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UPDATE STATEMENT
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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 toxic substances each profile describes. Each peer-reviewed profile identifies and
reviews the key literature that describes a 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 profiles focus 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. A health effects summary describes the adequacy
of information to determine a substance's health effects. ATSDR identifies data needs that are significant
to protection of public health.

Each profile:

(A) Examines, summarizes, and interprets available toxicologic information and
epidemiologic evaluations on a toxic substance to ascertain the levels of significant human
exposure for the substance and the associated acute, subacute, and chronic health effects;

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

©) Where appropriate, identifies 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 federal, state, and local health professionals;
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 also
have 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.

Christophér J. Portier, Ph.D.
Assistant Administrator
Agency for Toxic Substances and Disease Registry

|
|

}
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*Legislative Background

The toxicological profiles are developed under the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section
104(i)(1) directs the Administrator of ATSDR to “...effectuate and implement the health related
authorities” of the statute. This includes the preparation of toxicological profiles for hazardous
substances 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 EPA. Section
104(i)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile
for each substance on the list. In addition, ATSDR has the authority to prepare toxicological profiles for
substances not found at sites on the National Priorities List, in an effort to .. .establish and maintain
inventory of literature, research, and studies on the health effects of toxic substances” under CERCLA
Section 104(i)(1)(B), to respond to requests for consultation under section 104(i)(4), and as otherwise
necessary to support the site-specific response actions conducted by ATSDR.
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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: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets,
and assesses the significance of toxicity data to human health.

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length
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 3.7 Children’s Susceptibility
Section 6.6 Exposures of Children

Other Sections of Interest:
Section 3.8 Biomarkers of Exposure and Effect
Section 3.11  Methods for Reducing Toxic Effects

ATSDR Information Center
Phone:  1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY) Fax: (770)488-4178
E-mail: cdcinfo@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.


http:http://www.atsdr.cdc.gov
mailto:cdcinfo@cdc.gov