad lib AIDH, SDH, NAD, and 1979
W NADPH-diaphorase in
(W) NN PbAc
spermatogenic epithelium
and swelling of follicular
epithelial cells in males)
76 Rat 20-30d 0.0015 0.005 M (dystrophy of Leydig 0.05 M (decreased motility of Krasovskii et al.
(NS) ad lib cells) spermatozoa, acid 1979
(W) phosphatase activity
increased) PbAc

S103443 HLvaH ¢

avai
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

ava

Expos_urel LOAEL
Kev to® duration/
ey to i :
fi yure Spec!es s freqtl_’ encyt NOAEL Less serious Serious Reference
gure (Strain) (Specifioroute)  System  (mgkgiday)  (mg/kg/day) (mg/kg/day) Ghemical Form
77 Rat 14 - 50 502 (decreased testicular Ronis et al. 1996
(Sprague- ad lib weights; delayed vaginal
Dawley) (W) opening and disruption of
estrus cycling) PbAc
78 Rat Gd 5-21 42  (reduced plasma Ronis et al.
(Sprague- PNd 21-85 testosterone and 1998b, 1998c
Dawley) ad lib 17B-estradiol at birth) POA
C
(W)
79 Rat 30d 40 (decreased LH and Sourgens et al.
ad lib prolactin levels) 1987
W PbAc
80 Mouse 12 wk 141 M (decreased number of Johansson and
(NMRI) 7 d/wk implantations) Wide 1986
1x/d
PbCI2
W)
81 Mouse 6 wk 176 F Kristensen et al.
(NMRI) ad lib 1995
(W) PbCI2
Developmental
82 Monkey Gd 1-165 57 Bushnell and
(Rhesus) 165d Bowmann 1979a
W) PbAc

S103443 HLIV3H 2

el



Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

stimulation; decreased
thymic weight in pups)

Expos-ure/ LOAEL
Key toa Speci fduratlonl
pecies requency NOAEL Less serious Serious Reference
figure (Strain) (Specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
83 Monkey Gd 1-165 3 F (deficit in form discrimination Hopper et al.
{Macaca 195-210d at 6-18 months and in 1986
fascicularis)  1x/d response to inhibition at
(GW) 19-29 months in offspring) ~ PP(NO3)2
84 Monkey Gd 1-165 38 Levin and
(Rhesus) 8.5 mo Bowman 1983
ad lib ooA
C
(W)
85 Rat 34d 166  (30-40% reduction in ChAT  Bielarczyk et al.
(Sprague- Gd 16-21 activity in septum and 1994
Dawley) PND 1-28 hippocampus from pups and
ad lib 30-40% decrease in PbAc
(W) cholinergic muscarinic
receptors in septum)
86 Rat 56d 25 (delayed synthesis of Bull et al. 1979
(CD) ad lib cytochrome C in cerebral
w) cortex in male pups
neonatally exposed) PbCi2
87 Rat Gd 1-21 3.5 (suppression of delayed Faith et al. 1979
(Sprague- 1 2?; i5d hyzelnserr\‘siti;tity response
Dawley) ad i and lymphocyte
W) responsiveness to mitogen ~ PPAC

S103443 HLV3H ¢

aval
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

av3al

Ekposure/
Key to® duration/ LOAEL
ey 10  gpecies  frequency NOAEL .
. . Less serious Serious Reference
flgure  (Strain) (Specificroute)  System  (mgikg/day) (mg/kg/day) (mg/kg/day) Chemiical Form
88 Rat Gd 1-21 0.07 0.7 (elevated kidney weight, Fowler et al. 1980
(NS) 312d cytomegaly in male pups)
ad lib bA
PbAc
W)
89 Rat 201-291d 07 3.5 (delays in vaginal 7  (delayed righting reflex in Grant et al. 1980
(CD) ad lib opening in pups) pups)
W) PbAc
90 Rat 70d 38 (decreased body weight Hamilton and
(Sprague- W) and tail length in pups) O'Flaherty 1994 ro
Dawley) T
PbA
i z
91 Rat Gd 1-21 0.45 (decreased erythrocyte Hayashi 1983 7
(Wistar) ad lib ;ALADfa::ti,vity .inh;;u)ps; ﬁ
ower fetal weights
w 9 PbAG 3
-]
»
92 Rat 63d 0.09 0.9 (decreased ALAD Hubermont et al.
(Sprague- ad lib activity, increased 1976
Dawley) (W) protoporphyrins in pups) Pb(NO3)2
93 Rat 84-91d 0.7 3.5 (delayed vaginal opening) Kimmel et al.
(CD) ad lib 1980
(W) PbAc
94 Rat Gd 1-21 2.24 (immune suppression; Luster et al. 1978
(Sprague- 105-112d decreased thymus weight in
Dawley) 1x/d pups) PbA
C
W)

Sri



Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Key to duration/
ey 0 gpecies  frequency NOAEL . .

. ; Less serious Serious Reference
figure  (Strain) (Specific route)  system (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
95 Rat 56 d 28  (delayed cortical McCauley et al.

(CD) ad lib development in pups) 1979
(W) PbCI2
96 Rat Gd 1-21 48 64 (decreased fetal weight) Miller et al. 1982
(Long- Evans) 41d
1x/d
(GW) PbAc
97 Rat 138-145d 0.7 ({impaired righting reflex in Reiter et al. 1975
(Sprague- two gen pups)
Dawley) (W) PbAC
98 Rat 77d 18 36  (increased activity in Rodrigues et al.
(Wistar) mat gest lact open field; failure to 1993
ad lib habituate to
(W) environment) PbAc
99 Rat 94 d 17.5 (increased relative Rodrigues et al.
(Wistar) mat gest lact kidney weight in 1996

ad lib
(W)

6-month-old rats;
increased ALAD
reactivation index in

kidney from 6-month-old

rats)

PbAc

S103443 HITWVIH ‘¢

avan
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

avai

Exposure/
Kev to” duration/ LOAEL
€y 10 gpecies  frequency NOAEL - .
. h Less serious Serious Reference
flgure (Strain) (Specificroute) — system  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
100 Rat Gd 5-21 502  (19% incidence of stillbirth vs Ronis et al. 1996
(Sprague- Ld 1-21 2% in controls; reduced
Dawley) Pd 21-85 weight gain of pups;
ad lib decreased serum PbAc
(W) testosterone)
101 Rat Gd 5-21 42 126 M (reduced birth weight, 377  (28% rate of stillbirth Ronis et al.
(Sprague- PNd 21-85 crown-to-rump length, compared to 4% in controls) 1998b, 1998¢
Dawley) ad lib and anogenital distance) PbA o
(o] H
(W) m
>
102 Rat 3wk 15  (increase in volume of mossy Slomianka et al. g
(Wistar) 7 diwk fiber zone, granule cell layer, 1989 r:ﬁ
ad lib and commissural association q
W) zone in hippocampus of PbAc 3
oftspring) »
103 Rat Gd 1-21 28  (slower extinction of acquired Taylor et al. 1982
(Sprague- 56d response when reward not
Dawley) ad lib present relative to controls) PbA
C
(W)
104 Rat Gd 1-21 2.2 (inhibit renin synthesis Victery et al.
(Charles 5 mo and release) 1982a
River) (W) PbAG

FA4S



Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/
Key t a duration/ LOAEL
O sSpecies  frequency NOAEL "
b Less serious Serious Reference
figure (Strain) (Specificroute)  System  (mgkgiday)  (mgkg/day) (mg/kg/day) Chemical Form
105 Mouse Gd 1-21 608 (altered measures of square Draski et al. 1989
(HET) 41d crossing and standups in
ad lib open field, and in time to
(W) return to home cage) PbAc
106 Gn Pig Gd 22-52 5.5 (reduced levels of Sierra and
(NS) Gd 22-62 gonadotropin-releasing Tiffany-
hormone and somatostatin in Castiglioni 1992
(GW) hypothalamus from 52- and PbAc
62-day-old fetuses)
107 Gn pig Gd 22 to Gd 5.5 (decrease in the neuroglial  Sierraetal. 1989
(NS) 52 or Gd 62 enzymes GPDH and
1x/d glutamine synthetase,
(GW) decreased blood ALAD and  PPA°
increased ZPP levels in pups
and dams)
CHRONIC EXPOSURE
Systemic
108 Monkey 9yr Ocular 4  (decrease tyrosine Kohler et al. 1997
(Rhesus) (F) ‘ hydroxylase in retinal

cells; indication of
alterations in cell wiring)

PbAc

S103443 H1V3H "¢

ava
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/ LOAEL
Kev to° duration/
ey10 gpecies  frequency NOAEL .

. - Less serious Serious Reference
figure  (Strain) (Specific route)  System  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
109 Monkey 1yr Hemato 0.57 Mele et al. 1984

(Rhesus) 7 diwk
1x/d
PbAc
(F)
Bd Wt 0.57
110 Monkey 19-14 yr Hemato 2 Rice 1996
(Macaca (C)
tascicularis) PbA
o]
Bd Wt 2
111 Rat 2yr Hemato 0.9 3.1 (decreased ALAD Azar et al. 1973
(NS) ad lib activity)
F PbAc
Bd Wt 27 56.5 (unspecified decrease in
weight gain)
112 Rat 18 mo Cardio 14M 2.8 M (increased systolic and Carmignani et al.
(Sprague- 7 diwk diastolic blood pressure) 1988a
Dawley) 1x/d PbA
C
(W) ,
Hepatic 56M
Renal 56M
113 Rat 76 wk Renal 371 M (necrotic & dilated cortical Koller et al. 1985
(Sprague- ad lib tubules, tubular protein
Dawley) (W) casts) PbAC

S103443 HLTV3H ¢

av3al
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Table 2-4. Levels of Significant Exposure to Lead - Oral {continued)

ava

Exposure/ LOAEL
Kev to® duration/
ey o gpecies frequency NOAEL . .
. A Less serious Serious Reference
fgure  (Strain) (Specificroute)  system  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
114 Rat <18 mo Cardio 0.014 F (increase in systolic Perry et al. 1988
(Long- Evans) 7 d/wk blood pressure)
1x/d
(W) PbAc
Bd Wt 071 F
115 Dog 2yr Hemato 1.25 2.5 (decreased ALAD Azar et al. 1973
(Beagle) ad lib activity)
(F) PbAc
Renal 25 12.5 (cytomegaly in males)
N
Bd Wt 12.5 T
m
'):
Neurological 7
116 Monkey 365d 07 Ferguson et al. :11"1
(Rhesus) (G) 1996 g
.—‘
PbAc @
117 Monkey 1yr 0.21  (reversal learning deficit; Laughlin et al.
(Rhesus) 7 diwk electrophysiological changes 1983
1x/d in auditory process)
PbAc
(F)
118 Monkey 1yr 0.64 Levin and
(Rhesus) 7 diwk Bowman 1989
ad lib POA
C
(F)
119 Monkey gestation to 4  (increased wave latency Lilienthal and
(Rhesus) 9.75yr of brain stem auditory Winneke 1996

F

evoked potentials)

PbAc

0St



Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

a
Keyto gpecies

figure (Strain) (Specific route)

Exposure/
duration/
frequency

LOAEL

NOAEL Less serious Serious
System (mg/kg/day) (mg/kg/day) (mg/kg/day)

Reference
Chemical Form

120 Monkey
(Rhesus)

121 Monkey
(Rhesus)

122 Monkey
{Cynomolgus)

123 Monkey
(Rhesus)

124 Monkey

(Macaca
fascicularis)

125 Monkey

(Macaca
fascicularis)

126 Monkey

(Macaca
fascicularis)

1yr
7 diwk
1x/d

(F)
9yr
{F)

200-270 d
7 diwk
1x/d

(G)
7-8yr
1 x/d
(©)

13yr
()

15-18 yr
(F)

7-8yr
5 d/wk
1x/d

(©)

0.19  (deficit in fixed interval
schedule)

7  (decrease content of
S$100 protein in
hippocampal glia cells)

0.05
1.5
2 (increased pure tone
hearing thresholds)
0.5 (slightincrease in
vibration threshold)
0.05

(impaired operant learning)

(altered performance on a
fixed-interval-fixed-ratio
schedule of reinforcement at
age 7-8 years)

(impairment in delayed
alternation behavioral task)

Mele et al. 1984

PbAc

Noack et al. 1996

PbAc

Rice 1985b

PbAc

Rice 1992

PbAc

Rice 1997

PbAc

Rice and Gilbert
1995

PbAc

Rice and
Karpinski 1988

PbAc

SLO3443 HLITV3H 2

avan
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

ava

Exposure/ LOAEL
Key to duration/
ey1lo gpecies  frequency NOAEL . .

. ; Less serious Serious Reference
figure  (Strain) (Specificroute)  system  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form
127 Dog 2yr 12.5 Azar et al. 1973
" (Beagle) 7 diwk

ad lib

(F)

Reproductive

128 Monkey 10yr 1 F (decreased serum level
{Cynomolgus) 1 x/d of luteinizing and follicle
stimulating hormones,
(C) and estradiol)
129 Monkey 10yr 1M (disrupture of general
{Cynomolgus) 1 x/d architecture of
seminiferous epithelium)
©
130 Monkey 75 mo 1.3 F (impaired menstrual
(Rhesus) 5 d/wk cycle)
w)
Cancer
131 Rat 2yr 27 (CEL: 5/50 renal tubular
(NS) 7 diwk adenomas in males)
ad lib
(F)
132 Rat 76 wk 371 M (CEL: renaltubular
(Sprague- ad lib carcinomas in 13/16)
Dawley) (W)

PbAc

Foster 1992

PbAc

Foster et al. 1998

PbAc

S103443 HITV3H ¢

Franks et al.

PbAc

Azar et al. 1973

PbAc

Koller et al. 1985

PbAc
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Table 2-4. Levels of Significant Exposure to Lead - Oral (continued)

Exposure/
a duration/
Keyto gpecies  frequency

LOAEL

. ] NOAEL Less serious Serious Reference
flgure (Strain) (Specificroute)  System  (mgkgiday) (mg/kg/day) (mg/kg/day) Chemical Form
133 Mouse 2yr 83.2 CEL: renal tubular Van Esch and
y
(Swiss) ad lib adenomas and carcinomas  Kroes 1969
(F) in 7/25)
PbAc

*The number corresponds to entries in Figure 2-2.

ad lib = ad libitum; ALA = aminolevulinic acid: ALAD = aminolevulinic acid dehydratase; ALA-S = delta-aminolevulinic acid synthetase; ALT = alanine aminotransferase;
AP = alkaline phosphatase; AST = aspartate aminotransferase; Bd Wt = body weight; (C} = capsule; Cardio = cardiovascular, CEL = cancer effect level; ChAT =
choline acetyltransferase; d = day(s); F = female; (F) = food; (G) = gavage; Gd = gestational day; gen = generation; GPDH = glucose-6-phosphate dehydrogenase;,

(GW) = gavage in water; Hemato = hematological; lact = lactation; Ld = lactational day; LD,, = lethal dose, 50% kill, LH = luteinizing hormone; LOAEL =

lowest-observable-adverse-effect level; M = male; mat gest = mating gestation; mo = month(s); multi gen = multigenerational; NOAEL = no-observable-adverse-effect
level; NS = not specified; Pd = postnatal day; RBC = red blood cell, RNA = ribonucleic acid; (W) = water;, wk = week(s); yr = year(s); x = times; ZPP = zinc

protoporphyrin

S103443 H1V3H 2
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€St



Figure 2-2. Levels of Significant Exposure to Lead - Oral
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Levels of Significant Exposure to Lead - Oral (cont.)

Figure 2-2.
Intermediate (15-364 days)
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Figure 2-2. Levels of Significant Exposure to Lead - Oral (cont.)
Intermediate (15-364 days)
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Levels of Significant Exposure to Lead - Oral (cont.)

Figure 2-2.
Intermediate (15-364 days)
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Figure 2-2. Levels of Significant Exposure to Lead - Oral (cont.)
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Figure 2-2. Levels of Significant Exposure to Lead - Oral (cont.)
Chronic (=365 days)
Systemic
s -~
~ 144 - -~ fed)
L 5 3) g S 3 *
Q o 5 = T I} o T
(mgkg/day)  § g g F £ 5 3 5 g
S T T a o & = 5 S
10000 ¢
1000 113r 132r
L
133
100 F 111r ’m
O 131r
115d O 1150 : 127d L 2
10 L mar t2e o tr O 119K 18“ O
tar 1ok a 1isd O O 1sa 110k 0 124k
o X 5 3 S 123 o iogk 130k
. o) O 109K 114r 116k 118k ® 125K o009
1h2r O 7, 11sd ©) O i O o o 120k
. i o 122k 126k
0.1
114r . '
0o
0.01
Key
0.001 }
k  monkey @ LOAEL for serious effects (animals) nghn:;?r?temen o
0.0001 | :n ::;use ® LOAEL for less serious effects (animals) corresponds to
. ies in Table 2-4.
g guineapig O NOAEL (animals) entries In Table
0.00001 } d dog @ CEL: cancer effect level (animals)
A LOAEL for less serious effects (humans)
0.000001 * Doses represent the lowest dose tested per study that produced a tumorigenic response
and do not imply the existence of a threshold for the cancer end point.

0.0000001

avai

S103443 HIV3H 2

651



LEAD 160

2. HEALTH EFFECTS

of 182/138 (systolic/diastolic) as compared with 128/98 in controls (Iannaccone et al. 1981) when
anesthetized with pentobarbital. The mean PbB level of the treated group was 38.4 ug/dL. Male rats
administered lead acetate at 5 or 25 ppm lead in the drinking water for 5 months beginning 7n ufero (PbB
levels of 5.6 and 18.2 ng/dL, respectively) did not develop hypertension, although plasma renin activity was
increased at 25 ppm (Victery et al. 1982b). However, exposure of male rats to 100 ppm lead as lead acetate
in drinking water for 6 months beginning in utero resulted in a 17-mm Hg increase in blood pressure after
3.5 months of exposure as compared to the control animals when unanesthetized. No change in blood
pressure was observed in rats administered 500 ppm lead. It should be noted that kidney effects (e.g.,
increased kidney weight and intranuclear inclusion bodies) were observed at 100 ppm and/or 500 ppm
(Victery et al. 1982a). In a more recent study, administration of 100 ppm in the drinking water for 12
weeks to rats resulted in an increase in mean blood pressure from approximately 107 mm Hg to about 140
mm Hg (Ding et al. 1998). Interestingly, in this study PbB levels in the lead-exposed rats (3.2 pg/dL),
while significantly higher than in controls (<1.0 pg/dL), were much lower than those reported in other
studies that exposed rats to similar or lower lead concentrations in the drinking water. Also in this study,
administration of a scavenger of reactive oxygen species or pharmacological manipulations that increase the
blood concentration of the vasodilator nitric oxide, caused a fall blood pressure towards control values.
Based on their results, Ding et al. (1998) suggested that hypertension in lead-exposed rats is related to both

diminished nitric oxide and increased reactive oxygen species.

An increase in systolic blood pressure was observed in rats at a very low exposure level (1 ppm lead, as
acetate, in the drinking water for 159 days), but the dietary and drinking water content of essential and
nonessential metals was abnormally low, and the low-contamination quarters in which the rats were housed
also limited their exposure to essential and nonessential metals (Perry and Erlanger 1978). These
conditions, which result in greater absorption of lead and effects at lower lead intakes than when the diet is
less restricted and the living quarters less isolated, may not be relevant to human exposure. Increases in
blood pressure at low exposure levels have been demonstrated in other studies. For example, rats
administered 0.1 and 1.0 ppm lead acetate in drinking water beginning at weaning through 18 months of
age exhibited an approximate 14 mm Hg elevation in blood pressure from 3 months (1 ppm) or 12 months
(0.1 ppm) through the entire 18 months of exposure (Perry et al. 1988). No obvious signs of toxicity were

observed in these animals.

Low-level, chronic-duration exposure of rats to lead (30 ppm lead acetate in the drinking water) for

18 months resulted in a 10—15 mm Hg increase in both systolic and diastolic blood pressure without any
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change in heart rate or histopathological evidence of damage to the kidney, heart, brain, aorta, or liver
(Carmignani et al. 1988a). However, lead exposure increased animal responsiveness to stimulation of a and
B receptors, altered the renin-angiotensin system, perhaps through inhibition of the renin-angiotensin
converting enzyme, and altered the cyclic adenosine monophosphate (cAMP)-dependent contractile
processes in both myocardium and vascular myocells. Please refer to Section 2.4 for a more complete

discussion of the proposed mechanisms for lead-induced hypertension.

Cardiovascular effects other than effects on blood pressure have also been observed in laboratory animals
following ingestion of lead. Male rats given 1% (10,000 ppm) lead acetate in their drinking water from 6 to
12 weeks of age had changes in the myocardium (including myofibrillar fragmentation and separation with
edema fluid), dilation of the sarcoplasmic reticulum, and mitochondrial swelling (Asokan 1974). PbB
levels in these rats averaged 112 pg/dL versus 5 ug/dL in controls. Administration by gavage of 35 mg
lead/kg as lead acetate twice per week for 7 weeks (5 mg/kg/day) to rats resulted in atrophy of the elastic
fibers of the aorta (Skoczynska et al. 1993). Mean PbB levels in controls were 4.6 pg/dL compared with
16.8 ug/dL in the lead-treated rats.

The highest NOAEL values and all reliable LOAEL values for each study for cardiovascular effects are
recorded in Table 2-4 and plotted in Figure 2-2.

Gastrointestinal Effects.  No studies were located regarding gastrointestinal effects in humans or
animals after oral exposure to inorganic lead. See Section 2.2.1.2 for a discussion of the gastrointestinal

effects of lead in humans after multi-route exposure.

Hematological Effects.  As discussed in Section 2.2.1.2, lead has long been known to affect heme
biosynthesis by affecting the activities of several enzymes in the heme biosynthetic pathway. The
mechanisms for these effects are discussed in detail in Section 2.4. Two experimental studies of the effects
of oral exposure to lead on heme synthesis in humans were available. Two groups of five women and one
group of five men who ingested lead acetate at 0.02 mg lead/kg/day every day for 21 days experienced
decreases in erythrocyte ALAD by day 3 of lead ingestion (Stuik 1974). The decreases became maximal
by day 14 and then remained constant through day 21. An increase in EP occurred in the women, but not
in the men, starting after 2 weeks of ingestion. PbB levels were approximately 15 pg/dL before exposure
and increased to approximately 40 pg/dL during exposure. Increased EP was observed in five men at a

higher dosage, 0.03 mg lead/kg/day (which produced a mean PbB level of 46 pg/dL), starting after 2
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weeks of lead ingestion (Stuik 1974). Similar results were reported by Cools et al. (1976) for 11 men
ingesting lead acetate at an initial dosage of 0.03 mg lead/kg/day, which was decreased to 0.02 mg
lead/kg/day or less as necessary to maintain a PbB level of 40 pg/dL; the mean pre-exposure PbB level
was 17.2 pg/dL.

Limited information was located regarding hematological effects in animals after acute oral administration
of lead. A significant decrease in erythrocyte ALAD activity was observed in rats administered lead
acetate in the drinking water at a dose of approximately 146 mg lead/kg/day for 6 days (Simmonds et al.
1995). PbB levels reached a concentration of 44 pg/dL in 24 hours and remained within 10 pg/dL of that
value throughout the exposure period. The results of this study also suggested that erythrocyte ALAD is
highly sensitive to lead, but it is not a good indicator of low-level exposure corresponding to PbB levels

below 25 pg/dL.

Intermediate-duration studies in animals indicate that adverse hematological effects (i.e., decreased
hematocrit, impaired heme synthesis) occur following oral exposure (Dieter et al. 1993; Flora et al. 1993;
Freeman et al. 1996; Hayashi et al. 1993; Krasovskii et al. 1979; Overmann 1977; Simmonds et al. 1995;
Walsh and Ryden 1984). The lowest dose at which these effects are seen depends on the route of
exposure, the nature of the end point studied, and the chemical form of lead. For example, decreases in
hematocrit were observed in rats that received 19.2 mg lead/kg/day (as acetate) by gavage (Overmann
1977), but this effect was not seen until a dose of 318 mg lead/kg/day (as acetate) was administered to rats
in their daily diet (Walsh and Ryden 1984). Rats that received up to 34 mg lead/kg/day as lead acetate in
their drinking water exhibited no adverse effects on hematocrit (Fowler et al. 1980; Victery et al. 1982b).
However, evidence of impaired heme synthesis (increased urinary ALA and coprophobilinogen) was
observed in rats that received 0.01 mg lead/kg/day as lead acetate in their drinking water for 6—12 months
(Krasovskii et al. 1979). A similar correlation between exposure to lead in the drinking water as lead
acetate and increased urinary ALA was observed by Fowler et al. (1980) and Flora et al. (1993). Increased
urinary ALA and erythrocyte ZPP were also correlated with increasing doses of lead in rats receiving 0,
1.67, or 6.35 mg lead/kg/day in their drinking water (Cory-Slechta 1990b). The increase was observed
earlier in the course of the study in older rats. Dieter et al. (1993) found that urinary excretion of ALA was
significantly increased in rats by lead administered in the diet for 30 days as acetate or oxide at a dose of
about 5 mg lead/kg/day, but not by an equivalent lead dose from lead sulfide or a lead ore concentrate.
Similar results were obtained by Freeman et al. (1996) regarding a decrease in blood ALAD activity; the

greatest inhibition was seen with lead acetate, followed by lead sulfide and lead-contaminated soil.
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Adverse hematological effects have been noted in chronic-duration studies, as well. The severity of the
effects seems to be dose-related. For example, dose (blood lead)-effect information for heme synthesis and
hematological effects is available; rats and dogs were fed lead acetate in the diet for 2 years (Azar et al.
1973). In rats, lead produced no effects at 10 ppm (PbB level, 11.0 ug/dL; not elevated above controls),
significant inhibition of ALAD at $50 ppm (PbB level $18.5 pg/dL), significant increase in urinary ALA
at $500 ppm (PbB level $77.8 pg/dL), and slight but significant decreases in hemoglobin concentration
and hematocrit at $1,000 ppm (PbB level $98.6 png/dL). In dogs, lead produced no effects at #50 ppm
(PbB level #31.5 pg/dL), significant inhibition of ALAD at $100 ppm (PbB level $42.5 pg/dL), and no
effect on urinary ALA, hemoglobin, or hematocrit at any exposure level (highest exposure level =

500 ppm, PbB level = 75.8 ng/dL). Control PbB levels were 12.7 and 16.4 pg/dL in the 2 rat groups and
15.8 pg/dL in the dogs.

Studies in animals indicate that the effects of lead on heme synthesis occur in many tissues and that the
time courses of these effects depends on the tissue, exposure duration, and the chemical and animal species
administered. Oral exposure of rats to lead acetate increased liver ALAS activity in a single dose study
(Chmielnicka et al. 1994), decreased liver ALAS activity in a chronic study (Silbergeld et al. 1982),
increased spleen ALAS activity (Silbergeld et al. 1982), increased kidney ALAS activity in a single dose
study (Chmielnicka et al. 1994), decreased kidney ALAS activity in a chronic study (Fowler et al. 1980),
decreased brain (Gerber et al. 1978), liver, and spleen (Silbergeld et al. 1982) ALAD activity, and
decreased kidney ferrochelatase activity along with mitochondrial injury and disturbance of mitochondrial
function (Fowler et al. 1980). A lifetime exposure study in monkeys conducted a comprehensive
evaluation of hematological and blood chemistry parameters at various times (Rice 1996). The monkeys
were exposed continuously to lead acetate at dose levels of 50, 100, 500, or 2,000 pg lead/kg/day for up to
14 years. Additional groups were exposed to 1,500 pg lead/kg/day according to 4 dosing regimens to
assess the effects of lead during development. PbB levels were dose-related and ranged between 10 and
90 pg/dL. Some differences (although within the normal range) observed between treated and controls
included a decreased lymphocyte count in the 50 and 100 pg/kg/day groups at both 7 and 11 years of age
and in the 2,000 pg/kg/day group at 11 years of age; decreased hematocrit and hemoglobin in the

2,000 ng/kg/day group at 7 (PbB 25 pg/dL) and 11 years (PbB 90 pg/dL) of age, and decreased hemo-
globin at 6 years of age in a 1,500 pg/kg/day group that began exposure at 300 days old.

The highest NOAEL values and all reliable LOAEL values for each study for hematological effects are
recorded in Table 2-4 and plotted in Figure 2-2.
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Musculoskeletal Effects.  Several case reports of individuals who experienced high exposures to
lead either occupationally or through the consumption of illicit lead contaminated whiskey described the
occurrence of a bluish-tinged line in the gums (Eskew et al. 1961; Pagliuca et al. 1990). The etiology of
this "lead line" has not been elucidated. This effect has also been observed in workers exposed to high
lead levels who had exposures via dust or fume. Individuals having high exposures to lead have also been
reported to complain of muscle weakness, cramps, and joint pain (Holness and Nethercott 1988; Marino et

al. 1989; Matte et al. 1989; Pagliuca et al. 1990).

Only a few studies have explored the effects of oral lead exposure on bone growth and metabolism in
animals (Escribano et al. 1997; Gonzalez-Riola et al. 1997; Hamilton and O’Flaherty 1994,1995; Gruber et
al. 1997). These limited data, all from intermediate duration studies of rats, indicate that oral lead exposure
may impair normal bone growth and remodeling as indicated by decreased bone density and bone calcium
content, decreased trabecular bone volume, increased bone resorption activity and altered growth plate
morphology. Weanling female rats were exposed to 250 or 1,000 mg lead/L of lead acetate
(approximately 38 or 152 mg lead/kg/day) in drinking water for 49 days; the rats were mated and exposure
continued through parturition and lactation (approximately an additional 39 days) (Hamilton and
O’Flaherty 1994). PbB concentrations after 49 days of exposure to lead were 40 pg/dL in rats exposed to
250 mg lead/L and 74 pg/dL in rats exposed to 1,000 mg lead/L. Tibial calcium and phosphorus levels in
dams were decreased 20% relative to controls not supplemented with lead. In pups, body weight and tail
length were depressed at both lead exposure levels and tibial growth plate width was increased by
approximately 10% in high lead exposure group. The latter effect may represent retardation of bone
mineralization in the pups. Enhanced calcification and decreased alkaline phosphatase activity of
implanted demineralized bone matrix was observed in male rats exposed to 1,000 mg lead/L lead acetate in
drinking water for 26 days (approximately 145 mg lead/kg/day) (Hamilton and O’Flaherty 1995). In
female rats exposed to food supplemented with 17 mg lead acetate/kg food (approximately 1 mg
lead/kg/day) for 50 days, femur trabecular bone mass and thickness of the growth cartilage were decreased
(Escribano et al. 1997; Gonzalez-Riola et al. 1997). In male rats exposed to 100 mg/L lead acetate in
drinking water (approximately 7.7 lead/kg/day) for one year, bone density decreased as did bone calcium
content and trabecular bone volume; increased bone resorption activity was evident from increased osteoid
coverage of trabecular surfaces and increased osteoclast presence in trabecular lacunae. These changes
were evident after 3—12 months of exposure and at PbB concentrations of 20-30 pg/dL (Gruber et al.
1997).
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The highest NOAEL values and all reliable LOAEL values for each study for musculoskeletal effects are
recorded in Table 2-4 and plotted in Figure 2-2.

Hepatic Effects.  No studies were located regarding hepatic effects in humans after oral exposure to
inorganic lead. See Section 2.2.1.2 for a discussion of hepatic effects in humans following multi-route

exposure to inorganic lead.

Liver toxicity, as evidenced by alterations in the incorporation of lysine into liver proteins, was observed
in rats administered 192 mg lead/kg/day by gavage as lead acetate for 9 weeks (Barratt et al. 1989). No
effects were observed at 21 mg lead/kg/day. However, the toxicological significance of this finding is not

known because neither serum enzymes nor histopathological evaluations were performed.

Intermediate-duration exposure to 0.01 mg lead/kg/day as lead acetate in the drinking water of rats resulted
in increased liver weight, decreases in RNA and glycogen, pycnosis of Kupffer cells, and decreased
enzyme activity (e.g., lactate dehydrogenase) (Krasovskii et al. 1979). In other studies in rats, significant
reductions in the activities of hepatic aspartate aminotransferase (AST), alanine aminotransferase (ALT)
and alkaline phosphatase (AP) were seen following treatment for 4 months with daily gavage doses of

64 mg lead/kg/day as lead acetate (Singh et al. 1994), but no effect was observed on the serum activities of
these enzymes after administration of 11 mg lead/kg/day (acetate) in the water for 20 days (Hayashi et al.
1993). Singh et al. (1994) attributed the decrease in hepatic enzyme activity to lead-related liver injury.

The effects of lead exposure on blood lipids was investigated in rats treated by gavage for 7 weeks with 5
or 20 mg lead/kg/day (as acetate) (Skoczynska et al. 1993). PbB levels were 16.8 and 32.4 pg/dL in the
low- and high-dose groups, respectively. Treatment with lead significantly decreased total cholesterol and
increased serum triglycerides in a dose-related fashion, decreased HDL-cholesterol in the high dose group,
and did not significantly alter serum lipid peroxide level or blood superoxide dismutase activity. However,
rats treated with lead in drinking water that provided a dose of approximately 109 mg lead/kg/day for

4 weeks had a significant increase in hepatic lipid peroxidation (Flora et al. 1993); PbB levels were not

provided in this study.

The highest NOAEL values and all reliable LOAEL values for each study for hepatic effects are recorded
in Table 2-4 and plotted in Figure 2-2.
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Renal Effects.  Ingestion of drinking water containing lead was found to be associated with evidence
of renal insufficiency in humans (Campbell et al. 1977). Lead concentrations in drinking water were
compared to PbB concentrations in 283 residents who ingested this water for a mean of 21.5 years. A
highly significant correlation was found for these two parameters. In addition, elevated PbB
concentrations were associated with renal insufficiency, reflected as raised serum urea concentrations and

hyperuricemia. No renal biopsies were performed.

Information is available on the renal toxicity of ingested lead in several species, including rats, dogs,
monkeys, and rabbits. The results indicate that histopathological changes in the kidneys of lead-treated
animals are similar to those in humans (see Section 2.2.1.2). Reduced glomerular filtration rates and
aminoaciduria were reported in some of the animal studies. Key animal studies on lead-induced renal

toxicity will be discussed below.

Dose (blood lead)-effect data are available in the study by Fowler et al. (1980). Rats exposed to lead
acetate in the drinking water through the dams during gestation and lactation and then directly until

9 months of age had the following external exposures (ppm lead), internal exposures (ug lead/dL in
blood), and renal effects: 0 ppm (controls), 5 pg/dL, no lesions; 0.5 ppm, 4.5 pg/dL, no lesions; 5 ppm,
11 pg/dL, cytomegaly; 50 ppm, 26 pg/dL, cytomegaly, intranuclear inclusion bodies, and swollen
mitochondria; 250 ppm, 67 pg/dL, cytomegaly, intranuclear inclusion bodies, swollen mitochondria, and
hemosiderin. These effects occurred in the proximal tubule cells; no lesions were seen in the glomeruli.
No evidence of interstitial reaction or of tumor formation was seen. Using a similar exposure protocol,
Rodrigues et al. (1996) reported that the ALAD reactivation index by dithiothreitol (a sensitive index of
lead toxicity) was increased in the kidneys of 6-month-old rats that had a PbB concentration of 42 pg/dL.

Similar results were obtained by Vyskocil et al. (1989) who studied the effects of administration of lead
acetate in the drinking water for 2—3 months on renal function in male Wistar rats. Administration of
approximately 414 mg lead/kg/day (PbB, 105 pg/dL) was without effect. An increase in the urinary
excretion of B, -globulin was seen in the animals that received 828 mg lead/kg/day (PbB, 196 pg/dL).
Animals treated with 1,660 mg lead/kg/day (PbB, 320 pg/dL) exhibited increased urinary excretion of
B,,-globulin, glucose, total proteins, lysozyme, and lactate dehydrogenase (LDH) levels. Examination of
the kidneys revealed no treatment-related changes in the 414 mg/kg/day group, and morphological changes
primarily in the epithelial cells of the proximal tubules in the 828 and 1,660 mg/kg/day groups that were

characterized by intranuclear inclusion bodies and enlarged nuclei. Hyperplasia and flattening of the
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proximal tubular epithelium were also observed. Based on these results, exposure to lead acetate at levels
of $828 mg lead/kg/day in the drinking water results in proximal tubular dysfunction in rats. In a more
recent publication, the same group of investigators repeated the study in female Wistar rats and the results
were essentially the same (Vyskocil et al. 1995). As seen in male rats, urinary excretion of B,,-globulin
was the most sensitive marker of kidney toxicity. Another intermediate-duration study in male Fischer 344
rats reported kidney effects at much lower estimated doses than those used by Vyskocil et al. (1989, 1995).
In this study, lead acetate was administered in the food at doses of approximately 0.5, 1.5, or 5 mg
lead/kg/day for 30 days (Dieter et al. 1993). High-dose rats exhibited mild-to-moderate enlargement of
nuclei in the renal tubules, particularly in the outer stripe of the adrenal medulla. Mean PbB level in these
rats was about 80 pg/dL after 30 days of exposure. Similar results were observed with the same dietary
levels of lead oxide. However, no such effects were seen when the rats were treated with lead sulfide or a
lead ore concentrate from Skagway, Alaska; maximum PbB levels were below 15 ug/dL in these groups.

The results suggested that systemic toxicity is determined by the bioavailability of the lead species.

Histopathological changes were noted in the kidneys of rats administered lead acetate in the drinking water
for 76 weeks at lower doses (Koller et al. 1985). These changes, which were observed at a dose of

37 mg/kg/day, a dose much lower than that used by Vyskocil et al. (1989), included necrotic and dilated
cortical tubules, tubular protein casts, areas with large nuclei and fibrous connective tissue, and large
intranuclear inclusion bodies in the enlarged epithelial cells of the cortex near the cortical-medullary

junction.

The highest NOAEL values and all reliable LOAEL values for each study for renal effects are recorded in
Table 2-4 and plotted in Figure 2-2.

Endocrine Effects.  No studies were located regarding endocrine effects in humans or animals after
oral exposure to inorganic lead. See Section 2.2.1.2 for a discussion of endocrine effects of lead in humans

after multi-route exposure to lead.

Dermal Effects.  No studies were located regarding dermal effects in humans or animals after oral

exposure to inorganic lead.

Ocular Effects.  No studies were located regarding ocular effects in humans after oral exposure to

inorganic lead.
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Long-term scotopic visual system deficits have been observed in laboratory animals following low-level
lead exposure during early postnatal development (Fox et al. 1982). To determine whether this was due to
an effect of lead on the central nervous system or a direct effect of lead on the eye, a series of experiments
were performed by Fox and coworkers to determine the effects of low-level lead exposure on ocular
function during early postnatal development in rats (Fox and Chu 1988; Fox and Farber 1988; Fox and
Rubinstein 1989). In the first study, timed-pregnant hooded rats were administered 0.2% lead acetate in
the drinking water from day of birth (day 0) through lactation (day 21). The authors state that results from
previous studies show that rat pups receive 0.5 mg/kg/day of lead through the milk under such an exposure
regimen. At weaning the animals were transferred to standard laboratory chow and maintained until

90 days of age. At this point, acute (single flash) electroretinograms (ERG) and cyclic nucleotide
metabolism studies were conducted. The PbB levels in the lead-exposed pups were 59 pg/dL at 21 days of
age and 7 pg/dL at 90 days of age. The results of the single-flash ERGs indicated that lead exposure
caused a significant decrease in amplitude, a significant increase in latency, and a significant decrease in
sensitivity in various waveforms suggesting that low-level lead exposure during postnatal development has
a selective detrimental effect on the rods of the retina. The authors speculated on the mechanism of such a
change. One possibility is that lead alters cyclic nucleotide metabolism such that the activity of the sodium
channels in the rods is changed. To investigate this possibility, cyclic nucleotide content and the activity
of the enzymes associated with their metabolism were measured. A significant increase in cyclic
guanosine monophosphate (cGMP), but not cyclic adenosine monophosphate (cAMP) was found in both
light- and dark-adapted lead-exposed animals as compared to the controls. This increase in cGMP content
was in turn found to be associated with decreased cGMP-phosphodiesterase (PDE) activity (Fox and
Farber 1988). In a subsequent study, it was found that the rod sensitivity and range of dark adaptation
were decreased after developmental exposure to 0.08 and 0.5 mg lead/kg/day and that the rate of dark
adaptation was decreased only at the 0.5 mg lead/kg/day level (Fox and Katz 1992). The authors
suggested that the reduced rod sensitivity was due to an increased rod depolarization, which in turn was

caused by increased intracellular sodium.

A similar exposure regimen was employed in the second study (Fox and Chu 1988) to study the effects of
low-level lead exposure on the ultrastructure and quantitative histology of the retina during early postnatal
development in rats. At weaning the animals were transferred to standard laboratory chow and maintained
until 90 days of age. At this point, the animals were sacrificed, and the retinas were removed for light and
electron microscopic analysis. The authors found that there was a selective degeneration of rod (but not

cone) photoreceptor cells in the lead-exposed rats, leading to an overall loss of 20% of rod cells.
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Degeneration occurred more in the inferior than the superior retina, and more in the posterior than the
peripheral retina. The outer and inner nuclear layers were also reduced in thickness in the lead exposed-
rats. General retinal damage was evidenced by the accumulation of glycogen particles in the lead-exposed
rats. These results support the hypothesis posed by Fox and Farber (1988) that lead exposure during

postnatal development has a selective detrimental effect on the rods of the retina.

In the third study, rats were exposed in the same manner as the two previous studies to evaluate the effects
of low-level lead exposure on retinal sensitivity, rhodopsin content, and rod outer segment length
throughout the first year of life in rats exposed during early postnatal development (Fox and Rubinstein
1989). The authors found that retinal sensitivity and rhodopsin content in the lead-exposed rats were
decreased at all ages tested. There was no change in the A,,,, of the rhodopsin in the lead-exposed animals
as compared to the control animals. Histological evaluation revealed that there was a decrease in rod outer
segment length coupled with a selective loss of 20% of the rod cells which would account for the decrease
in rhodopsin content in the lead-exposed rats. The results also indicate that most of these effects occur
within the first 30 days of life, although the changes remain throughout the first year. In a subsequent
study from this series, Fox et al. (1997) compared the effects observed in rats exposed via dam’s milk with
those seen in exposed adults. The result showed that developing and adult retinas exhibited qualitatively
similar structural and functional alterations, but developing retinas were much more sensitive, and in both
cases alterations in retinal cGMP metabolism was the underlying mechanism leading to lead-induced ERG
deficits and rod and bipolar cell death. Taken together, the results of these studies strongly suggest that
lead exposure during postnatal development has a selective detrimental effect on the rods of the retina in

rodents.

Retinal effects have also been reported in other species exposed to lead. For example, monkeys were fed a
diet containing 350 ppm or 600 ppm lead acetate in the diet for over 9 years (Kohler et al. 1997). This diet
provided approximately 4 or 7 mg lead/kg/day and resulted in PbB levels of about 38 ng/dL and 55 pg/dL
when the monkeys were 9 years old. The treatment period was followed by a 35-month period of lead-free
diet, during which time, PbB lead levels declined to nearly those of untreated monkeys. Treatment with
lead resulted in a dose-related decrease in tyrosine hydroxylase (TH, rate-limiting enzyme in
catecholamine synthesis) content in neurons of the retina. Treated animals also showed a reduced number
of ascending fibers in the inner nuclear layer and of dense staining fibers in sublayer 1 of the inner
plexiform layer. The results showed that lead treatment during development can produce long-lasting

effects that persist long after PbB levels had return near background levels.
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The LOAELS from these studies are recorded in Table 2-4 and plotted in Figure 2-2.

Body Weight Effects.  No studies were located regarding body weight effects in humans after oral
exposure to inorganic lead. See Section 2.2.1.2 for a discussion of effects of lead on growth in humans

after multi-route exposure to lead.

Several studies provide information regarding body weight effects of lead in animals (Dieter et al. 1993;
Freeman et al. 1996; Hamilton and O’Flaherty 1995; Hayashi et al. 1993; Kala and Jadhav 1995a;
Skoczynska et al. 1993; Yokoyama and Araki 1992). Most of these studies were conducted in rats, are of

intermediate-duration exposure, and used various media to administered the lead.

Weanling female rats exposed to 250 ppm lead acetate in the water for 10 days exhibited an approximately
19% decrease in body weight gain during the exposure period (Minnema and Hammond 1994). This
concentration of lead in the water provided an estimated dose of 17.5 mg lead/kg/day and doubled the
blood ZPP levels in the treated rats. As indicated below, the reduced growth was due to a decrease in food

intake, which in turn was due to a reduction in feeding time.

In intermediate-duration studies in which lead acetate was administered in the drinking water, the lowest
LOAEL was approximately 77 mg lead/kg/day for a 15% decrease in final body (Y okoyama and Araki
1992). Since this was the only dose level tested, it is possible that the true LOAEL was actually lower than
77 mg/kg/day. However, a different 90-day study, also with lead acetate in drinking water reported a
NOAEL for body weight of approximately 38 mg lead/kg/day (Kala and Jadhav 1995a). Two studies of
similar design in which lead was administered mixed in the food provided conflicting results. Freeman et
al. (1996) reported a NOAEL for body weight effects in male Fischer 344 rats of 6.4 mg lead/kg/day, as
lead acetate, sulfide, and lead-contaminated soil in a 44-day feeding study. Dieter et al. (1993), however,
reported a 14-20% decrease in body weight gain in male Fischer 344 rats at a dietary level of 5 mg
lead/kg/day also as lead acetate in a 30-day study. The findings of Freeman et al. (1996) regarding the
lead sulfide and lead-contaminated soil are consistent with results of Dieter et al. (1993) who found no
body weight effects also for the sulfide and for a lead ore at dietary levels of 5 mg lead/kg/day. A NOAEL
of 20 mg lead/kg/day was identified in a study in which lead acetate was administered by gavage once or

twice per week for 7 weeks (Skoczynska et al. 1993).
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Lifetime exposure (up to 14 years) of monkeys to doses of 50-2,000 pg lead/kg/day did not affect body
weight gain (Rice 1996). PbB levels throughout the study were dose-related and during the growth period
were always below 40 pg/dL.

The highest NOAEL values and all reliable LOAEL for each study for body weight effects are recorded in
Table 2-4 and plotted in Figure 2-2.

Other Systemic Effects.  No studies were located regarding other systemic effects in humans after
oral exposure to inorganic lead. See Section 2.2.1.2 for a discussion of other systemic effects of lead in

humans after multi-route exposure to lead.

Significant decreases in both food and water intakes were reported in weanling female rats administered
250 ppm lead acetate in the drinking water (approximately 17.5 mg Pb/kg/day) for 10 days (Minnema and
Hammond 1994). The reduction in food intake resulted in reduced body weight gain. In turn, reduced
food intake was due to decreased feeding time. The average number of meals in either the light or dark
phase was not significantly altered by treatment with lead (Minnema and Hammond 1994). Food
consumption was also reduced in male rats administered lead in the drinking water at a concentration that

provided approximately 145 mg lead/kg/day for 14 days (Hamilton and O’Flaherty 1995).

Two intermediate-duration studies in rats in which lead was administered mixed in the food as acetate,
oxide, sulfide, and lead contaminated soil identified NOAELS of 5 mg lead/kg/day (Dieter et al. 1993) and
6.4 mg lead/kg/day (Freeman et al. 1996) for food intake for all lead forms tested. These doses were the
highest doses tested. A 90-day study in rats reported no effects of lead exposure on water intake in rats
administered doses of approximately 38 mg lead/kg/day as acetate via drinking water (Kala and Jadhav
1995a). In contrast, rats given a much higher dose of lead acetate in the water (0.6% corresponding to
approximately 502 mg lead/kg/day) for 14-50 days showed a 17-20% decrease in water intake (Ronis et
al. 1996).

Depression of plasma levels of 1,25-dihydroxyvitamin D was observed in rats fed 0.82% lead in the diet as
lead acetate for 7-14 days (Smith et al. 1981). High calcium diets protected against this effect. An
additional finding was that lead blocked the intestinal calcium transport response to exogenous 1,25-dihyd-
roxyvitamin D but had no effect on bone response to the vitamin D hormone. Although the lead exposure

and resulting PbB levels ($174 pg/dL) were high in this study, the results provide support for the
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disturbances in vitamin D metabolism observed in children exposed to high levels of lead (described in

Section 2.2.1.2).

The highest NOAEL values and all reliable LOAEL for each study for other effects are recorded in
Table 2-4 and plotted in Figure 2-2.

2.2.3.3 Immunological Effects

No studies were located regarding immunological effects in humans after oral exposure to inorganic lead.
See Section 2.2.1.3 for a discussion of immunological effects of lead in humans after multi-route exposure

to lead.

Low-level exposure of rats to lead has resulted in adverse effects on both the humoral and cellular
components of the immune system. Prenatal and postnatal exposure of rats to 2.24 mg lead/kg/day as lead
acetate in the drinking water (indirectly through the dams and then directly) until testing at 35—45 days of
age resulted in a mean PbB level of 29.3 ng/dL and marked depression of antibody responses to sheep red
blood cells, decreased serum IgG (but not IgA or IgM) levels, decreased lymphocyte responsiveness to
mitogen stimulation, impaired delayed hypersensitivity reactions, and decreased thymus weights as
compared with controls. The 2.24 mg lead/kg/day dose was the lowest level tested (Faith et al. 1979;
Luster et al. 1978). Evidence of a modulatory effect of lead on immune parameters assessed in young rats
exposed 111 utero (and possibly via mothers’s milk) was recently presented by Miller et al. (1998). In that
study, pregnant rats were exposed to lead acetate in the drinking water during breeding and pregnancy.
The estimated doses were 11, 28, and 56 mg lead/kg/day and resulted in corresponding PbB levels of 39.4,
70.8, and 112.0 pg/dL during pregnancy and lactation. Immune function was assessed in the offspring at
13 weeks of age and in the dams at 7—8 weeks postpartum. At these times, PbB levels in the dams was
approximately 12 ug/dL and in offspring, 0.68-2.63 png/dL. Results from a comprehensive battery of tests
showed no significant effects in lead-exposed dams. However, alterations were observed in the offspring
and included elevated macrophage cytokine and effector function properties and depressed cell-mediated
immune function in the mid-dose group, decreased interferon-y levels in the high-dose group, and
increased serum IgE levels in the low-dose group. Also, total leukocyte counts were significantly
decreased in the mid- and high-dose young, but analyses of subpopulation distribution revealed no

significant treatment-related effects. These findings indicate that exposure in utero may result in
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alterations in immune parameters that persist beyond the exposure period. The lack of effects seen in dams

may have reflected less vulnerability and/or that the effects were transient.

Other investigators have been unable to demonstrate lead-induced effects on various components of the
immune system in laboratory animals. The effects of lead exposure of varying duration on natural killer
cell and T-lymphocyte function were investigated in rats. Male Alderly Park rats received lead as lead
acetate in the drinking water at lead concentrations equivalent to 14.3 and 143 mg lead/kg/day for

1-8 weeks (Kimber et al. 1986a). Every week starting at 1 week of exposure, two rats were killed and the
spleens and thymus glands were removed. PbB concentrations were <9 pg/dL in the control animals,

5-14 pg/dL in the low-dose animals, and 15-45 pg/dL in the high-dose animals. The activity of ALAD
was also measured as an indicator of lead toxicity and was substantially inhibited (27% and 43% inhibition
for the low-dose and high-dose animals, respectively). Lead exposure had no effect on the weight of the
spleen or thymus. There was no difference between the control and lead-exposed natural killer cells with
respect to cytotoxic capacity or interferon-induced potentiation of cytotoxic activity. Furthermore, there
was no effect of lead on the proliferative response of T-lymphocytes to phytohemagglutinin. Thus, it
appears that exposure to lead at levels that inhibit ALAD has no effect on certain components of the
cellular immune function (e.g., natural killer cells and T-lymphocytes). However, the conclusions that can
be reached based on the results of the Kimber et al. (1986a) study are limited in that only two animals were

examined per time point.

An additional study reported that oral lead exposure had no significant effect on local and systemic
immune function following intratracheal, intraperitoneal, or intravenous immunization with sheep red
blood cells in mice (Hillam and Ozkan 1986). The mice were administered 2.6 mg lead/kg/day as lead
nitrate by gavage once. The following parameters of immune function were measured in the immunized,
lead-exposed mice: differential and total leukocyte counts (measure of systemic cellular immune
function), hemagglutination titers (measure of systemic humoral immune function), and antibody forming
cells (AFC) counts in the thoracic lymph nodes and the spleen (measure of both local and systemic
immune function). Splenic and thymic organ weights were also determined, as well as tissue lead content.
Lead content was similar to the controls in all tissues. Both splenic and thymic weights were significantly
decreased in the lead-exposed animals as compared to the controls. Total leukocyte count was
significantly decreased in the lead-exposed animals, but no change in the differential leukocyte counts was
observed. Intraperitoneal immunization did not result in a significant decrease in the antibody titers of the

lead-exposed animals as it did when mice were exposed by inhalation for 28 days. Regardless of the route
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of immunization, oral administration of lead did not affect the number of AFCs in either the spleen or the
thoracic lymph node. Based on the fact that the concentration of lead in tissues and in blood did not differ
between treated an control mice, the absence of significant immunological effects in the treated mice is

not totally unexpected.

A LOAEL for immunological effects is recorded in Table 2-4 and plotted in Figure 2-2.

2.2.3.4 Neurological Effects

No studies were located regarding neurological effects in humans after oral exposure to inorganic lead.
See Section 2.2.1.4 for a discussion of neurological effects of lead in humans after multi-route exposure to

lead.

The literature on the neurobehavioral effects of oral exposure to lead in animals is extensive. Only those
studies considered key to clarifying human health issues will be presented here. High levels of exposure to
lead produce encephalopathy in several species, but blood lead data for this effect are generally not

available.

A number of histopathological studies of lead's effects on the nervous system of rats treated during early
postnatal life with lead acetate or carbonate in the drinking water or diet through their dams or directly, for
#3 weeks, have shown a variety of adverse effects at PbB levels ranging from 258 to 400 ug/dL. These
effects include reductions or delays in the development of the hippocampus or other hippocampal changes
(Alfano and Petit 1982; Alfano et al. 1982; Slomianka et al. 1989), reductions or delays in the
development of the cerebral cortex (Petit and LeBoutillier 1979), reductions in the number and size of
axons in the optic nerve of mice (Tennekoon et al. 1979), and demyelination of peripheral nerves
(Windebank et al. 1980). Cytoarchitectural changes have also been noted in limited studies of the eyes of
monkeys chronically exposed to lead beginning at or shortly after birth (Reuhl et al. 1989).

A number of neurochemical changes have been observed in the brains of rats exposed both pre- and post-
natally to lead (Singh and Ashraf 1989). Pregnant rats were administered lead acetate by gavage in saline
5 times per week after day 14 of gestation at a dose of 0.64 mg lead/kg/day. After birth, pups were given
0.64 mg lead/kg/day by gavage 5 days per week for 10 weeks. Brain norepinephrine and y-aminobutyric
acid (GABA) levels and glutamic acid decarboxylase (GAD) activity were decreased, and brain glutamate,

glutamine + asparagine, tyrosine levels, and monoaminooxygenase (MAO) activity were increased in the
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lead-exposed rats. Brain ammonia, alanine, aspartic acid, and dopamine were not affected. Brain uptake
values for glutamine were significantly increased. Similar results were observed in pups exposed to

0.64 mg lead/kg/day, 5 days per week for 10 weeks when exposure was initiated 5 days postnatally, but
not when initiated at 5 weeks postnatally. Brain lead levels were similar in the three exposure scenarios.
In a more recent study, it was reported that prenatal exposure to lead, that continued for 20 weeks after
birth resulted in altered normal developmental pattern of protein in neurons from the central nervous
system (Singh 1993). The effects were not observed in rats exposed only as adults; however, brain lead
levels were similar in the two groups. These results suggest that the rapidly developing rat brain may be
more susceptible to the neurotoxic effects of lead than the brains of older rats. Kala and Jadhav (1995a)
reported changes (increases and decreases) in the levels of several neurotransmitters and their metabolites
in various areas of the rat brain following 90-day exposure to lead acetate in the drinking water. The most
significant was a decrease in dopamine in the nucleus accumbens with the lowest lead dose tested,
approximately 2.2 mg/kg. These changes were observed at PbB concentrations in the 10—19 pg/dL range.
In a subsequent study, the same group of investigators reported that both the basal and potassium-induced
release of dopamine in the nucleus accumbens were significantly reduced as a result of lead treatment
(Kala and Jadhav 1995b) and suggested that lead may decrease the availability of dopamine in the neurons,

interfere with calcium-mediated transmitter release at the site, and/or interfere with autoreceptor processes.

The effect of lead on the distribution of calcium binding proteins in the hippocampus from monkeys was
recently examined by Noack et al. (1996). Monkeys were treated for 9 years (exposure beginning in utero)
with lead in the diet at a concentration that provided approximately 4 or 7 mg lead/kg/day and resulted in
PbB levels of about 38 and 55 pg/dL, respectively, at 9 years of age. After a 32-month period of lead-free
diet, PbB levels, while still higher than in unexposed monkeys, had decreased considerably. Immuno-
histochemical examination of the hippocampus revealed no significant differences in the pattern of
distribution of three high-affinity calcium binding neuronal proteins, but there was a marked decrease in
the immunoreactivity of the glial protein S100 in the high-dose group. The results were interpreted as

confirming the hypothesis that glial cells are the main target of lead toxicity in the central nervous system.

Recent studies have focused on neurobehavioral effects of exposure of the developing organisms to lead.
Studies concerned primarily with the effects of prenatal exposure are presented in the section on
developmental effects (Section 2.2.3.6), while studies concerned primarily with postnatal exposure are

discussed here.
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Investigations of the development of motor function and reflexes in rats have shown effects at PbB levels
of $59 ug/dL. Male rats were treated with lead acetate at 45, 90, or 180 mg lead/kg/day by gavage on
postnatal days 3—-21 (Kishi et al. 1983). The air righting reflex was significantly delayed at all doses. Eye
opening was accelerated at the lowest dose tested, which produced a mean PbB level of 59 ug/dL.
Rotorod performance at postnatal days 53—58 was significantly impaired at the highest dose, which
produced a mean PbB level of 186 ng/dL. An adverse effect of lead on rotorod performance at

postnatal days 30—70 was noted in rats treated by gavage on days 3-21 of age with 19.2 mg lead/kg/day as
lead acetate, which resulted in a mean PbB level of 174 ng/dL, but no effect was noted in rats treated with
6.4 mg lead/kg/day as lead acetate, which resulted in a mean PbB level of 33 pg/dL (Overmann 1977).
Thus, neonatal lead exposure produced behavioral effects without causing adverse effects on growth or

overt signs of poisoning.

Several studies have reported effects on performance in learning tasks in rats with PbB levels of

<30 pg/dL. The lowest external exposure level that was significantly associated with a behavioral effect in
rats was reported by Bushnell and Levin (1983). The authors found that exposure of rats starting at
postnatal day 21 (postweaning) to drinking water at 1.6 mg lead/kg/day for 35 days produced a decrease in
spontaneous alternation in a radial arm maze. Although the PbB level was not measured, the mean brain
lead level on the day following termination of exposure was 0.05 pg/g. The effects of neonatal exposure
to lead on complex maze learning were studied in male Wistar rats. The rats were administered 50 mg
lead/kg/day as lead acetate in water by gavage on postgestation days 9, 12, 15, and 18, or 14.3 mg
lead/kg/day in the drinking water for 112 days beginning on postgestation day 21 (Massaro and Massaro
1987). Two control groups were included: a vehicle (sodium acetate) control group and an untreated
control group. The animals began extensive maze training on day 31 or 143 postpartum and were tested
on days 4145 or 153—157. The parameter studied was latent learning: the animals were trained to run the
maze or explore an open field in a satiated condition and in the absence of any positive or negative
reinforcement (known as the free exploration phase). Experienced animals as well as unexperienced
animals are then placed in the maze following food deprivation. The measure of latent learning is the
performance of the experienced animals compared to that of the inexperienced animals. There was no
difference between the controls and the lead-exposed animals with respect to activity during the free
exploration phase. However, during the food deprivation trial in the maze, the animals exposed to lead
during the early postgestation period made significantly more errors, whereas the young adults exposed for

112 days did not. These results indicate that in animals lead exposure alters the ability to transfer
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information from a previous learning experience in this experimental paradigm but that this effect is not

seen in the young adult.

Other types of tests have also revealed behavioral changes in rats exposed to low levels of lead. For
example, weaning rats exposed to lead in the drinking water for 90 days at a concentration that provided
0.47-0.72 mg lead/kg/day and that resulted in PbB levels of 15 pg/dL exhibited in a significant delay in
learning a task (Jadhav and Areola 1997). However, no such impairment was seen in rats that had a PbB
concentration of 6 ug/dL. Significant effects were noted in rats exposed after weaning and throughout the
course of the experiment to lead acetate at 2.1 mg lead/kg/day in their drinking water, which resulted in
PbB levels of 15-20 pg/dL (Cory-Slechta et al. 1985). The lead-exposed rats had a significantly higher
response rate and a significantly shorter interval between bar-press responses on a fixed-interval operant
schedule of food reinforcement. Similar results were obtained at higher exposure levels in a series of
earlier studies (Cory-Slechta and Thompson 1979; Cory-Slechta et al. 1981, 1983), even when the operant
schedule or contingency for reinforcement was rather different. According to EPA (1986a), a tendency in
lead-treated rats to respond more rapidly (higher response rate, shorter inter-response times, shorter
response latency) or to respond even when inappropriate (such as when no reward is provided for
responses or when reward is specifically withheld for responding) has been reported in many other studies
as well, frequently at PbB levels of <30 nug/dL at the time of testing. A two-lever operant food-reinforced
drug discrimination paradigm was also used to examine the effects of lead exposure on the ontogeny of
dopaminergic systems in rats (Cory-Slechta et al. 1992). In this study the dams were exposed to lead
acetate in the drinking water (approximately 8.3 or 29.2 mg lead/kg/day) from postnatal day 1 until day 21;
this resulted in the pups being exposed to lead only through maternal milk. PbB in the low- and high-dose
pups at 21 days of age was 16 pg/dL and 34 pg/dL, respectively; however, at the time behavioral training
began it had declined below the detection limit of 5 ug/dL. The effect of exposure to lead was manifested
as a left-shift of the sensitivity dose-effect curve for discrimination of various doses of the D2 agonist
quinpirole and was consistent with an increased sensitivity of subtype D2 dopaminergic receptors to
dopamine agonists. The lead-induced supersensitivity represented a D2 autoreceptor rather than a
postsynaptic receptor supersensitivity. The results further suggested that functional supersensitivity is a
permanent effect of postnatal exposure since both blood and lead levels were negligible at the time training
began. Results from further studies by the same authors suggested that the increased D2 sensitivity may be
due to a facilitated D2 receptor number, particularly in the nucleus accumbens (Widzowski et al. 1994).
Evidence of increased sensitivity of muscarinic cholinergic receptors in the central nervous system as a

result of exposure to lead has also been presented (Cory-Slechta and Pokora 1995). A recent study from
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the same group of investigators showed that exposure of rats to lead in the drinking water for 12 months
from weaning selectively decreased dopamine binding sites in the nucleus accumbens (mesolimbic
dopamine system and not in the dorsal striatum (nigrostriatal dopamine system) (Pokora et al. 1996).
These changes were seen primarily in D2 receptors and in the dopamine transporter and after as little as
2 weeks of 150 ppm lead exposure (this resulted in a PbB level of 29 pg/dL at 8 months). Effects of a
50 ppm exposure with corresponding PbB levels of approximately 16 pg/dL were observed after

12 months of exposure.

Many studies have suggested that the N-methyl-D-aspartate (NMDA) receptor play a role in the lead-
induced neurobehavioral alterations in rodents (Cory-Slechta 1995a; Cory-Slechta et al. 1997b, 1997¢).
To test this hypothesis, extensive use has been made of neuropharmacological tools. For example, in rats,
lead has been shown to decreases MK-801 binding throughout the brain (MK-801 is a noncompetitive
NMDA receptor antagonist); decreases in MK-801 binding suggest a hypoglutamatergic function. Some
studies have suggested that lead inhibits NMDA receptor binding through the zinc allosteric site, which
modulates receptor binding (Cory-Slechta 1995a; Guilarte et al. 1995). Studies have also shown that
treatment of adult rats with lead results in alterations in the NMDA receptor complex function similar to
those seen after treatment postnatally or postweaning, but only after administration of doses that result in
PbB levels 2—3 times higher (>40 ng/dL) than with exposures earlier in life (Cory-Slechta 1995b, 1997a;
Cory-Slechta et al. 1997d).

Impairment has also been reported at low blood lead levels in other types of behavior/learning studies in
rats. In a test of spatial discrimination, rats were exposed to lead acetate at 745 mg lead/kg/day in the diet
indirectly via administration to their dams through gestation and lactation and then directly until testing (at
100 and 200 days of age) (Winneke et al. 1977). The lead-exposed rats were slower to learn the
discrimination than were controls. Their PbB levels at postnatal day 16 averaged 26.6 ng/dL and the
levels at 190 days averaged 28.5 pg/dL.

The results from a study in rodents demonstrated that lead (at PbB levels <30 pg/dL) has a selective effect
on learning that is distinct from non-specific performance changes. Male Long-Evans rats were exposed to
lead as lead acetate in drinking water from weaning through the completion of the experiment (Cohn et al.
1992). At 55 days of age they were trained to respond on a multiple repeated acquisition (RA) and
performance (P) schedule. Each animal went through 80 daily sessions after training was complete. The

RA component required the learning of a new three-member sequence of lever pushes each session, and
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the P component remained constant across sessions. Correct completion of each sequence was rewarded
with a food pellet, and mistakes resulted in "time-outs" during which the chamber lights were off and
pushing the lever was without consequence. The authors reported that the learning component (i.e., the
RA) was selectively affected in the lead-exposed animals. The P component was unaffected, indicating
that the differences observed in the RA component were not due to a nonspecific effect on the ability to
press the lever. The errors committed by the lead-exposed animals in the RA component appeared to be
due either to perseverative responding on sequences similar to the P component sequence or perseverative
responding on a single lever; both types of behavior prohibited the ability to learn new sequences that were
unlike the P component sequence. The possibility that the reduced accuracy in the RA component of the
lead-exposed rats was due simply to some sort of impairment in their ability to attend to stimuli indicating
the transition from the P to the RA component of a session was eliminated by adding additional stimuli
which were without effect. PbB levels measured after 60 sessions were 2.8+1.0, 25.1+4.1, and

73.545.7 ug/dL for the 0-, 50-, and 250-ppm groups, respectively. No clinical signs of toxicity (if any) or
body weight were reported, but previous studies by these authors had shown that these PbB levels were not

associated with body weight changes (Cory-Slechta et al. 1985).

Several studies are available on the effects of postnatal lead exposure on a number of behavioral tests in
monkeys. For example, four rhesus monkeys (2 male and 2 female) were exposed to lead as lead acetate
trihydrate according to the following regimen: 2 doses of 10.0 mg lead/kg were administered to the
monkeys on day 8 or 9 and again on day 29 or 30 after birth by nasogastric intubation in distilled water
(Levin et al. 1988). From day 9 to day 29 they received 0.7 mg lead/kg/day in their milk formula, and for
12 days after the second dose of 10 mg lead/kg, they received daily doses of 3.0 mg lead/kg/day. For the
rest of the first 6 months after birth they were administered 0.7 mg lead/kg/day in the milk formula. Four
(two males and two females) rhesus monkeys receiving equiionic doses of sodium acetate served as
controls. This treatment regimen was supposed to mimic the temporal pattern of blood levels ("pulse
chronic") seen in children. Blood lead levels, ZPP, hematocrit, and body weight were measured. The
control monkeys had mean PbB levels of 4.1-7.9 pg/dL during the first 6 months. The lead-exposed
monkeys had mean PbB levels of 25.5 pg/dL during the first 4 weeks, which increased to between 33.1
and 42.9 ng/dL during the first 6 months. PbB levels peaked at 55.8 pg/dL 5 weeks after birth. The
following behavioral tests were conducted in an attempt to identify early predictors of later cognitive
impairment resulting from postnatal lead exposure: (1) the early infant behavioral scale (conducted during
the first 6 weeks after birth) to screen the development of a broad range of behavioral responses including

orientation, muscle tonus, motor maturity, temperament, and quieting abilities; (2) the Piagetian object
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permanence test (conducted at 14 days of age) to serve as an early measure of cognitive function during
the sensorimotor stage of development; and (3) the visual exploration test to assess delayed spatial
alternation performance which suggest deficits in visual attention. The lead-exposed infants were more
agitated and had lower muscle tonus in the early infant behavior test. All other parameters in this test were
not significantly affected by lead exposure. There was also no difference between the lead-exposed
monkeys and the controls in the Piagetian object permanence test. Some aspects of the visual exploration
test were affected by lead exposure; these changes were suggestive of decreased visual attentiveness in the
lead-exposed monkeys. Based on these results, these tests may serve as both indices of behavioral
dysfunction during postnatal lead exposure, and to predict later lead-induced cognitive dysfunction (Levin

et al. 1988).

Studies of the effects of lead on learning in monkeys are also available. Perinatal exposure to lead nitrate
(3 mg lead/kg/day) resulted in significant behavioral deficits in the offspring of Macaca fascicularis at
maternal gestational PbB concentration of 30—70 pg/dL with no signs of maternal toxicity (Hopper et al.
1986). The infant monkeys showed deficits in form discrimination performance (6—18 months age), and in
response inhibition performance (19—29 months of age). Persistent deficits in form discrimination up to

18 months following the termination of exposure suggests that lead-induced behavioral deficits may be
permanent. Other investigators have used discrimination reversal tasks to detect impaired learning in
monkeys treated orally with lead acetate (Bushnell and Bowman 1979b, 1979¢c; Laughlin et al. 1983; Levin
and Bowman 1983; Mele et al. 1984). Discrimination reversal tasks require the subject to correctly respond
to one of two stimuli to get a reward and then, once the task has been mastered, to make the reverse
discrimination (i.e., respond only to the cue formerly unpaired with reward). In these studies, monkeys
administered lead acetate orally from birth at low or high levels (0.2 or 0.88 mg lead/kg/day) that produced
PbB levels of $32 pg/dL for 5 months to 1 year were consistently slower in reversal and other learning
tasks (Bushnell and Bowman 1979a; Laughlin et al. 1983; Levin and Bowman 1983) even when exposure
was terminated at 1 year and the monkeys were tested again at 33 months (Mele et al. 1984) and

49-55 months of age (Bushnell and Bowman 1979b). No effects were seen on body weight, growth rate,
hematocrit, or general health. The monkeys tested at 49—55 months of age had PbB levels of 4 pg/dL for
controls, 5 pg/dL for the low-lead group, and 6 pg/dL for the high-lead group, as compared with average
and peak PbB levels during the year of treatment of 4 and 12 pg/dL for controls, 32 and 70 pg/dL for the
low-lead group, and 65 and 134 pg/dL for the high-lead group (Bushnell and Bowman 1979b, 1979¢).
Additional evidence was provided by Ferguson and Bowman (1990) in a study on rhesus monkeys where
postnatal exposure to varying doses of lead (0.7-10 mg/kg/day) resulted in behavioral alterations such as

longer latency to enter the open field and increased activity and retarded habituation while in the open field.
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These effects were observed 3 years after cessation of exposure although blood levels were similar to
controls (#5 ng/dL); the PbB levels averaged 36 pg/dL for the first year of age. Evaluation of these
monkeys at 7 years of age revealed that the open field behavioral alterations previously reported were
greatly diminished or no longer present (Ferguson et al. 1996). Latency to enter an open field was
marginally increased in the lead-treated monkeys, but levels of environmental exploration were comparable
to controls. Although these studies were well conducted, it is difficult to determine a dose-response

relationship given the unorthodox exposure regimen.

The above findings were supported and extended by other investigators (Gilbert and Rice 1987; Rice 1984,
1985b; Rice and Gilbert 1985; Rice and Karpinski 1988; Rice and Willes 1979; Rice et al. 1979). These
studies demonstrated impaired learning ability on operant conditioning tasks and discrimination reversal
tasks and extended the dose-response observations to lower blood lead levels. Monkeys were given lead (as
lead acetate) orally, 5 days a week, from birth throughout the duration of the studies; doses ranged from
0.05 to 2.0 mg lead/kg/day. Deficiencies in discrimination reversal and/or operant learning were noted in
the first 9 months and at 3—4 years with the highest dosage, and at 421 days through 3.5 years at

0.5 mg lead/kg/day (Rice 1984; Rice and Willes 1979; Rice et al. 1979). Peak and steady-state PbB levels
were 115 and 33 pg/dL for the 2.0-mg/kg group and 55.3 and 32.8 pg/dL for the 0.5-mg/kg group. Even at
the lowest dosages, 0.05 and 0.1 mg lead/kg/day, the monkeys performed significantly less well in learning
discrimination reversals at 3—4 years of age, in learning a delayed alternation task at 6—7 years of age, and
in learning discrimination reversals in the presence of irrelevant cues at 9—10 years of age (Gilbert and Rice
1987; Rice 1985b). In this series of studies on the same monkeys, peak and steady-state PbB levels were 15
and 11 pg/dL, respectively, for the 0.05-mg/kg group and 25 and 13 pg/dL, respectively, for the 0.1-mg/kg
group (Gilbert and Rice 1987; Rice 1985b).

In addition to the confirmation of the observation that lead-treated monkeys were impaired in their ability to
learn discrimination reversal tasks, notable findings were the tendency of lead-treated monkeys to respond
excessively or inappropriately (e.g., with more responses than controls during time-outs) in operant
schedules when responses were not rewarded (Rice et al. 1979). In addition, lead-treated monkeys were
also slower to learn reinforcement schedules which required a low rate of responding (Rice and Gilbert
1985), tended to have higher response rates and shorter inter-response times on fixed-interval operant
schedules, and made more perseverative errors on operant matching-to-sample tasks which required them to
direct their responses according to stimulus colors (Rice 1984). These characteristic findings are similar to

those seen in rats as discussed previously. No overt signs of toxicity were observed in the monkeys. In
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experiments conducted in separate groups of monkeys, in which the animals were exposed to lead

(1.5 mg/kg/day) either continuously for 78 years, only during infancy, or only as adults, it was found that
all three groups exhibited altered performance on a fixed-interval-fixed-ratio schedule of reinforcement
when tested at age 78 years (Rice 1992). These results suggested that exposure to lead during infancy is
not necessary for the altered adult performance, and also that exposure only during infancy is sufficient to

produce the effect.

Simple visual reaction time has proven not to be as sensitive an indicator of lead-induced neurotoxicity as
some of the other behavior paradigms discussed above. Adult monkeys were tested in a simple visual
reactive time task (Rice 1988). Seven cynomolgus monkeys (three female controls and two lead-treated
monkeys of each sex) were used in this study. The lead-treated monkeys received 0.5 mg/kg/day of lead
from birth into adulthood. The exact mode of administration was not specified. This study was conducted
when the monkeys were approximately 7 years of age. PbB levels increased from birth to 53 pg/dL by
100 days of age, were stable at this level until 200 days of age, and then restabilized at a concentration of
33 ug/dL. The monkeys were trained to perform a simple visual reaction time task using delays between
1 and 13 seconds. There were no differences in performance between the control and treated monkeys.
Based on these results the authors concluded that this simple paradigm used to measure reaction time was
not a sensitive indicator of lead toxicity. These authors had previously demonstrated performance deficits

in the same group of monkeys using different behavioral tasks.

Long-term administration of lead has also resulted in neurological effects other than neurobehavioral. For
example, monkeys (Macaca fascicularis) treated for a lifetime with 0.5 mg lead/kg/day exhibited a slight
decrease in vibration sensitivity (increased threshold to stimuli) when tested at the age of 18 years (Rice and
Gilbert 1995). The results in a group treated with a 2 mg lead/kg/day dose, however, were equivocal in that
only 2 of 6 monkeys showed clear impairment. In a more recent publication, Rice (1997) showed that
lifetime treatment with 2 mg lead/kg/day increased thresholds for pure tones in 3 of 6 monkeys, higher
frequencies tended to be more affected. At the time of testing at the age of 12—13 years, the PbB levels
ranged between 70 and 150 ug/dL; up to age 10—11 years, PbB concentrations were stable at about

30 ug/dL. The results of increased hearing thresholds is consistent with results reported in humans
(Schwartz and Otto 1991). Lilienthal and Winneke (1996) reported increased latencies of waves of the
brain stem auditory evoked potentials in monkeys chronically exposed to 4 or 7 mg lead/kg/day, as lead

acetate, in the diet. Exposure was began in utero and continued until the animals were about 9.7 years old.
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This altered response was still present when the monkeys were retested 18 months after treatment with lead

had ceased, at which time the PbB concentration had declined to nearly normal values.

Electrophysiological studies have reported effects at higher blood lead levels than have the neurobehavioral
studies presented above. Suckling rats whose dams were given 152.9 mg lead/kg/day as lead acetate in
their drinking water had significant alterations in the visual evoked responses (VERSs) and decreased
scotopic visual acuity at postnatal day 21, at which time their PbB levels averaged 65 ng/dL (Fox et al.
1977). Effects on the nervous system were persistent; decreases in visual acuity and spatial resolution were
observed at 90 days of age in rats exposed only from birth to weaning as noted above (Fox et al. 1982).
Further investigations by this laboratory on the effects on the eye of pre- and postnatal exposure of rats to

lead are discussed in Section 2.2.3.2.

Similarly, changes in nerve conduction velocity (NCV) have also been used as indicators of lead-induced
neurotoxicity (see Section 2.2.1.4), and these effects also occur at higher blood lead levels than those at
which neurobehavioral effects are observed. The effects of lead exposure on motor NCV were evaluated in
rats administered lead acetate in the drinking water for 15 weeks at the following doses: 0, 89.6, 448, 896,
and 1,792 mg lead/kg/day (Yokoyama and Araki 1986). Body weight, blood lead levels, and nerve lead
levels were measured at the termination of the exposure period. Maximal motor NCV of the left sciatic
nerve was measured in ether anesthetized rats after 15 weeks of exposure to lead. NCV was significantly
decreased in the 89.6 mg lead/kg/day group as compared to the controls (46.8 meters/second versus

51.2 meters/second). This decrease was roughly dose-dependent, although a wide range of NCVs were
observed at each dose. NCV was significantly correlated with PbB levels in all treated groups, but did not
correlate with nerve lead levels or body weight. The authors concluded that PbB level is a better indicator
of the effect of lead on NCV because it reflects the "active" lead in the peripheral nerves, whereas the nerve
lead level may represent an "inactive" form of lead. Yokoyama and Araki (1992) also reported that
exposure to lead (approximately 77 mg lead/kg/day in the drinking water for 13 weeks) induced a decrease
in slow axonal transport of proteins in the sciatic nerve of rats. The mean PbB concentration in the treated

and controls animals was 153 pg/dL and 9 pg/dL, respectively.

The highest NOAEL values and all reliable LOAEL values for each study for neurological effects are
recorded in Table 2-4 and plotted in Figure 2-2.



LEAD 184

2. HEALTH EFFECTS

2.2.3.5 Reproductive Effects

According to EPA (1986a), lead was used in preparations sold as abortifacients in Britain around the turn of
the century. These preparations were apparently effective at levels that produced marked signs of lead
poisoning in the women. The available studies were methodologically inadequate and did not provide dose-
effect information. Evidence for adverse reproductive outcomes in women with obvious lead poisoning is

of little help in defining the effects of lead at much lower exposure levels.

An adverse effect of lead on pregnancy rate has been noted in some animal studies (Kennedy et al. 1975).
Acute-duration gavage administration of 390 mg lead/kg/day as lead acetate to rats resulted in a sharp
decrease in pregnancy rates. This effect was not noted at 39 mg lead/kg/day. The study limitations include
a lack of measurement of blood lead levels and lack of statistical analysis of pregnancy incidence. A
decrease in the number of implantations was noted in untreated female mice that were mated to males that
had been treated with 141 mg/kg/day lead chloride in the drinking water for 3 months (Johansson and Wide
1986). A more recent study in mice found no effects of administration of lead chloride in the drinking
water on fertility in mice (Kristensen et al. 1995). Females (FO0) received approximately 176 mg
lead/kg/day for 6 weeks before mating. This resulted in a median PbB concentration of 68 pg/dL

(0.8 pg/dL in controls) during the second week of pregnancy. F, females were continuously bred to
untreated males for 6 months. The results showed that treatment with lead had no significant effects on
number of litters, number of offspring, median number of offspring, median number of litters, median litter
size, and median number of days between litters. Moreover, ovarian weight was not altered and neither

were the number of small, medium, or large follicles/F,, or number of corpora lutea/F,.

No treatment-related effects on reproductive indices were noted in rats exposed to up to 0.9 mg lead/kg/day
as lead nitrate in the drinking water 3 weeks before mating, during gestation, and during lactation
(Hubermont et al. 1976). However, other animal studies have reported lead-induced damage to the ovaries
and testes. Such effects of lead were examined by Hilderbrand et al. (1973), who reported that oral dosing
with low dose levels of lead acetate, 0.014 and 0.26 mg lead/kg/day for 30 days produced PbB levels of 30
and 53 pg/dL, respectively; these were higher than levels found in the study by Grant et al. (1980).
Irregular estrous cycles occurred at both treatment levels, and ovarian follicular cysts with reductions in
numbers of corpora lutea occurred at the higher level. Male rats treated orally with lead acetate (0.013 and

0.26 mg lead/kg/day) in the same manner had PbB levels of 19 and 30 pg/dL, respectively, and had
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testicular damage at the higher exposure level, with increased prostate weight at the lower level. No details

regarding the strain of rats used were provided.

In a later study of lead effects on male reproductive tract, Chowdhury et al. (1984) found testicular atrophy
and cellular degeneration in male rats given lead acetate in drinking water at 90 mg lead/kg/day for 60 days.
PbB levels averaged 142.6 ng/dL. At a lower exposure level of 45 mg lead/kg/day and mean blood lead
level of 71.7 ng/dL, the seminiferous tubular diameter and spermatic count were reduced. No significant
changes were seen at 22 mg lead/kg/day and a PbB level of 54.0 pg/dL. The study is limited by the lack of
determination of whether the partial inhibition of spermatogenesis seen at 45 mg lead/kg/day was a
transitional effect. Treatment of male rats with a dose of approximately 6.4 mg lead/kg/day as lead acetate
for 3 months resulted in altered spermatogenesis as reflected as a decrease in the number of all types of
germinal cells, and decreases in seminiferous tubular diameters and in the germinal height of the tubules
(Kaushal et al. 1996). These effects were less marked with higher doses, but were consistent with a higher
accumulation of lead in the testis with the lowest dose tested, 6.4 mg/kg/day. PbB levels, however, were
increased in a dose-related manner, 11.8 pg/dL with the lowest dose level versus 72.9 pg/dL with the
highest dose level tested, 127.4 mg/kg/day. Relative testis weight was also maximally decreased in the low-

dose animals.

Decreases in sperm motility and increased acid phosphatase activity were reported to result from oral

administration of 0.05 mg/kg lead in drinking water to male rats for 20-30 days in a study from the former
U.S.S.R. (Krasovskii et al. 1979). Dystrophic changes of the Leydig cells were reported in gonadal tissues
of rats exposed to doses as low as 0.005 mg lead/kg/day. The weaknesses of the study include absence of

data on the strain and number of rats used, and the fact that PbB levels were not reported.

Male rats exposed to lead acetate in drinking water through the dams during gestation and lactation and then
directly until 9 months of age exhibited no significant effects on sperm count or sperm morphology (Fowler
et al. 1980). The PbB levels in these animals ranged from 4.5 to 67 pg/dL. Rats administered 0.19 mg
lead/kg/day as lead acetate by gavage for 9 weeks exhibited a significant reduction in the number of
spermatozoa within the cauda epididymis. At 192 mg lead/kg/day, the number of abnormal spermatozoa
increased significantly, but a decrease in the number of spermatozoa was not significant. No adverse effects
were noted in the testes. The results of this study indicate that lead affected spermatozoa after release from
the germinal epithelium which was possibly protected from the effects of lead by the blood-testes barrier

(Barratt et al. 1989).
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Lifetime exposure of male cynomolgus monkeys to lead at dose levels that resulted in mean PbB of

10 pg/dL (range, 620 pg/dL) or 56 ug/dL (range, 22—148 pg/dL) did not alter circulating levels of
testosterone nor affected parameters of semen quality such as sperm count, viability, motility, and
morphology (Foster et al. 1996). However, there were treatment-related changes in sperm chromatin
structure, as revealed by flow cytometric analysis. These analyses were conducted over a period of one
year when the monkeys were 15-20 years old. According to Foster et al. (1996), the results suggest that
flow cytometric analysis of monkey sperm provides a more sensitive measure of toxicant-induced effects on
semen quality than measures such as sperm concentration, viability, and motility. Also, the observed
changes occurred at blood lead concentrations relevant to the human population. More recently, the same
group of investigators also reported on the effects of lead on reproductive parameters of monkeys exposed
from postnatal day 300 to 10 years of age (postinfancy) and from postnatal day 0 to 400 (infancy) (Foster et
al. 1998). A lifetime exposure group was also included. Endpoints evaluated included testis ultrastructure,
semen analysis, and hormone assays. PbB levels in lifetime and postinfancy exposed monkeys were
approximately 35 ug/dL compared to <1.0 pg/dL in controls and infancy exposed animals. Relative to
controls, absolute and relative testis weight was higher in lead-treated monkeys, but the difference was not
statistically significant. Circulating concentrations of follicle-stimulating hormone (FSH), luteinizing
hormone (LH), and testosterone were not altered by treatment with lead. Semen characteristics were not
affected by treatment with lead. Electron microscopy of the testis revealed disrupture of the general
architecture of the seminiferous epithelium that involved Sertoli cells, basal lamina, and spermatids in the
groups exposed for lifetime and during infancy, with equal severity. No such alterations were seen controls
or in the postinfancy exposure group. The results showed that lead exposure in monkeys during infancy
can induce testicular alterations that persist in later life when blood lead concentrations had decreased

considerably.

Exposure of female rhesus monkeys to 1.3 or 5 mg lead/kg/day as lead acetate in their drinking water for
75 months resulted in reduced circulating concentration of progesterone, suggesting impaired luteal
function; however, treatment with lead did not prevent ovulation (Franks et al. 1989). The monkeys also
exhibited longer and more variable menstrual cycles and shorter menstrual flow. PbB levels attained in the
monkeys in this study were 70 pg/dL. Female cynomolgus treated daily for up to 10 years with gelatin
capsules containing lead acetate, which provided approximately 1 mg lead/kg/day, had significantly
suppressed circulating levels of luteinizing hormone (LH), follicle stimulating hormone (FSH), and
estradiol (Foster 1992). However, circulating progesterone concentrations were not significantly affected

by lead treatment. In these monkeys, PbBs were approximately 35 pug/dL, half those observed in the
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monkeys studied by Franks et al. (1989). The results of these studies suggested that impaired luteal
function induced by relatively high PbB levels is secondary to lead-induced suppression of circulating FSH

concentrations.

Pre- and postnatal exposure of female animals to lead can affect pubertal progression and hypothalamic-
pituitary-ovarian-uterine functions in offspring. The administration of lead acetate in drinking water to rats,
both indirectly through the dams during gestation and lactation and then directly, produced no effects on
female offspring exposed to 0.7 mg lead/kg/day but delayed the vaginal opening in females exposed to
$3.5 mg lead/kg/day (Grant et al. 1980); these females were not retarded in their growth. Similar effects
were also reported in dams receiving lead acetate prior to breeding (Kimmel et al. 1980). This effect was
dose-dependent. Exposure of male and female rats prepubertally (age 24 days to 74) to lead acetate in the
drinking water (approximately 502 mg lead/kg/day) resulted in significant reduction in testis weight and in
the weight of secondary sex organs in males and in delayed vaginal opening and disruption of estrus cycle
in females (Ronis et al. 1996). However, these effects were not observed in rats exposed postpubertally
(day 60—74 in males, 60—85 in females). Mean PbB concentrations in rats exposed prepubertally and
postpubertally were 57 and 31 pg/dL, respectively. In the same study, Ronis et al. (1996) also exposed a
group of rats beginning during gestation, and continuing through lactation and postpubertally. In this
group, the effects were much more severe than in the rats exposed only pre- or postpubertally, and were
consistent with the much higher blood lead concentrations achieved in the offspring, approximately

316 ng/dL (see also under Developmental Effects). In follow-up studies, Ronis et al. (1998a, 1998b,
1998c¢) found that prenatal lead exposure (0.15% or 0.45% lead acetate in drinking water; approximately
126 or 377 mg lead/kg/day) that continued until adulthood (85 days old) delayed sexual maturation in male
and female pups in a dose-related manner. PbB levels in the pups between the ages of 21 and 85 days
ranged from 103—-192 pg/dL and 238-388 pg/dL in the two dosage groups. Measures of adult reproductive
physiology were less sensitive to lead exposure. According to Ronis et al. (1998b, 1998c¢), these findings
are consistent with a suppression of the normal sex steroid surges that occur at birth and during puberty and
suggested a site of lead action at the hypothalamic-pituitary unit. Also, the normalization of reproductive

parameters post-puberty suggested a transient rather than permanent defect.

An effect of lead on central regulation of endocrine functions through the hypothalamus-pituitary axis has
also been observed in adult animals. Following exposure to 40 mg lead/kg/day administered as lead acetate
in drinking water, histopathological examination of the gonads and thyroid gland and measurements of

serum testosterone, 17p-estradiol, FSH, LH, prolactin, TSH, T, and T, were conducted. No changes were
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seen at the 40- and 81-mg/kg/day dose levels. No lead uptake was noted in the gonads. However, the

lowest dose was sufficient to reduce serum prolactin and LH levels significantly (Sourgens et al. 1987).

The highest NOAEL for reproductive effects in rats and mice and all reliable LOAELS for reproductive

effects in rats, mice, and monkeys are recorded in Table 2-4 and plotted in Figure 2-2.

2.2.3.6 Developmental Effects

No studies were located regarding developmental effects in humans after oral exposure to inorganic lead.

See Section 2.2.1.6 for a discussion of developmental effects in humans after multi-route exposure to lead.

Twenty-three teratogenicity studies in which lead compounds (acetate or nitrate) were administered in the
drinking water or feed or by gavage to rats and mice have shown no evidence that lead causes
malformations, but some evidence that lead causes fetotoxic effects. The following discussion is based on
the teratogenicity studies most relevant to current concerns for human prenatal exposure along with studies

concerned primarily or exclusively with the neurobehavioral effects of prenatal exposure to lead.

In rodents, a greater proportion of nervous system development takes place postnatally than in humans.
Accordingly, rodent studies of developmental neurobehavioral toxicity that extend exposure into the early
postnatal period are probably more analogous to human prenatal exposure than are rodent studies that use

only prenatal exposure.

Following oral administration of lead acetate at doses up to 64 mg lead/kg/day to rats before breeding and
throughout pregnancy, the only effect seen was fetal stunting at the high dose (Miller et al. 1982).

However, the lack of effect on fetal brain and litter size indicated that lead exposure failed to influence
development in rats. Maternal PbB values ranged from 80 to 92 pg/dL prior to mating and from 53 to

92 ng/dL during pregnancy. Pretreatment and control PbB levels averaged 6—10 pug/dL. Similar results
were obtained in rats administered up to 390 mg/kg/day by gavage on gestation days 6—16. Fetotoxicity
(retarded skeletal development) was evident at the high dose, a dose that was maternally toxic as well
(Kennedy et al. 1975). Treatment of rats with 0.6% lead acetate (estimated dose of 502 mg lead/kg/day) in
the drinking water on gestation days 5-21 resulted in 19% incidence of stillbirth compared to 2% observed
in a control group (Ronis et al. 1996). In subsequent studies using a similar experimental protocol, the same

group of investigators reported that treatment of rats with 0.45% lead acetate (approximately 377 mg
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lead/kg/day) in the drinking water on gestation days 5-21 resulted in 28% incidence of stillbirth (Ronis et
al. 1998b). The mean PbB level in the pups at birth in this exposure group was 197 pg/dL. Exposure to
0.15% lead acetate resulted in significant decreases in birth weight in males, crown-to-rump length in
males, and anogenital distance in both males and females. Pups up to age 85 days that drank water
containing 0.45% lead acetate showed a significant reduction in growth rate during the prepubertal and
pubertal period; growth rates during ages 55 and 85 days were similar to control rates. Lower exposure
concentrations (0.15% and 0.05% lead acetate) did not alter growth rates significantly (Ronis et al. 1998c).
The authors suggested that the reduced growth may have been caused by lead-induced effect on growth
hormone secretion, and this was confirmed after measuring a number of endocrine and biochemical

parameters known to be growth hormone-dependent.

Neurodevelopmental endpoints were assessed in the offspring of rats exposed to lead acetate at 448 mg
lead/kg/day in the drinking water prior to mating and throughout gestation (Rabe et al. 1985). The pups
were transferred to unexposed foster dams on the second day after birth. Mean PbB levels were 98 pg/dL at
day 1 and 20 pg/dL at day 16 of age in pups from treated dams and approximately 10 pg/dL at both ages in
pups from control dams. Body weights were reduced in treated pups relative to controls at birth but not at
30 days of age. Neurobehavioral function (surface righting and negative geotaxis reflexes, spatial
discrimination, and reversal in T-maze), tested in the pups at 17 days of age, was not affected by prenatal
lead treatment. In a study conducted on Binghamton Heterogeneous Stock mice by Draski et al. (1989),
dams received lead acetate (608 mg lead/kg/day) in their drinking water during gestation; at birth, litters
were cross-fostered so as to receive postnatal exposure to lead acetate. The PbB level in treated dams was
100 pg/dL (versus <10 pug/dL in controls); in pups the levels ranged from 76 to 130 pg/dL (versus

3—6 pg/dL in controls) during postnatal days 5—15. The open field test and time to return to home cage
showed changes in behavioral patterns of pups depending on the developmental stage during which the
dams were exposed, as well as age and conditions when tested. Open field behavior was also evaluated in
6-month-old rats that had been exposed to lead acetate in utero, during lactation, and through their drinking
water (Rodrigues et al. 1993). The daily doses of lead were approximately 18, 36, and 146 mg/kg/day,
which resulted in corresponding PbB concentrations of 51, 67, and 169 ug/dL. Treatment with lead
resulted in an altered activity pattern in the mid- and high-dose groups consisting in increased activity in the

open field and failure to habituate to the environment.

The different aspects of a study of prenatal, postnatal, and long-term exposure of rats to lead were presented

by Kimmel et al. (1980) and Grant et al. (1980). The well-conducted study by Kimmel et al. (1980)
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provided a variety of relevant dose-effect data. In this study, female rats were exposed to lead acetate in the
drinking water at 0.07, 0.7, 3.5, 7, and 35 mg lead/kg/day from weaning through mating, gestation, and
lactation. The pups were weaned onto the same drinking water solutions as their dams received. In
addition, some of the dams were killed at day 21 or 22 of gestation for evaluation of the fetuses and uteri.
Toxicity to the dams (dose-related slight depression of body weight and delay in time of vaginal opening)
was seen at $3.5 mg/kg/day. Exposure to lead did not affect the ability of females to conceive, to carry a
normal litter to term, or to deliver offspring. No significant differences in indices of embryo- or fetotoxicity
or teratogenicity were seen in treated groups relative to controls. Length of gestation and birth weights
were unaffected, but mean crown-rump length of 1-day-old female pups in the 35-mg/kg/day group was
significantly shorter than in controls. Median PbB levels just prior to mating and at day 21 of gestation
were 1 and 4 pg/dL for controls, 9 and 12 pg/dL for the 0.7-mg/kg/day group, 20 and 23 pg/dL for the
3.5-mg/kg/day group, 24 and 35 ug/dL for the 7-mg/kg/day group, and not reported for the 35-mg/kg/day
group (Kimmel et al. 1980).

Significant delays in vaginal opening in female pups of groups receiving $3.5 mg lead/kg/day and
significant delays in the development of surface and air righting reflexes in pups receiving 7 or 35 mg
lead/kg/day were reported by Grant et al. (1980). PbB levels of the pups at 1 and 11 days were 4 and

3 ng/dL for controls, 37 and 22 ug/dL for 3.5-mg/kg/day pups, 57 and 35 pg/dL for 7-mg/kg/day pups, and
not reported for 35-mg/kg/day pups. In comparing the results of this study with results of the study by Rabe
et al. (1985), in which no effects on the development of reflexes were seen at a much higher level of lead in
the drinking water, it should be noted that exposure to lead in the Rabe et al. (1985) study ceased shortly
after birth, but in the Grant et al. (1980) study exposure to lead continued through the time of testing.

Delays in the development of the righting reflex were observed by Reiter et al. (1975) in rat pups whose
dams were exposed to lead acetate at concentrations of 0.7 and 7 mg lead/kg/day in their drinking water
throughout gestation and lactation. Eye opening was delayed at the higher exposure level. Blood lead

levels were not determined.

In assessing the behavioral responses of rat pups, Taylor et al. (1982) found that exposure of female rats,
prior to mating and through gestation and lactation, to lead acetate (28 and 56 mg lead/kg/day) in the
drinking water did not result in significant differences in the pups' acquisition of a response when tested at

11 days of age, but did result in significantly slower extinguishing of the response when the reward was no
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longer provided. PbB levels at 21 days of age were 3.7 pg/dL in controls, 38.2 ug/dL in the low-exposure
group, and 49.9 ng/dL in the high-exposure group. Jett et al. (1997) showed that treatment of rats with
250 ppm lead acetate in the diet beginning 10 days prior to breeding and continued during gestation and
lactation resulted in impaired learning of a swim task in the pups when tested at 21 days of age, but not at
56 or 91 days of age. PbB levels were not provided, but lead concentrations in the hippocampus of treated
pups was 41-47% lower at age 56 and 91 days than at age 21 days. The authors stated that the age-
dependent differences in performance may be due both to developmental differences of lead effect on

neuronal targets, and the concentration of lead achieved at the site of action.

Neurobehavioral effects in infant monkeys were examined by Bushnell and Bowman (1979a) and Levin
and Bowman (1983) who treated adult female monkeys orally with lead acetate at 1.9 and 3.8 mg
lead/kg/day prior to mating and throughout gestation. PbB levels at birth were 5, 30, and 55 pg/dL in
control (n=5), low-lead (n=3), and high-lead (n=4) groups, respectively. Treatment of the mothers
produced no changes in early social behavior of their infants and no differences in learning ability, relative
to controls, when the offspring were tested on a search task at 4-5 years of age. However, the dosing was
administered over variable dose ranges throughout the study, which indicates metabolic differences in
maintaining the blood lead levels. A recent study reported prolonged deficits in learning and motor
functions in monkeys tested between the ages of 3 and 7 years and that were exposed to lead in utero

(Newland et al. 1996). During exposure, maternal PbB concentrations ranged from 21 to 70 ug/dL.

Histological changes have been reported in the brains of rat pups at much higher blood lead levels than
those reported above. Administration of lead chloride (28 mg lead/kg/day) in drinking water to pregnant
rats during gestation and lactation was reported to produce a less mature synaptic profile in the cerebral
cortex of the pups at postnatal day 15 (McCauley et al. 1979) and a 30% reduction in synaptic density in the
cerebral cortex at postnatal day 15 but not day 21 (McCauley et al. 1982). PbB levels were 80 pg/dL at
birth. Although the authors reported a dose-dependent increase in blood lead levels in pups from the

4.2 and 28 mg/kg/day groups, the synaptic counts were measured only for pups from the high-dose group.

In rats exposed to lead during gestation and through postnatal day 28 via breast milk there was a 30-40%
reduction in the cholinergic marker choline acetyltransferase activity (ChAT) in the septum and hippo-
campus relative to controls (Bielarczyk et al. 1994). At this time, the PbB concentration in the pups was
approximately 20-22 ng/dL compared with 2-3 pug/dL in controls. This was paralleled by a reduction in

muscarinic cholinergic receptor binding in the septum, but not in the hippocampus. This suggested
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preferential vulnerability of septal cholinergic neurons to low-level lead exposure. Results from a follow-
up study with extended observation period showed that early lead exposure causes long-lasting cholinergic
deficits which induce secondary responses in the hippocampus resembling compensatory changes observed
following surgical cholinergic denervation of the hippocampus in adult animals (Bielarczyk et al. 1996;

Bourjeily and Suskiw 1997).

Decreased numbers of dendritic spines and malformed spines in brain parietal cortex were observed at
postnatal day 30 in rat pups whose mothers were administered 256—480 mg lead/kg/day as lead acetate in
drinking water during gestation and lactation (Murray et al. 1978). PbB levels were not reported.

Gestational exposure of guinea pigs to 5.5 or 11 mg lead/kg/day produced dose-dependent alterations of
neuroglial enzymes (glutamine synthetase and glycerol-3-phosphate dehydrogenase) and changes in trace
metal levels (Sierra et al. 1989). PbB levels in dams and fetuses associated with these changes were within
the range of 10-30 png/dL lead. However, the authors did not examine for histopathological alterations in
neural tissue. The same group of investigators examined the effects of gestational exposure on the levels of
gonadotropin-releasing hormone (GRH) and somatostatin (ST) in the hypothalamus of guinea pig fetuses
(Sierra and Tiffany-Castiglioni 1992). Dams were exposed on gestation days 22—-52 or 22—-62. The doses
of lead were 0 (controls), 5.5, or 11 mg lead/kg/day and on gestation day 62 resulted in PbB levels in the
dams of 1.5, 22.2, and 39 pg/dL, respectively. PbB levels in the fetuses were similar to those of the dams.
Exposure to lead significantly reduced in a dose-related manner the hypothalamic levels of GRH and ST in

both fetuses and dams.

Some studies have investigated the effects of prenatal exposure to lead on heme metabolism. Hubermont et
al. (1976) administered lead nitrate at concentrations of 0.009, 0.09, and 0.9 mg lead/kg/day in drinking
water to female rats before mating, throughout gestation, and during lactation. PbB levels in the dams and
pups that received 0.9 mg lead/kg/day group were 68 and 42 ug/dL, respectively. An increase in free tissue
porphyrins and a decrease in blood ALAD activity were seen in the pups that received 0.9 mg lead/kg/day,
as compared with controls. The study did not examine the long-term hematological effects of lead. An
increase in free erythrocyte protoporphyrins was also observed in 1-week-old rats exposed to lead acetate
1n utero (gestation days 1-21) and via maternal milk for 7 days; no such effect was seen in 1-day-old pups
after similar gestational exposure (Bogden et al. 1995). Interestingly, the PbB concentration in the

1-day-old pups was higher (72.5 ng/dL) than in the 7-day-old pups (51.8 pg/dL).
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Effects at even lower external and internal exposure levels were reported by Hayashi (1983). Lead acetate
at 0.7 mg lead/kg/day in the drinking water of rats for the first 18 or 21 days of pregnancy resulted in
decreased ALAD activity in the fetal and maternal erythrocytes and increased ALAD activity in fetal but
not maternal liver. Fetal, but not maternal, hematocrits and hemoglobin levels were decreased in the group
treated for 21 days. Fetal PbB levels were 27 pg/dL and 19 ug/dL in the 18-day and the 21-day treated
groups, respectively. Maternal PbB levels were approximately 4 pg/dL in treated and control groups. The

study is limited by the use of one dose level, which precluded assessment of dose response.

Adverse kidney effects have been reported in rats exposed to lead during development (Fowler et al. 1980).
Also, alterations in immune function have been observed in young rats exposed to lead perinatally (Faith et

al. 1979; Luster et al. 1978). These studies are discussed in more detail in Sections 2.2.3.2 and 2.2.3.3.

The highest NOAEL values and all reliable LOAEL values for each study for developmental effects are
recorded in Table 2-4 and plotted in Figure 2-2.

2.2.3.7 Genotoxic Effects

Eleven male volunteers aged 20-30 years ingested lead acetate for 49 days. PbB levels were kept at
approximately 40 pg/dL. The frequency of chromosome aberrations was assayed after lymphocyte culture
for 72 hours and found to be no different from that of 10 controls. The lymphocytes from lead-exposed

subjects did show a higher mitotic activity (Bulsma and DeFrance 1976).

Intermediate-duration exposures of mice to lead in the diet resulted in slight increases in chromatid gaps,
but no significant increases in any class of serious chromosome aberrations (Jacquet et al. 1977).
Cytogenetic analysis was performed on bone marrow cells of Wistar rats exposed to 500 ppm lead acetate
in drinking water for 6 weeks. Although there was a marked increase in chromosome pulverization and
erosion, there was no increase in the frequency of chromosomal aberrations. Sister chromatid exchanges

were slightly, but significantly, increased over controls (Kowalska-Wochna et al. 1988).

Monkeys given daily doses of 1 or 5 mg of lead by intubation for 12 months showed only minor
chromosome aberrations such as chromatid and chromosome gaps and fragments at the beginning of the
experiment. After 7 months of exposure, more severe aberrations (translocations and dicentrics) appeared

in the lymphocytes. However, no statistically significant difference in severe aberrations between the
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exposed monkeys and the controls was ever seen. Lead treatment did produce a significant increase in the
number of gaps, but this was not related to dose or to measured blood lead level (Jacquet and Tachon 1981).
An earlier chronic study on monkeys given lead acetate in the diet 6 days a week for 16 months showed that
severe chromosome abnormalities occurred only in animals given a calcium-deficient diet (Deknudt et al.

1977).

Other genotoxicity studies are discussed in Section 2.5.

2.2.3.8 Cancer

No studies were located regarding cancer in humans after oral exposure to inorganic lead. See

Section 2.2.1.8 for a discussion of cancer in humans following multi-route exposure to lead.

The available data on the carcinogenicity of lead following ingestion by laboratory animals indicate that
lead acetate and lead phosphate are carcinogenic, and that the most common tumor is renal. However, the
extremely high cumulative doses of lead used in these studies are difficult to extrapolate to low-level
exposure in humans, and thus do not provide a sufficient basis for quantitative risk assessment (see
Section 2.5). In addition, it is possible that the high doses required to induce renal tumors may themselves
have produced a carcinogenic effect that was independent of any direct effect of lead as a result of
nonspecific tissue damage. Furthermore, the relevance of male rat kidney tumors induced by some
chemicals to humans has been questioned (EPA 1991¢). It is not known whether the mechanism by which
lead induces tumors in the rat kidney involves the same or similar species-specific proteins (a,,-globulin)
identified in the recent studies of other substances, such as unleaded gasoline (see Section 2.9.3 for a

discussion of ongoing research designed to answer this question).

The most comprehensive set of studies was performed by Azar et al. (1973), who administered lead acetate
to rats for 2 years. Renal tumors occurred in 5 of 50 male rats that received 27 mg lead/kg/day, in 10 of 20
males that received 56.5 mg lead/kg/day, and in 16 of 20 males and 7 of 20 females that received

105 mg lead/kg/day. No renal tumors were observed in the control groups or in rats administered 0.9—7 mg
lead/kg/day. Limitations of this study were likelihood of environmental contamination from lead in the air
or drinking water was not mentioned, and the strains of rats used were not specified. Body weight gain in
the two highest dose treatment groups was reported to be depressed, but no details were given regarding this

finding.
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Male Sprague-Dawley rats were administered lead acetate equivalent to 37 mg lead/kg/day in their drinking
water for 76 weeks as part of a study to determine interactions between sodium nitrite, ethyl urea, and lead.
There were no kidney tumors in the 10 control rats. Renal tubular carcinomas were found in 13 (81%) of
the 16 treated rats. Three of these tumors were detected at 72 weeks and the remaining were found at

terminal necropsy (Koller et al. 1985).

An increased incidence of renal tumors (7 out of 25 combined adenomas and carcinomas) was observed in
male Swiss mice fed 0.1% basic lead acetate in the diet for 2 years (Van Esch and Kroes 1969). No renal
tumors were found in the control animals. One female in the 1.0% treatment group had a renal tumor. The
authors attributed the low tumor incidence in the 1.0% group to early mortality. The cancer effects levels

described above are recorded in Table 2-4 and plotted in Figure 2-2.

2.2.4 Dermal Exposure

No studies were located regarding the following effects in humans or animals after dermal exposure to
inorganic lead. See Section 2.2.1 for a discussion of these effects in humans following multi-route exposure

to lead:

2.2.4.1 Death

2.2.4.2 Systemic Effects
2.2.4.3 Immunological Effects
2.2.4.4 Neurological Effects
2.2.4.5 Reproductive Effects
2.2.4.6 Developmental Effects
2.2.4.7 Genotoxic Effects

Genotoxicity studies are discussed in Section 2.5.

2.2.4.8 Cancer

No adequate studies were located regarding cancer in humans or animals after dermal exposure to inorganic

lead. See Section 2.2.1.8 for a discussion of cancer in humans following multi-route exposure to lead.



LEAD 196

2. HEALTH EFFECTS

2.3 TOXICOKINETICS

The absorption, distribution, metabolism, and elimination of lead has been extensively studied in both
animals and humans. While some of the precise pharmacokinetic mechanisms that control these
physiological processes are unknown, available data can be used to quantify the uptake and disposition of
lead in the human body for various populations of children and adults. Lead absorption is influenced by the
route of exposure, chemical speciation, the physicochemical characteristics of the lead and exposure
medium, and the age and physiological states of the exposed individual (e.g., fasting, nutritional calcium
and iron status). The primary sites for inorganic lead absorption are the gastrointestinal and respiratory
tracts. The bioavailability of ingested soluble lead in adults may vary from less than 10% when ingested
with a meal to 60-80% when ingested after a fast. Nonlinear relationships observed between uptake and
blood lead concentrations may be explained by both capacity-limited absorption in the gastrointestinal tract,
and capacity-limited binding of lead with red blood cells. Immediately following absorption, lead is widely
distributed to blood plasma and soft tissues, then it redistributes and accumulates in bone. Bone lead
accounts for approximately 73% of the total body burden in children, increasing to 94% in adults due to
changes in bone turnover rates with age. Therefore, kinetic behavior of lead in humans is determined
largely by the mechanisms by which lead is exchanged between blood plasma and bone surfaces, processes
of bone growth and resorption, and heteroionic exchange processes in the kidney and intestines. Age-
dependence of lead kinetics is reflected by greater absorption efficiency, bone turnover rates, and excretion
efficiency in children compared with adults. Transplacental transfer of lead has been demonstrated based
on measurements of lead in umbilical cord blood in humans, as well as tissue concentrations in offspring of
mice. In addition, studies in suckling mice and rats suggest that as much as one-third of the maternal dose

of lead can be transferred to mother’s milk during periods of lactation.

Inorganic lead ions are not known to be metabolized in the body but they are complexed by
macromolecules. Lead that is not retained in the body is excreted principally by the kidney as salts or
through biliary clearance into the gastrointestinal tract in the form of organometallic conjugates. Excretion
rates measured in infants, children, and adults are highly variable, although available data suggest that the
fraction of absorbed lead that is retained in humans decreases with age. In addition, acute and chronic lead
exposure studies in mice, rats, and non-human primates show that, in general, there is greater excretion of
lead in feces than in urine due to the high molecular weights of lead conjugates. Exhalation is a major route

of excretion following inhalation exposure of organic lead in humans.
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A number of mathematical pharmacokinetic models for lead have been proposed to explain and predict
physiological processes, including intercompartmental lead exchange rates, retention of lead in various
pools, and relative rates of distribution among the tissue groups. A physiologically based pharmacokinetic
(PBPK) model developed by O’Flaherty (1993, 1995a) simulates lead absorption and disposition as a
function of age-specific anatomical and physiological variables. Compartmental pharmacokinetic models,
including the IEUBK Model for lead in children (EPA 1994a, 1994b) and the Leggett Model (Leggett
1993), simulate the same general processes, although transfer rate constants and kinetic coefficients may not
have precise physiological correlates. All three models have been calibrated, to varying degrees, against
empirical physiological data on animals and humans, and on blood lead concentrations observed in exposed
populations of children and adults. Only the IEUBK model is used to estimate the probability distribution
of blood lead concentrations in children potentially exposed to lead via multiple exposure pathways at
hazardous waste sites. Efforts are currently in progress to fully assess the degree to which the IEUBK
Model accurately simulates blood lead distributions in populations of children who are exposed to lead at
hazardous waste sites. The O’Flaherty and Leggett models have accurately reproduced adult blood lead
concentrations, and may be modified to reflect changes in toxicokinetics of lead associated with pregnancy,

aging, or disease states.

2.3.1 Absorption

2.3.1.1 Inhalation Exposure

Inorganic Lead. Prior to the actual absorption of lead by the lungs, some fraction of inhaled airborne
lead must be deposited in the respiratory tract. The rate of deposition of particulate airborne lead in adult
humans is approximately 30-50% and is modified by factors such as particle size and ventilation rate (EPA
1986a). Once deposited in the lower respiratory tract, particulate lead is almost completely absorbed, and
all chemical forms of lead also seem to be absorbed (EPA 1986a; Morrow et al. 1980). After subjects
breathed lead chloride, with a mass median aerodynamic diameter (MMAD) of 0.26 um, and lead
hydroxide, with an MMAD of 0.24 um, through a standard respiratory mouthpiece for 5 minutes, 23% and
26%, respectively, of the aerosol was deposited in the lungs and respiratory tract (Morrow et al. 1980). A
multiple linear regression model used to predict PbB concentrations in 44 adult males exposed to particulate
airborne lead showed a 25% stronger relationship (1 increased from 0.36 to 0.45) between air lead and PbB
when particles smaller than 1 um were assumed to undergo greater rates of deposition and absorption in the

lungs than larger particle (Hodgkins et al. 1991).
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Absorption is suggested by elevated PbB concentrations in subjects who were continuously (23 hours per
day) exposed to 0.0032-0.011 mg lead/m’ for 18 weeks (the species of lead to which the subjects were
exposed was not specified) (Griffin et al. 1975b). Elevated blood and urinary lead concentrations were also
found in volunteers exposed to 0.15 mg lead/m® for 7.5 hours per day, 5 days per week for 16-112 weeks
(Kehoe 1987). PbB concentrations as high as 45 pg/dL. were observed in one subject exposed at that rate
for 2 years. Daily lead absorption of 14 pug was reported for five male volunteers who inhaled ambient air
(0.002 mg lead/m*) (Rabinowitz et al. 1977). No lead was found at autopsy in the lung tissues of
occupationally exposed lead workers (Barry 1975) and nonoccupationally exposed subjects (Gross et al.
1975), but the analytical techniques at the time may have not be sensitive enough to detect lead. In contrast,

Gerhardsson et al. (1995b) showed the presence of lead in the lungs from 32 deceased smelter workers.

Organic Lead. Following a single exposure to vapors of tetraalkyl lead compounds (approximately

1 mg/m’* breathed through a mouthpiece, 1040 breaths of approximately 1 L volume) in four male subjects,
37% and 51% of inhaled tetracthyl and tetramethyl lead, respectively, were initially found in the respiratory
tract, but a considerable percentage of these volatile compounds was lost through exhalation (Heard et al.
1979). Approximately 60—80% of the deposited tetraalkyl lead was absorbed by the lungs. In a case report
of a 22-year-old male exposed to tetramethyl lead, absorption was evident because of elevated urinary lead

levels for 4 days after exposure (Gething 1975).

Limited experimental data suggest that inhaled lead, whether organic or inorganic, is absorbed rapidly by
animals (EPA 1986a). Female Wistar rats breathed total lead concentrations of 0.01 mg lead/m® as
tetracthyl lead in the form of aerosolized leaded gasoline labeled with lead-210 (*'°Pb) tracer for 30-45
minutes; 1 hour later, lead clearance in the lungs was 30% and the majority of the particles were 0.1-0.5 pm
in diameter (Boudene et al. 1977). Immediately after nose-only breathing of engine exhaust acrosols
containing 6 mg lead/m’ as lead-203 (**’*Pb)-labeled tetraethyl lead for 40 or 60 minutes, 25% of the dose
was accounted for in tissues other than the lung and gastrointestinal tract in rats (Morgan and Holmes

1978). Initially, the lead content in lungs decreased quite rapidly; only 7.5% of the dose was retained in the
lungs after 48 hours, followed by a slower decline in which less than 2% of the dose remained in the lungs
after a week. The lung had the lowest tissue lead content in rats and rhesus monkeys who inhaled

0.0215 mg lead/m’ continuously (22 hours per day) for a year (Griffin et al. 1975b).
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2.3.1.2 Oral Exposure

The extent and rate of gastrointestinal absorption are influenced by physiological states of the exposed
individual (e.g., age, fasting, nutritional calcium and iron status) and physicochemical characteristics of the
medium ingested (e.g., particle size, mineralogy, solubility, lead species). Although there were limited data,
gastrointestinal absorption of lead appears to be higher in children than in adults. Estimates derived from
dietary balance studies conducted in infants and children (ages 2 weeks to 8 years) indicate absorption of
approximately 40-50% of ingested lead (Alexander et al. 1974; Ziegler et al. 1978). In adults, estimates of
absorption of ingested water-soluble lead compounds (e.g., lead chloride, lead nitrate, lead acetate) range
from 20 to 70% in fasted subjects and 3—15% in fed subjects; fasted/fed ratios range from 0.04 to 0.2 (Blake
et al. 1983; Heard and Chamberlain 1983; James et al. 1985; Rabinowitz et al. 1980). Mineral content is
one contributing factor to the lower absorption of lead when lead is ingested with a meal; in particular, the
presence of calcium and phosphate in a meal will depress the absorption of ingested lead (Blake et al. 1983;
Blake and Mann 1983; Heard and Chamberlain 1982). Data available on lead absorption between
childhood and adulthood ages are very limited. While no absorption studies have been conducted on
subjects in this age group, the kinetics of the change in stable isotope signatures of blood lead in mothers
and their children as both come into equilibrium with a novel environmental lead isotope profile, suggest
that children ages 611 years and their mothers may absorb a similar percentage of ingested lead (Gulson et

al. 1997).

Studies in experimental animals provide additional evidence for an age-dependency of gastrointestinal
absorption of lead. The rat pup absorbs 40—50 times more lead via the diet than does the adult rat (Forbes
and Reina 1972; Kostial et al. 1978). In rats receiving an oral dose of 1 mL lead-212 (*'*Pb)-labeled tracer,
absorption was approximately 74-89% for animals 16-22 days of age, 15-42% in animals 24-32 days old,
and only 16% at 89 days old (Forbes and Reina 1972). A single dose of lead resulted in 52% absorption in
1-2-week-old suckling rats compared to 0.4% in adults (Kostial et al. 1978). Age differences in absorption
rate were evident in rat pups who had slightly higher tissue levels than adult rats following a single gavage
dose of 1 or 10 mg lead/kg as lead acetate (Aungst et al. 1981). Absorption was 37.9% for young monkeys
versus 26.4% in adults following a single radiolabeled gavage dose of 6.37 mg lead/kg as lead acetate
(Pounds et al. 1978). This age difference in absorption rate may be due, in part, to dietary differences and to

physiological differences between the immature and mature intestine (EPA 1986a).
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Lead absorption in children is affected by nutritional iron status. Children who are iron deficient have
higher blood lead concentrations than similarly exposed children who are iron replete, which would suggest
that iron deficiency may result in higher absorption of lead or, possibly, other changes in lead biokinetics
that would contribute to lower blood lead concentrations (Mahaffey and Annest 1986; Marcus and Schwartz
1987). Evidence for the effect for iron deficiency on lead absorption has been provided from animal
studies. In rats, iron deficiency increases the gastrointestinal absorption of lead, possibly by enhancing
binding of lead to iron binding proteins in the intestine (Barton et al. 1978; Morrison and Quatermann

1987).

Dietary calcium intake appears to affect lead absorption. An inverse relationship has been observed
between dietary calcium intake and blood lead concentration in children, suggesting that children who are
calcium deficient may absorb more lead than calcium replete children (Mahaffey et al. 1986; Ziegler et al.
1978). An effect of calcium on lead absorption is also evident in adults. In experimental studies of adults,
absorption of a single dose of lead (100-300 pg lead chloride) was lower when the lead was ingested
together with calcium carbonate (0.2—1 g calcium carbonate) than when the lead was ingested without
additional calcium (Blake and Mann 1983; Heard and Chamberlain 1982). A similar effect of calcium
occurs in rats (Barton et al. 1978). In other experimental animal models, absorption of lead from the
gastrointestinal tract has been shown to be enhanced by dietary calcium depletion or administration of

vitamin D (Mykkénen and Wasserman 1981, 1982).

Absorption of lead may increase during pregnancy. An increase in lead absorption may contribute, along
with other mechanisms (e.g., increased mobilization of bone lead), to the increase in PbB concentration that
has been observed during the later half of pregnancy (Gulson et al. 1997; Lagerkvist et al. 1996;
Schuhmacher et al. 1996).

Lead absorption in humans may be a capacity limited process, in which case, the percentage of ingested lead
that is absorbed may decrease with increasing rate of lead intake. Studies, to date, do not provide a firm
basis for discerning if the gastrointestinal absorption of lead is grossly linear or non-linear. Numerous
observations of non-linear relationships between PbB concentration and lead intake in humans provide
further support for the existence of a saturable absorption mechanism or some other capacity limited process
in the distribution of lead in humans (Pocock et al. 1983; Sherlock et al. 1984, 1986). However, in
immature swine that received oral doses of lead in soil, lead dose-blood lead relationships were non-linear;

whereas, dose-tissue lead relationships for bone, kidney and liver were linear. The same pattern
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(nonlinearity for PbB and linearity for tissues) was observed in swine administered lead acetate
intravenously (Casteel et al. 1997). These results suggest that the non-linearity in the lead dose-PbB
relationship may derive from an effect of lead dose on some aspect of the biokinetics of lead other than
absorption. Evidence from mechanistic studies for capacity-limited processes at the level of the intestinal
epithelium is compelling, which would suggest that the intake-uptake relationship for lead is likely to be

non-linear; these studies are discussed in greater detail in Section 2.4.1.

The absorption of lead in soil is less than that of dissolved lead, but is similarly depressed by meals. Adult
subjects who ingested soil (particle size less than 250 um) from the Bunker Hill NPL site absorbed 26% of
the resulting 250 pg/70 kg body weight lead dose when the soil was ingested in the fasted state and 2.5%
when the same soil lead dose was ingested with a meal (Maddaloni et al. 1998). There are no reported
measurements of the absorption of soil-borne lead in infants or children. Additional evidence for a lower
absorption of soil-borne lead compared to dissolved lead is provided from studies in laboratory animal
models. In immature swine that received oral doses of soil from one of four NPL sites (75 or 225 pg Pb/kg
body weight), bioavailability of soil-borne lead ranged from 50% to 82% of that of a similar dose of highly
water soluble lead acetate (Table 2-5) (Casteel et al. 1997; EPA 1996a, 1996b, 1996¢). If the relative
bioavailability of soil-borne lead (soil/acetate) in immature swine is indicative of the relative bioavailability
in human children, and if the absolute bioavailability of water soluble lead in humans children is 50%, as
the Alexander et al. (1974) and Ziegler et al. (1978) studies would suggest, then the absolute bioavailability
of soil-borne lead in human children predicted from the swine studies would range from 25 to 41%. In
fasted rats, absorption was estimated at 42 and 2% following single oral administration of 1 and 100 mg
lead/kg, respectively, as lead acetate (Aungst et al. 1981). Fed rats were administered lead in soil from mine
waste over a 30-day period, and relative bioavailability compared to that of lead acetate was estimated from
measurements of blood lead concentration (Freeman et al. 1992). For one test soil, relative bioavailability
estimates for samples having lead concentrations of 1.62 and 4.05 ppm were 18.1 and 12.1% in males and
25.7 and 13.8% in females for average lead dosages of 1.13 and 3.23 mg Pb/kg/day in males, and 1.82 and
4.28 mg Pb/kg/day in females (1.62 and 4.05 ppm Pb), respectively. For a second test soil, relative
bioavailability estimates for samples having lead concentrations of 78.2 and 19.5 ppm were 19.6 and 21.5%
in males and 26.8 and 22.1% in females for average lead dosages of 5.13 and 12.1 mg Pb/kg/day in males
and 7.39 and 23.2 mg Pb/kg/day in females, respectively. In a subsequent follow-up study, absolute
bioavailability of ingested lead acetate in rats was estimated to be 15% based on measurements of blood
lead concentrations after oral or intravenous administration of lead acetate (Freeman et al. 1994). Based on

this estimate, the absolute bioavailability of lead in the soils from the



Table 2-5. Relative Bioavailability of Lead in Various Samples of Soil from Hazardous Waste Sites as Assessed in
Immature Swine

Site Smuggler Mountain, CO Palmerton, PA Jasper County, MO Murray Smelter, UT
Site type (Mining) (Smelter) (Smelter) (Smelter)
Sample location Berm Residential Location 2 Location 4 HL Smelter LL Yard HL Mill Slag Saoil
Mean Pb concentration (ppm) 142 3870 3230 2150 10800 4050 6940 11500 3200
Relative Bioavailability (% of Lead Acetate)

Blood AUC 0.56 0.58 0.74 0.58 0.56 0.78 0.82 0.55 0.67
Tissue 0.75 0.72 0.46 0.42 0.66 0.86 0.70 0.47 0.84
Mean 0.66 0.65 0.60 0.50 0.61 0.82 0.76 0.51 0.76
Absolute Bioavailability 0.33 0.32 0.30 0.25 0.30 0.41 0.38 0.25 0.38
(estimated)*

Soil Lead Characterization (% of Total Lead)

Anglesite 6.6 6.0 4.0

Cerrusite 61.7 64.2 32.1 81.0 57.0 14.0
Fe-Pb Oxide 9.1 7.4

Fe-Pb Silicate 11.5 8.1

Fe-Pb Suifate 4.7 4.6

Galena 12.0 171 7.6 9.2 20.0
Mn-Pb Oxide 4.5 5.1 66.1 65.8 8.7

Native Lead 222

Pb Phosphate 244 211 6.0 7.4

Pb Vanidate 17.7

Pb-As Oxide 5.7 29.4
Pb-Metal Oxide 7.0

PbO 6.5 68.7 26.6
PbSi

Slag 43 7.0 6.4
TOTAL 98.6 98.4 96.5 945 91.2 94.6 87.7 90.6 96.4

*Assuming 50% absorption of fully soluble form of lead (e.g., lead acetate) dissolved in water.

Bioavailability was assessed from measurement of the area under the curve (AUC) of whole blood lead concentration vs time (Blood AUC) or from
measurements of the lead concentrations in bone, kidney or liver (the arithmetic mean of the three tissues is shown in the table). Data are from Casteel et al.
(1997) and EPA (1996a, 1996b, 1996c).
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Freeman et al. (1992) study was estimated to be 2.7% (Freeman et al. 1994). In rats that received diets
containing 17-127 mg lead/kg for 44 days in the form of lead acetate, lead sulfide, or lead-contaminated
soil, bone and tissue lead levels increased in a dose-dependent manner (Freeman et al. 1996). Estimated
bioavailability of lead sulfide was approximately 10% that of lead acetate. Bioavailability of lead in soil
from the California Gulch NPL site (Freeman et al. 1996), a former mining site, decreased with increasing
soil lead concentration in the diet and ranged from 7 to 28% of that of lead acetate. The predominant forms
of lead in the NPL site soil were identified as: iron-lead oxide (40%), manganese-lead oxide (16%), lead
phosphate (13%), "slag" (12%) and iron-lead sulfate (10%). The addition of "uncontaminated soil" (having
a lead concentration of 54+3 mg lead/kg soil) to diets containing lead acetate decreased the bioavailability
of lead acetate by approximately 76%. In adult mice, absorption was 14% in fasted mice versus 7.5% in fed
mice 4 hours after an oral gavage dose of 0.003 mg lead/kg as lead acetate (Garber and Wei 1974).
However, no difference in absorption (4-5%) was observed in fasted and nonfasted mice receiving 2 mg

lead/kg.

Particle size also influences the degree of gastrointestinal absorption (EPA 1986a; Grobler et al. 1988). An
inverse relationship was found between diets containing metallic lead of particle sizes #250 um and
absorption in rats (Barltrop and Meek 1979). There was a 2.3-fold increase in tissue lead concentration
when animals ingested an acute dose of 37.5 mg/kg with a particle size of <38 um (diameter) compared to a
particle diameter of 150-250 um (Barltrop and Meek 1979). Dissolution kinetics experiments with lead-
bearing mine waste soil suggest that surface area effects control dissolution rates for particles sizes of

<90 um diameter; however, dissolution of 90-250 um particle size fractions appeared to be controlled more
by surface morphology (Davis et al. 1994). Similarly, Healy et al. (1982) found that the solubility of lead
sulfide in gastric acid in vitro was much greater for particles of 30 pm diameter than particles of 100 pm

diameter.

2.3.1.3 Dermal Exposure

Inorganic Lead. Limited information is available regarding absorption after dermal exposure in
humans. Dermal absorption of inorganic lead compounds is reported to be much less significant than
absorption by inhalation or oral routes of exposure, because of the greatly reduced dermal absorption rate
(EPA 1986a). Following skin application of **Pb-labeled lead acetate in cosmetic preparations (0.1 mL of a
lotion containing 6 mmol lead acetate/L or 0.1 g of a cream containing 9 mmol lead acetate/kg) to 8 male

volunteers for 12 hours, absorption was #0.3%, but expected to be 0.06% during normal use of such
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preparations (Moore et al. 1980). Most of the absorption took place by 12 hours of exposure. A study
suggests that lead, applied to the skin as lead acetate or lead nitrate, was rapidly absorbed through the skin
and was detected in sweat, blood, and urine within 6 hours of application (Stauber et al. 1994). In this
study, 4.4 mg of lead equivalent was applied to the skin under a covered wax/plastic patch on the forearms
of human subjects; of the applied dose, 1.3 mg of lead was not recovered from skin washings. The amount
that actually remained in (or on) the skin and the mass balance of the fate of this lead was not determined; it
may have been absorbed or eliminated from the skin by exfoliation of epidermal cells. Thus, while this
study provides evidence for dermal absorption of lead, it did not quantity the fraction of applied dose that
was absorbed. The quantitative significance of the dermal absorption pathway as a contributor to lead body
burden remains an uncertainty. The wax/plastic patch provided a means by which the lead compounds
could permeate or adhere to the skin. The effect of concentration in aqueous solution may cause skin
abrasion through enhanced acidity since the lead ion is acidic. Abraded skin is known to promote

subsequent higher lead penetration.

Limited information was located regarding dermal absorption of inorganic lead in animals. An early study
reported that lead acetate was absorbed from the clipped skin of rats, as determined by an increase in the
concentration of lead in the kidneys relative to controls (Laug and Kunze 1948). It was further shown in
that study that mechanical injury to the skin significantly increased the penetration of lead and that the

penetration of lead from lead arsenate was significantly less than from lead acetate.

Organic Lead. Tetraalkyl lead compounds have been shown to be rapidly and extensively absorbed
through the skin of rabbits and rats (Kehoe and Thamann 1931; Laug and Kunze 1948). A 0.75-mL amount
of tetraethyl lead, which was allowed to spread uniformly over an area of 25 cm? on the abdominal skin of
rabbits, resulted in 10.6 mg of lead in the carcass at 0.5 hours and 4.41 mg at 6 hours (Kehoe and Thamann
1931). Tetraethyl lead was reported to be absorbed by the skin of rats to a much greater extent than lead
acetate, lead oleate, and lead arsenate (Laug and Kunze 1948). The rank order of absorption rates through
excised skin from humans and guinea pigs was as follows: tetrabutyl lead >lead nuolate > lead naphthalene

> lead acetate > lead oxide (nondetectable) (Bress and Bidanset 1991).
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2.3.2 Distribution

2.3.2.1 Blood and Other Soft Tissues

Inorganic Lead. Once absorbed, inorganic lead appears to be distributed in essentially the same manner
regardless of the route of absorption (Kehoe 1987). This implies that a common lead transport system is
involved. Therefore, the distribution and body burden of absorbed lead for all routes is discussed in one
section. The body burden of a particular chemical is the total amount of that chemical found in the body.
The distribution of lead in the body is initially dependent on the rate of delivery by the bloodstream to
various organs and tissues. A subsequent redistribution may then occur, based on the relative affinity of
tissues for the element and its toxicodynamics there (EPA 1986a). With consistent exposure for an
extended period, a steady state of intercompartmental distribution is achieved; however, fluctuation can

occur when short-term exposure is superimposed on the long-term uptake pattern (EPA 1986a).

The distribution of lead in humans has been well characterized. In general, the distribution of lead appears
to be similar in children and adults, although a larger fraction of the lead body burden of adults resides in
bone (See Section 2.3.3 for further discussion). Lead in blood is primarily in the red blood cells (99%)
rather than the plasma (DeSilva 1981; EPA 1986a; Everson and Patterson 1980; Hursh and Suomela 1968).
Most of the lead found in red blood cells is found bound within the cell rather than the erythrocyte
membrane. Within the cell, 50% of lead is bound to hemoglobin A, (EPA 1986a). Another 5% is bound to
a 10,000-dalton molecular-weight fraction, approximately 20% to a much heavier molecule, and about 25%
is considered "free" or bound to lower weight molecules (EPA 1986a; Raghavan and Gonick 1977). Fetal
hemoglobin appears to have a higher affinity for lead than adult hemoglobin (Ong and Lee 1980c).

Absorbed lead is distributed in various tissue compartments. Several models of lead pharmacokinetics have
been proposed to characterize such parameters as intercompartmental lead exchange rates, retention of lead
in various pools, and relative rates of distribution among the tissue groups. See Section 2.3.5 for a
discussion of the classical compartmental models and physiologically based pharmacokinetic models

(PBPK) developed for lead risk assessments.

In adult volunteers exposed to 0.0032-0.011 mg lead/m’ (species of lead not specified) continuously for
18 weeks, blood lead levels increased for about 12 weeks then leveled off between 27 and 37 pg/dL (Griffin

et al. 1975b). Lead content in blood declined after cessation of exposure, returning to pre-exposure levels
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by 5 months. The half-life of lead in adult human blood has been measured as 36 days by Rabinowitz et al.
(1976) and 28 days by Griffin et al. (1975b). Under steady-state conditions, 96-99% of blood lead is
associated with the erythrocytes in vivo (Boudene et al. 1977; Castellino and Aloj 1964; DeSilva 1981;
Everson and Patterson 1980; Kehoe 1987; Lloyd et al. 1975; Morgan et al. 1977). Within 1 hour following
the inhalation of tetramethyl lead, 61% and 39% of the inhaled dose was detected in the red blood cells and
plasma, respectively (Heard et al. 1979). Over 50% of this erythrocyte lead pool is bound to hemoglobin,
with lesser amounts bound to other proteins (Bruenger et al. 1973; Simons 1986). However, the ratio of
plasma lead to red blood cell lead was strongly correlated among 75 mother-newborn pairs, suggesting that
the partitioning of lead between plasma and red blood cells may not differ greatly between adults and

children (Cavalleri et al. 1978).

The relationship between the fractions of lead distributed in human erythrocytes and plasma has been
described by Manton and Cook (1984) in patients with neurological disease and in control subjects
including cases of plumbism. At blood lead levels #40 ug/dL, blood lead and serum lead levels increase
linearly in a positive fashion; at higher blood lead levels, they assume a curvilinear relationship

(Figure 2-3). The ratio of lead in plasma to that in whole blood increases dramatically at blood lead levels
>40 ng/dL. In vitro data of the partitioning of PbB between erythrocytes and plasma show a positive linear
correlation at PbB levels #100 pg/dL and deviation from linearity above that value (Clarkson and Kench
1958). The departure from linearity of this relationship 7z vivo at PbB levels >40 pug/dL may be caused by
altered cell morphology at high blood lead levels, resulting in a reduced availability or stability of lead
binding sites in the erythrocytes (EPA 1986a; Gonick et al. 1985; Raghavan et al. 1980). The low
concentrations of lead in plasma, relative to red blood cells, has made it extremely difficult to accurately
measure plasma lead concentrations in humans, particularly at low PbB concentrations (i.e., less than

20 pg/dL). More recent measurements have been achieved with inductively coupled mass spectrometry
(ICP-MS), which has a higher analytical sensitivity than earlier atomic absorption spectrometry methods.
Using this analytical technique, a curvilinear relationship between plasma and blood lead concentrations has
been demonstrated in adults (118 active lead industry workers and 25 retired workers) whose PbB concen-
trations were 1— 93 png/dL: log plasma (ug/L)= 0.00225 x blood (ng/L) — 0.58; this relationship describes a
plasma/blood lead concentration ratio of approximately 0.4 at PbB concentrations between 10 and

30 pg/dL, and ratios increasing to 3.5% at PbB concentrations between 30 and 90 pg/dL (Berdahl et al.
1997; Berdahl and Skerfving 1997). Similar ratios have been reported for serum and blood; serum lead

concentrations were estimated to be 1-2% of PbB concentration in adults (49 lead industry workers) whose
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Figure 2-3. Curvilinear Relationship of Human Serum Lead to Blood Lead
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blood lead concentrations were 16—55 pg/dL: plasma (ug/L) = 0.0206 x blood (ug/L) - 1.58 (Cake et al.
1996).

PbB concentrations have been observed to decrease in the early stages of pregnancy and increase during the
latter stages of pregnancy. The mechanism for these changes are not understood; however, increased
mobilization of bone lead during pregnancy may contribute to part of the increase (Gulson et al. 1997;
Lagerkvist et al. 1996; Schuhmacher et al. 1996). Increased blood volume and hemodilution may contribute
to the decrease observed the first half of pregnancy, whereas, increased absorption of lead during pregnancy
or decreased elimination may also occur, although evidence for this is limited (Gulson et al. 1997; Franklin

etal. 1997).

Autopsies of occupational workers showed that the lead content in lungs and liver was elevated compared to
control levels (Gerhardsson et al. 1986a). Gerhardsson et al. (1995b) showed that in 32 deceased smelter
workers with known lead exposure history, the major soft tissue organs of lead accumulation were, in
decreasing order: liver > kidney > lungs > brain. Autopsies of nonoccupational subjects revealed that
males had higher lead content in tissues compared to females; however, sex differences in lead levels were
not observed in tissues of children (Barry 1975; Treble and Thompson 1997). Autopsies of 41 men ages
18-80 years showed no relationship between blood lead concentrations and lead concentrations in
reproductive organs (Oldereid et al. 1993). In most soft tissues (including brain), lead does not appear to
accumulate as a function of age in humans over 20 years old (Barry 1975, 1981; Gross et al. 1975; Treble
and Thompson 1997), but these data are based on limited sample size. Selective accumulation of lead has
been observed in the hippocampus in both children and adults (EPA 1986a). However, this selective
concentration of lead in hippocampus may be an artifact of the use of dry rather than wet weights in the

analyses (Widzowski and Cory-Slechta 1991).

In animals, lead is widely distributed to soft tissues initially then redistributes and accumulates in bones. In
general, the liver, lungs, and kidneys of rats showed the highest tissue lead concentrations immediately after
acute exposure by inhalation (Boudene et al. 1977; Morgan and Holmes 1978), oral (Aungst et al. 1981),
dermal (Kehoe and Thamann 1931; Laug and Kunze 1948), and intravenous routes (Castellino and Aloj
1964). The lead content in the bones gradually increased while levels in soft tissues began to decline and
stabilize (Kehoe and Thamann 1931; Keller and Doherty 1980b). In a 12-month continuous inhalation
exposure to 0.0215 mg lead/m’ (species of lead not specified) in rats, lead content in kidney, liver, and lungs

were increased at 6 and 12 months (Griffin et al. 1975b). The bone had the highest concentrations of lead.
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Lead concentration in the lung increased the least. Following the end of exposure, tissue levels declined
except in the bone. A similar distribution pattern was observed in mice following intermediate exposure to
lead nitrate (Kozlowski and Wojcik 1987). In rats exposed to 5 or 50 ppm lead acetate via drinking water
(approximately 1.7 or 17 mg lead/kg/day) for 90 days the distribution of lead in the high-dose group was in
descending order: kidney > brain > spleen > prostate > heart > testis and liver (Areola et al. 1999). In the
low-dose group, significant lead accumulation was seen only in the brain and kidney. In most organs, the
lead concentration was highest 2 weeks after dosing began and subsequently declined. In the brain, lead
increased gradually over the 90-day dosing period. PbB in the low-dose group was similar to untreated
controls over the duration of the experiment (1-2 pg/dL), whereas in the high-dose group it rose gradually

to a maximum of about 16 ug/dL at the termination of the study.

The effects of aging on the tissue distribution of lead acetate were studied in male Fischer 344 rats; the
compound was administered in drinking water to juvenile (21-day-old), adult (8-month-old), and old
(16-month-old) rats (Cory-Slechta 1990b; Cory-Slechta et al. 1989). Animals received 0, 1.27, and

6.37 mg lead/kg/day for 9.5 months (Cory-Slechta 1990b) or 0 and 4.5 mg lead/kg/day for 11 months
(Cory-Slechta et al. 1989). Although the tissue lead distribution pattern (femur > kidneys > liver > brain)
was similar for the three groups of animals, age-related increases in distribution were found in the brain and
kidneys and a decline in lead content was found in the bones (femur). These age-related changes in tissue
concentration may be the result of bone demineralization and redistribution of released lead (Cory-Slechta
1990b). Retention was greater in suckling rats than adults following intraperitoneal exposure; brain levels
were higher and kidney levels were lower in the pups (Kostial et al. 1978). One day after administration of
the first dose of 50 mg lead/kg as lead acetate by gavage to neonatal rats, lead had accumulated in the liver,
kidney, intestine, and intestinal contents (Miller et al. 1983). No lead was found in the blood, bone, or
brain. Fifteen days after the first dose, and after the 50-mg/kg dose had been repeated for a total of five
administrations, the highest concentration of lead was found in the femur. Brain lead levels had also
increased. No accumulation of lead was observed in the lungs, heart, stomach, or spleen over the dosing
period. Rat pups (4-8 weeks old) had a 2—3-fold increase in brain lead concentration when oral doses
increased by 10-fold from 0.1 to 1 mg lead/kg (Collins et al. 1982). The highest brain lead level in these

pups was in the hippocampus.

Transplacental transfer of lead in humans has been demonstrated in a number of studies, and lead has been
identified in umbilical cord blood. In the work of Bellinger et al. (1987a), the mean lead concentration in

umbilical cord blood from a sample size of $11,000 women was 6.6+3.2 pg/dL. In a study of 236 pregnant
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women in Glasgow, Scotland, the geometric mean PbB levels were 14 pg/dL for the mothers and 12 pg/dL
in the umbilical cord at birth (Moore et al. 1982). The fetal/maternal PbB concentration ratio based on
maternal and umbilical cord blood lead concentrations at delivery, is approximately 0.9 (Abdulla et al.
1997b; Goyer 1990; Graziano et al. 1990; Schuhmacher et al. 1996). Diffusion, associated with fetal blood

flow rate, has been proposed as the primary mechanism for transplacental lead transport (Goyer 1990).

A portion of the maternal-to-fetal transfer of lead appears to be related to the mobilization of lead from the
maternal skeleton. Analysis for kinetics of changes in the stable isotope signatures of blood lead in
pregnant women as they come into equilibrium with a novel environmental lead isotope signature indicate
that 9—-65% of the lead in blood may derive from the mobilization of bone lead stores (Gulson et al. 1997).
Additional evidence for increased mobilization of bone lead into blood during pregnancy is provided from
studies in non-human primates and rats (Franklin et al. 1997; Maldonado-Vega et al. 1996). Lead may
enhance processes of bone demineralization (and excretion of bone lead to mother’s milk) by inhibiting
activation of vitamin D, decreasing calcium absorption, and interfering with hormonal regulation of mineral
metabolism and bone cell function (Silbergeld 1991). Direct evidence for transfer of maternal bone lead to
the fetus has been provided from stable lead isotope studies in cynomolgus monkeys (Macaca fascicularis);
approximately 7-39% of the maternal lead burden that is transferred to the fetus in this species appears to
derive from the maternal skeleton (Franklin et al. 1997). Maternal-to-fetal transfer of lead also has been
shown to occur in other animal models, including pigs and rats (Donald et al. 1986b; Jing et al. 1997).
Transfer of maternal lead to offspring can also occur during nursing, as indicated from studies in mice and

rats (Keller and Doherty 1980a; Palminger Hallén et al. 1995, 1996a, 1996b).

Studies in animal models have shown that maternal lead is distributed to breast milk and can be transferred
to offspring during breast feeding. Lead is transferred through breast milk to suckling mouse litters (Keller
and Doherty 1980a) and suckling rat litters (Palminger Hallén et al. 1995, 1996a, 1996b) if the mothers are
exposed prior to or during lactation. Approximately 25% of the maternal dose was transferred to suckling
mice via milk (Keller and Doherty 1980a), and 33% was transferred to suckling rats (Palminger Hallén et al.
1996a, 1996b), suggesting that excretion of lead into milk may represent a significant change in lead

pharmacokinetics in humans (both lactating mothers and nursed infants).

Organic Lead. The highest lead levels were reported to be in liver, kidney, spleen, and lungs from

autopsies (Gross et al. 1975). In a man and woman who accidentally inhaled a solvent containing 31%
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tetraethyl lead (17.6% lead weight to weight [w/w]) (Bolanowska et al. 1967), lead concentrations in the
tissues, from highest to lowest, were liver, kidney, brain, pancreas, muscle, and heart. In another incident, a
man ingested a chemical containing 59% tetraethyl lead (38% lead w/w); lead concentration was highest in

the liver followed by kidney, pancreas, brain, and heart (Bolanowska et al. 1967).

2.3.2.2 Bone

In human adults, approximately 94% of the total body burden of lead is found in the bones. In contrast,
bone lead accounts for 73% of the body burden in children (Barry 1975). This large pool of lead in adults
can serve to maintain blood lead levels long after exposure has ended (Flemming et al. 1997; Inskip et al.
1996; Kehoe 1987; O'Flaherty et al. 1982; Smith et al. 1996). It can also serve as a source of lead transfer
to the fetus when the maternal skeleton is catabolized for the production of the fetal skeleton (Franklin et al.

1997; Gulson et al. 1997).

Lead is not distributed uniformly in bone. Lead will accumulate in those regions of bone undergoing the
most active calcification at the time of exposure. During infancy and childhood, bone calcification is most
active in trabecular bone, whereas in adulthood, calcification occurs at sites of remodeling in cortical and
trabecular bone. This would suggest that lead accumulation will occur predominantly in trabecular bone
during childhood, and in both cortical and trabecular bone in adulthood (Auferheide and Wittmets 1992).
Two physiological compartments appear to exist for lead in cortical and trabecular bone, to varying degrees.
In one compartment, bone lead is essentially inert, having a half-life of several decades. A labile
compartment exists as well that allows for maintenance of an equilibrium of lead between bone and soft
tissue or blood (Rabinowitz et al. 1976, 1977). The presence of labile lead may be a more accurate
predictor of recent exposure or imminent toxicity than total body or whole blood burdens (EPA 1986a).
Although a high bone formation rate in early childhood results in the rapid uptake of circulating lead into
mineralizing bone, bone lead is also recycled to other tissue compartments or excreted in accordance with a
high bone resorption rate (O'Flaherty 1995a). Thus, most of the lead acquired early in life is not
permanently fixed in the bone (O'Flaherty 1995a). In general, bone turnover rates decrease as a function of
age, resulting in slowly increasing bone lead levels among adults. An X-ray fluorescence study of tibial
lead concentrations in individuals older than 10 years showed a gradual increase in bone lead after age 20
(Kosnett et al. 1994). In 60—70-year-old men, the total bone lead burden may be $200 mg, while children
less than 16 years old have been shown to have a total bone lead burden of 8 mg (Barry 1975). However, in

some bones (i.e., mid femur and pelvic bone) the increase in lead content plateaus at middle age and then
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decreases at higher ages (Drasch et al. 1987). This decrease is most pronounced in females and may be due
to osteoporosis. Bone lead burdens in adults are slowly lost by diffusion (heteroionic exchange) as well as

by resorption (O'Flaherty 1995a, 1995b).

Evidence for the exchange of bone lead and soft tissue lead stores comes from analyses of stable lead
isotope signatures of lead in bone and blood. A comparison of blood and bone lead stable isotope
signatures in five adults indicated that bone lead stores contributed to approximately 40—-70% of the lead in
blood (Smith et al. 1996). During pregnancy, the mobilization of bone lead increases, apparently as the
bone is catabolized to produce the fetal skeleton. Analysis for kinetics of changes in the stable isotope
signatures of blood lead in pregnant women as they come into equilibrium with a novel environmental lead
isotope signature indicate that 9—65% of the lead in blood may derive from the mobilization of bone lead
stores (Gulson et al. 1997). The mobilization of bone lead during pregnancy may contribute, along with
other mechanisms (e.g., increased absorption), to the increase in PbB concentration that has been observed
during the later stages of pregnancy (Gulson et al. 1997; Lagerkvist et al. 1996; Schuhmacher et al. 1996).
Additional evidence for increased mobilization of bone lead into blood during pregnancy is provided from
studies in non-human primates and rats (Franklin et al. 1997; Maldonado-Vega et al. 1996). Direct evidence
for transfer of maternal bone lead to the fetus has been provided from stable lead isotope studies in
cynomolgus monkeys (Macaca fascicularis) that were dosed with lead having a different stable isotope ratio
than the lead to which the monkeys were exposed at an earlier age; approximately 7-39% of the maternal
lead burden that is transferred to the fetus in this species appears to derive from the maternal skeleton

(Franklin et al. 1997).

2.3.3 Metabolism

Inorganic Lead. Inorganic lead ion in the body is not known to be metabolized or biotransformed
(Phase I processes); it does form complexes with a variety of protein and non-protein ligands (see
Section 2.4.1). Primarily, it is absorbed, distributed, and then excreted, often in complexed form (EPA

1986a).

Organic Lead. Alkyl lead compounds are actively metabolized in the liver by oxidative dealkylation

catalyzed by cytochrome P-450.
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Relatively few human studies that address the metabolism of alkyl lead compounds were found in the
available literature. The dealkylation, mediated by cytochrome P-450, of alkyl lead compounds is thought
to occur in the rat, mouse, and rabbit. This step converts tetraethyl and tetramethyl lead to the triethyl and
trimethyl metabolites, respectively, and inorganic lead (Bolanowska 1968; EPA 1986a; Kehoe and
Thamann 1931). Further biotransformation of these intermediate metabolites is highly species-specific.
Diethyl metabolite was not detected in rats receiving tetraethyl lead (Bolanowska 1968). Trialkyl lead
metabolites were found in the liver, kidney, and brain following exposure to the tetraalkyl compounds in
workers; these metabolites have also been detected in brain tissue of nonoccupational subjects (Bolanowska
et al. 1967; Nielsen et al. 1978). In volunteers exposed by inhalation to 0.64 and 0.78 mg lead/m’® of
2%pp-labeled tetracthyl and tetramethyl lead, respectively, lead was cleared from the blood within 10 hours,
followed by a reappearance of radioactivity back into the blood after approximately 20 hours (Heard et al.
1979). The high level of radioactivity initially in the plasma indicates the presence of tetraalkyl/trialkyl
lead. The subsequent rise in blood radioactivity, however, probably represents water-soluble inorganic lead
and trialkyl and dialkyl leads that were formed from the metabolic conversion of the volatile parent

compounds (Heard et al. 1979).

2.3.4 Excretion

Inorganic Lead. Excretion of lead for all routes of exposure is discussed without subdividing data
according to the route of exposure. In humans or animals, any dietary lead not absorbed by the gastro-
intestinal tract is eliminated in the feces (EPA 1986a). However, the feces also include an enterohepatic
component. Airborne lead that has been swallowed and not absorbed is eliminated in a similar fashion.

The lead that is not retained is either excreted by the kidney or excreted through biliary clearance, some in
the form of glutathione conjugates, into the gastrointestinal tract (EPA 1986a). For example, ingestion of
0.3-3.0 mg lead as lead acetate in drinking water per day for 16-208 weeks by adult volunteers resulted in
excretion of greater than 85% of the ingested lead, of which over 90% was found in the feces (Kehoe 1987).

Negligible amounts were eliminated in perspiration.

Urinary excretion of lead was observed at $1.0 mg lead per day after ingesting lead in the drinking water as
lead acetate (Kehoe 1987). The urinary lead excretion in men after 3 months of continuous inhalation
exposure to 0.011 mg lead/m’ was approximately 85 pg lead/g urinary solids, which was nearly double the
pre-exposure baseline level of urinary excretion (Griffin et al. 1975b). Lead content in feces did not reveal

any differences between the exposed and control groups (Griffin et al. 1975b). However, this may have
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been due to the relatively low concentration of lead used and the presence of lead in the diet. Moderately
exposed workers were shown to have mean levels of lead in urine of 0.05-0.2 mg/L (Robinson 1974). The
data suggest that 50-60% of the absorbed fraction of lead in adults in a steady-state condition with regard to
lead intake/output was excreted on a short-term basis (Chamberlain et al. 1978; Rabinowitz et al. 1976).
The half-life of this short-term fraction was found to be 19 days (Chamberlain et al. 1978). Comparison of
data on lead kinetics for children and adults, shows that infants may have a lower total excretion rate for
lead (Rabinowitz et al. 1977; Ziegler et al. 1978). Infants from birth to 2 years of age have been shown to
retain 31.7% of the total amount of lead absorbed (Ziegler et al. 1978), whereas adults retained only 1% of
an absorbed dose of lead (Rabinowitz et al. 1977).

In general, there is a greater excretion of lead in feces than in urine of animals following acute, intermediate,
and chronic exposure. Species differences exist in the rate and extent of total lead excretion. Rats excreted
43% of the dose after 5 days (Morgan et al. 1977) and 66% after 8 days (Momcilovic and Kostial 1974).

Six days after inhalation of 0.01 mg/m’ lead for 30-45 minutes in Wistar rats, 40% and 15% of the dose was
eliminated in the feces and urine, respectively (Boudene et al. 1977). After rats received an intravenous
dose of lead, 45.3% of the administered dose was excreted 6 days postexposure (Castellino and Aloj 1964).
Total excretion of lead was 7.29% and 18.3% of a single oral exposure to 6.37 mg/kg as lead acetate in
young and adult rhesus monkeys, respectively (Pounds et al. 1978). Three weeks following intravenous
administration of lead, Beagle dogs excreted approximately 50% of the dose; 75% of the excreted dose was
detected in the feces (Lloyd et al. 1975). Adult mice excreted 62% of injected lead by 50 days; cumulative
lead in feces was 25-50% (Keller and Doherty 1980a; Kostial and Momcilovic 1974). Fecal excretion was
relatively constant (6% of the dose per day) during the 30-day recovery period in mice fed wheat grain
containing 3.38, 83.2, or 171.1 mg lead/kg as lead nitrate for up to 40 days (Kozlowski and Wojcik 1987).
However, urinary excretion was not measured. With chronic lead exposure, the average fecal and urinary
lead concentrations in rats and rhesus monkeys exposed to 0.0215 mg lead/m’, 22 hours per day, for a year,
were higher than controls, with lead content greater in the feces than in the urine; however, there were high

individual variations in the excretion rate (Griffin et al. 1975b).

Lead is also eliminated in the bile (Klaassen and Shoeman 1974). In the rat, excretion occurs in the urine,
with greater excretion in the feces following intravenous administration (Castellino and Aloj 1964; Klaassen
and Shoeman 1974; Morgan et al. 1977). As the dose increases, the proportion of the lead excreted into the

gut via bile increases, then plateaus at 3 and 10 mg/kg (Klaassen and Shoeman 1974). Biliary excretion of
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lead is suggested to be a saturable process (Gregus and Klaassen 1986). Excretion of lead in the bile by
dogs amounted to approximately 2% of that by rats, and biliary excretion of lead by rabbits amounted to

approximately 40% of that by rats (Klaassen and Shoeman 1974).

In rats, excretion of lead was biphasic following intravenous administration, with half-lives of 21 hours for
the fast phase and 280 hours for the slow phase (Morgan et al. 1977). Dogs excreted lead in three phases,
with half-lives of 12, 184, and 4,951 days (Lloyd et al. 1975). The half-life of the terminal phase of a

biphasic elimination curve for mice was 110 days (Keller and Doherty 1980a).

Lead acetate administered at 100 pg lead/g in the drinking water of fasting rats for 3 days resulted in a
2-fold increase in the total mass of lead excreted in feces and urine compared with the same dose rate for fed
rats (Hayashi et al. 1993). In addition, the total mass of lead in feces of control animals that were fasted for
3 days resulted in an increase in the mass of lead excreted, suggesting that excretion of lead from other

tissues is enhanced during short periods of fasting.

Organic Lead. Urinary lead levels were elevated for 4 days in a man accidentally exposed to an
unknown quantity of tetramethyl lead (Gething 1975). Exhalation of the tetraalkyl lead compounds
following inhalation exposure is a major route of elimination in humans. At 48 hours postexposure, 40%
and 20% of the initially inhaled tetramethyl and tetraethyl lead doses, respectively, were exhaled with low
urinary excretion (Heard et al. 1979).

2.3.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and
disposition of chemical substances to quantitatively describe the relationships among critical biological
processes (Krishnan et al. 1994). PBPK models are also called biologically based tissue dosimetry models.
PBPK models are increasingly used in risk assessments, primarily to predict the concentration of potentially
toxic moieties of a chemical that will be delivered to any given target tissue following various combinations
of route, dose level, and test species (Clewell and Andersen 1985). Physiologically based pharmaco-
dynamic (PBPD) models use mathematical descriptions of the dose-response function to quantitatively

describe the relationship between target tissue dose and toxic end points.
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PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to delineate
and characterize the relationships between: (1) the external/exposure concentration and target tissue dose of
the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and Krishnan 1994;
Andersen et al. 1987). These models are biologically and mechanistically based and can be used to
extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from route to route,
between species, and between subpopulations within a species. The biological basis of PBPK models
results in more meaningful extrapolations than those generated with the more conventional use of

uncertainty factors.

The PBPK model for a chemical substance is developed in four interconnected steps: (1) model
representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and
Andersen 1994). In the early 1990s, validated PBPK models were developed for a number of
toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen 1994;
Leung 1993). PBPK models for a particular substance require estimates of the chemical substance-specific
physicochemical parameters, and species-specific physiological and biological parameters. The numerical
estimates of these model parameters are incorporated within a set of differential and algebraic equations that
describe the pharmacokinetic processes. Solving these differential and algebraic equations provides the

predictions of tissue dose. Computers then provide process simulations based on these solutions.

The structure and mathematical expressions used in PBPK models significantly simplify the true
complexities of biological systems. If the uptake and disposition of the chemical substance(s) is adequately
described, however, this simplification is desirable because data are often unavailable for many biological
processes. A simplified scheme reduces the magnitude of cumulative uncertainty. The adequacy of the
model is, therefore, of great importance, and model validation is essential to the use of PBPK models in risk

assessment.

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the
maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).
PBPK models provide a scientifically-sound means to predict the target tissue dose of chemicals in humans
who are exposed to environmental levels (for example, levels that might occur at hazardous waste sites)
based on the results of studies where doses were higher or were administered in different species.

Figure 2-4 shows a conceptualized representation of a PBPK model.
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Figure 2-4. Conceptual Representation of a Physiologically Based
Pharmacokinetic (PBPK) Model for a Hypothetical Chemical Substance

Inhaled chemical — — —4 T —> Exhaled chemical
! | r———n1
\J - Ingestion
|
Hnee \
/ I
< Liver < :
V l A : A
E
N Vmax Km Gl ?
8 - Tract E
< at R
S ; |
| A
Slowly | L
< perfused < |
B tissues I
L |
9 | Richly | B
D h perfused [ L
tissues # 8
Feces D
< Kidney <
Urine
< Skin <
A
I
- — — Chemicals in air

contacting skin

Source: adapted from Krishnan et al. 1994

Note: This is a conceptual representation of a physiologically based pharmacokinetic (PBPK) model for a
hypothetical chemical substance. The chemical substance is shown to be absorbed via the skin, by
inhalation, or by ingestion, metabolized in the liver, and excreted in the urine or by exhalation.
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For PBPK models for lead, the overall results and individual models are discussed in this section in terms of

their use in risk assessment, tissue dosimetry, dose, route, and species extrapolations.

The fundamental basis for physiological pharmacokinetics is given by Fick’s First Law, which states that
the rate of diffusion of a solute down a concentration gradient is proportional to the magnitude of the
gradient (O'Flaherty 1987). In the general case of modeling the rate of change in the amount of a chemical
in blood or tissue, Fick’s First Law can be expressed as blood flow rate times the concentration difference

according to the following equation:

where M, is the mass of a chemical in blood, V, is the volume of blood, C, - C, is the concentration
difference among blood and tissue fluids, and k, is the blood flow rate to the tissue (O'Flaherty 1987). Both
physiologically based pharmacokinetic models and classical pharmacokinetic models employ first-order
mass balance equations of this form with rate constants that have dimensions of flow rate. However, the
fundamental distinction between PBPK and classical models is that in PBPK models, the rate constant is a
physiologically based parameter (e.g., blood flow in the above equation), whereas in classical pharma-
cokinetics, precise physiological correlates to model parameters may not exist. In addition to using
physiologically based parameters of the test species, mass balance equations for each compartment in a
PBPK model also include physicochemical parameters (i.e., partition coefficients and biochemical
constants) for each chemical (Gerlowski and Jain 1983). The solution set of mass balance differential

equations yields chemical concentrations as a function of time in each compartment/tissue.

PBPK and classical pharmacokinetic models both have valid applications in lead risk assessment. Both
approaches can incorporate capacity-limited or nonlinear kinetic behavior in parameter estimates. An
advantage of classical pharmacokinetic models is that, because the kinetic characteristics of the
compartments of which they are composed are not constrained, a best possible fit to empirical data can be
arrived at by varying the values of the parameters (O'Flaherty 1987). However, such models are not readily
extrapolated to other species because the parameters do not have precise physiological correlates.
Compartmental models developed to date also do not simulate changes in bone metabolism, tissue volumes,

blood flow rates, and enzyme activities associated with pregnancy, adverse nutritional states, aging, or
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osteoporotic diseases. Therefore, extrapolation of classical compartmental model simulations outside the
age and exposure ranges for which they have been calibrated is assumed to be less reliable than for PBPK

model simulations (O'Flaherty 1995a).

2.3.5.1 Summary of Physiologically Based and Classical Pharmacokinetic Models.

Early lead modeling applications relied on classical pharmacokinetics. Compartments representing
individual organs or groups of organs that share a common characteristic were defined as fluid volumes, or
pools, that are kinetically homogeneous. For example, the body could be represented by a central
compartment (e.g., blood plasma), and one or two peripheral compartments which may be “shallow” or
“deep” (i.e., they may exchange relatively rapidly or relatively slowly with blood plasma) (O'Flaherty
1987). A three-compartment model for lead proposed by Rabinowitz et al. (1976), based on tracer and
balance data from five healthy men, identifies the relative proportioning of lead among the bone, blood, and
soft-tissue pools (Figure 2-5). The figure shows the lead content and mean half-life of each pool and the
rates of lead movement between pools (A). The blood compartment shows the shortest half-life (36 days),
followed by the soft-tissue compartment (40 days), and then by the bone compartment (10* days or
approximately 27 years). Bone contains most of the total body burden of lead, as discussed in Sections
2.3.2 (Distribution) and 2.4.1 (Pharmacokinetic Mechanisms). Thus, although sequestration by binding to
specific metal-binding proteins in liver, kidney, and red blood cells is an important mechanism by which
metals are distributed to various soft tissue compartments, physiologically based models for bone-seeking
elements such as lead require that bone turnover and metabolism be incorporated into modeling efforts

(O’Flaherty 1993).

The generation of more recent data on lead pharmacokinetics has allowed for a refinement of this three-
compartment model. The proposed multicompartment kinetic model for lead presented in Figure 2-6
addresses the diffusion of lead into bone and such principles as plasma-erythrocyte lead interactions
(Marcus 1985a, 1985b, 1985¢c). For the bone diffusion model, Marcus (1985a) used the lead kinetic
parameters generated for the dog. This model, which accounts for the exchange of lead between blood in
bone canaliculi and the crystalline bone of the osteon, enables one to predict the effect of a number of
parameters (such as diffusion and surface area) on the kinetics of lead in bone. A similar multicompartment
model was developed by Marcus (1985¢) to describe the kinetics of lead in plasma and erythrocytes. Based
on the data collected by DeSilva (1981), Marcus (1985c) incorporated four blood lead compartments into

this model: diffusible lead in plasma, protein-bound lead in plasma, a "shallow" erythrocyte pool, and a
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Figure 2-5. Lead Metabolism Model
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Figure 2-6. A Compartmental Model for Lead Biokinetics with Multiple Pool
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"deep" erythrocyte pool (see Figure 2-6). When this model is applied to the data of DeSilva (1981), a

curvilinear relationship results between plasma and blood lead levels.

Additional information on lead biokinetics and lead exposures has led to further refinements and expansions
of these earlier modeling efforts. Three pharmacokinetic models, in particular, are currently being
considered for broad application in lead risk assessment: (1) the O'Flaherty Model, a PBPK model for
children and adults (O'Flaherty 1993, 1995a); (2) the Integrated Exposure Uptake BioKinetic (IEUBK)
Model for Lead in Children developed by EPA (1994a, 1994b); and (3) the Leggett Model for children and
adults (Leggett 1993). Of the three approaches, only the O'Flaherty Model uses physiologically based
parameters to describe the volume, composition, and metabolic activity of blood and tissues that determine
the disposition of lead in the human body. Both the IEUBK Model and the Leggett Model are classic
multicompartmental models; the values of the age-specific transfer rate constants are based on kinetic data
from studies in animals and humans, and may not have precise physiological correlates. Thus, the structure
and parameterization of the O'Flaherty Model is distinct from both the IEUBK Model and Leggett Model.
The models represent the rate of uptake of lead (i.e., amount of lead absorbed per day) as relatively simple
functions of lead intake (e.g., uptake = intake x A, or uptake = intake x f[intake]). The values assigned to A
or other variables in f[intake] are, in general, age-specific and, in some models, environmental medium-
specific. However, the models do not modify the representation of uptake as functions of the many other
physiologic variables that may affect lead absorption (e.g., nutritional status). While one can view this
approach as a limitation of the models, it also represents a limitation of the data available to support more

complex representations of lead absorption.

The IEUBK Model is used to simulate multimedia exposures, uptake, and kinetics of lead in children ages

0 to 7 years; the model is not intended for use in predicting lead pharmacokinetics in adults. The O'Flaherty
and Leggett models are lifetime models, whose parameter values are based on experimental information
about the uptake and kinetics of lead during infancy, childhood, adolescence, and adulthood. Detailed
information describing exposure (e.g., residence-specific environmental lead concentrations, childhood
activity patterns) is not readily described by current versions of these models. By contrast, the IEUBK
model incorporates detailed exposure and uptake modules to estimate average daily uptake of lead (ng/day)
among populations of children potentially exposed via soil and dust ingestion, air inhalation, lead-based

paint chip ingestion, tap water ingestion, and diet.
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All three models have been calibrated, to varying degrees, against empirical physiological data on animals
and humans, and data on blood lead concentrations in individuals and/or populations (EPA 1994a, 1994c;
Leggett 1993; O'Flaherty 1993). However, applications in risk assessment require that the models
accurately predict blood lead distributions in real populations, in particular the “upper tails”(e.g., 95"
percentile), when input to the models consists of data that describe site-specific exposure conditions (e.g.,
environmental lead concentrations, physicochemical properties of soil and dust). In evaluating models for
use in risk assessment, exposure data collected at hazardous waste sites are used to drive model simulations.
The exposure module in the IEUBK model enables this type of evaluation to be made. Efforts described by
EPA (1994c¢) are currently in progress to fully assess the degree to which the [IEUBK model accurately

simulates PbB distributions in populations of children who are exposed to lead at hazardous waste sites.

2.3.5.2 Lead PBPK Model Comparison and Discussion

Several pharmacokinetic models have been developed to predict blood and tissue lead concentrations as a
function of multimedia lead exposures. Although the principal adverse health effects of lead have been
related to concentrations of lead in blood (see Section 2.2.1), current PbB concentrations may not always be
predictive of lead-related behavioral dysfunction and need not be the only measure of adverse health effects
of lead. Nevertheless, the empirical basis for a relationship between low levels of lead exposure and
behavioral dysfunction largely consists of prospective epidemiological studies relating various indices of
dysfunction with PbB concentration. Thus, in this context, PbB concentration has been related to health
effects of lead, and this is the main reason that the focus of interest in the models has been on estimating
PbB concentrations. Also, the best data with which to calibrate and validate the models has been data
relating exposure and/or lead intake to PbB concentration. Thus, there is greater confidence in the validity

of the models for estimating PbB concentrations, rather than lead levels in other physiologic compartments.

While these models simulate the transfer of lead between many of the same physiological compartments,
they use different methodologies to quantify lead exposure as well as the kinetics of lead transfer among the
compartments. As described earlier, in contrast to PBPK models, classical pharmacokinetic models are
calibrated to experimental data using transfer coefficients that may not have any physiological correlates.
Examples of lead models that use PBPK and classical pharmacokinetic approaches are discussed in the
following section, with a focus on the basis for model parameters, including age-specific blood flow rates

and volumes for multiple body compartments, kinetic rate constants, tissue dosimetry, and species



LEAD 224

2. HEALTH EFFECTS

extrapolations. The following three pharmacokinetic models for lead are discussed below: (1) the
O'Flaherty Model (O'Flaherty 1993, 1995a); (2) the IEUBK Model for Lead in Children (EPA 1994a,
1994b); and (3) the Leggett Model (Leggett 1993).

The O'Flaherty Model.

The O'Flaherty Model is a physiologically based pharmacokinetic (PBPK) model of lead uptake and
disposition in children and adults (O'Flaherty 1993, 1995a). Figure 2-7 shows a conceptualized represent-
ation of the O'Flaherty Model, including the movement of lead from exposure media (i.e., intake via
inhalation or ingestion) to the lungs and gastrointestinal tract, followed by the subsequent exchanges
between blood plasma, liver, kidney, richly-perfused tissues, poorly-perfused tissues, bone compartments,
and excretion from liver and/or kidney. A detailed exposure module is not linked to the O'Flaherty Model;
rather, lead exposure estimates are incorporated into the model as age-specific point estimates of average
daily intake (pg/day) from inhalation, or total ingestion via diet, dust, lead-based paint, soil, and water. The
model also simulates both age- and media-specific absorption. Because many of the pharmacokinetic
functions are based on body weight and age, the model can be used to estimate PbB concentrations across a
broad age range, including infants, children, adolescents, and adults. The model uses physiologically based
parameters to describe the volume, composition, and metabolic activity of blood, soft tissues, and bone that

determine the disposition of lead in the human body.

Description of the model. The O'Flaherty Model simulates lead absorption and disposition as a
function of age-specific anatomical and physiological variables. A central feature of the model is the
growth curve, a logistic expression relating body weight to age. The full expression relating weight to age
has five parameters (constants), so that it can readily be adapted to fit a range of standardized growth curves
for men and women. The values of the five parameters were calibrated (but not optimized) based on
comparisons with model predictions and concentrations measurements in empirical studies (O'Flaherty

1991a). Physiologic functions are linked to body weight, to age, or to both, as appropriate.

Bone formation rate is also a critical feature of the model. The model includes three mechanisms of
interaction of lead with bone. One is the rapid exchange of lead at all surfaces of the bone in contact with
blood, one is incorporation into forming bone and return to the blood with resorbing bone, and the third is a
heteroionic exchange process that can be modeled as diffusion throughout the entire bone volume

(O'Flaherty 1995b). All three processes are linked to body weight, or the rate of change of weight with age.
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Figure 2-7. Compartments and Pathways of Lead Exchange
in the O’Flaherty Model
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The physiological parameters required to simulate these processes were first derived for a PBPK model of
lead in rats (O'Flaherty 1991a), and include rate of body growth; bone formation rate, net bone volume,
volume of rapidly exchanging fraction of bone mineral, and blood flow rate to bone; and bone structure
(canaliculi diameter and spacing), in addition to specifying the fractional tissue volumes and blood flow
rates to other tissue compartments. Values for many of these growth and bone-related parameters used in
the PBPK for humans are given in Table 2-6. In contrast to the values of the plasma/erythrocyte
partitioning parameters, the values of the partition coefficients do not greatly influence the whole-body
predictions of the model (O'Flaherty 1991a). Parameters describing bone formation rate for children were
calibrated based on measured bone calcium accretion rates in healthy children and adolescents using a stable
calcium isotope technique (Abrams et al. 1992). Values of allometric exponents less than unity in
expressions for liver, kidney, and bone volumes as a function of body weight, mean that these organs

occupy a slightly greater fraction of model body weight in children than in adults (O'Flaherty 1991a).

Only a subset of the parameter values in the O'Flaherty model require inputs from the user to simulate blood
and tissue lead concentrations. Lead-related parameters for which values can be entered into the model
include: fractional absorption from the gastrointestinal tract; partition coefficients for lead in non-bone
tissues and in the surface region of bone; maximum capacity and half-saturation concentration for capacity-
limited binding in the erythrocyte; elimination clearance; fractional clearance of lead from plasma into
forming bone; and the restricted permeability coefficients for lead diffusion within bone, from plasma into

bone, and from bone into plasma (O'Flaherty 1991a).

The O'Flaherty Model incorporates exposure routes that are unique to infants and children, including infant
formula, and elevated soil and dust ingestion rates (mg/day). Age-specific soil and dust ingestion rates
(mg/day) are simulated separately, with the peaks of soil and dust ingestion occurring at ages 3 and 2 years,
respectively. The model includes two routes of lead (Pb) intake: ingestion and inhalation. Lead levels in
dust, soil, drinking water, infant formula or milk, and air (both ambient and workplace) are inputs to each
simulation. Lead intake rates from these media are computed using medium-specific ingestion or
respiration rate as a function of age and gender. Soil and dust exposures are modeled as age-specific
ingestion only in children (0.3 to 6.5 years); ingestion of dusts and soils by adults is not included in the
current version of the model. Soil and dust bioavailability may be specified by the user. Lead intakes from
food can also be specified. Values for ambient air Pb concentration and food Pb ingestion rate vary with
date of birth, simulating the decline in lead in food and air since 1970 and 1975, respectively. Intake may

occur at any age, however fetal exposure is not explicitly addressed in the model. Sequential input files
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Table 2-6. Kinetic Constants and Model Parameters in the O’Flaherty Model

Physiological parameters Parameter value Units

Partition coefficients for blood

Maximum binding capacity of erythrocytes 27 mg lead/L red cell volume
Half-saturation concentration 0.0075 mg lead/L red cell volume
Partition coefficients for blood/tissue kinetics
Blood/liver 100 unitless
Blood/kidney 100 unitless
Blood/other rapidly perfused 100 unitless
Blood/bone 1000 unitless
Blood/other slowly perfused 20 unitless
Metabolic constants
Fractional clearance into forming bone 15,000 L plasma cleared/L bone formed
Permeability coefficient bone/bone 1x107 cm/day-unit distance
Permeability coefficient bone/plasma 1x107 cm/day-unit distance
Permeability coefficient plasma/bone 0.08 cm/day-unit distance
Weights
Newborn (kg) 3.5 kg
Max child (kg) 22 kg
K, logistic growth curve constant 600 unitless
K, logistic growth curve constant 0.017 unitless
Volume, allometric exponents
Liver 0.85 L
Kidney 0.84 L
Bone 1.02 L
Surface bone 2.04x10® L
Bone growth?
Bone mass 1.21 kg
A1 0.1 year’
A2 4.6 year
A3 0.55 year
Bone structure
Canicule spacing (um) 8 micrometers
Canicule surface 3.1x10* (cm?cm length)
Canicule total length 2.0x10° (cm/L bone)

® Three-parameter expression relates bone formation rate with body and bone growth, according to: Bone
formation = A1 + (A2)(1-EXP(-A3) x (rate of change of bone mass / bone mass).

Source: Derived from O’Flaherty 1993
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may be specified to simulate changes in lead levels and intake rates over time. Both chronic and acute
exposures may be modeled. Fractional lead absorption from the gastrointestinal tract was modeled as a

first-order process.

The O'Flaherty Model simulates the age-dependence of lead kinetics on such factors as absorption
efficiency, excretion efficiency, uptake into bone and loss from bone, and partitioning between plasma and
red blood cells. The model does not incorporate age, dose rate, or time dependence of lead accumulation in
every organ (e.g., kidney) because the complex patterns of lead accumulation in certain tissues are not
known (O'Flaherty 1991a) (see Section 2.4.1). However, the basic model structure allows for additional
modules to be incorporated, depending on its intended use in risk assessment. For example, additional
modules that are currently being developed are a pregnancy model and a model of net bone loss in older

women and men.

Risk assessment. The O'Flaherty Model has several potential applications to risk assessments at
hazardous waste sites. The model can be used to predict the PbB concentrations in a broad age range,
including infants, children, and adults. The model may be modified to simulate the pharmacokinetics of
lead in potential sensitive subpopulations, including pregnant women and fetuses, as well as older adults.
The model does not contain a detailed exposure module; however, model simulations have been run holding
physiological variables fixed and allowing soil and dust lead concentrations to vary in order to estimate the
range of environmental lead concentrations that would be expected to yield close correspondence between

predicted and observed PbB concentrations (O'F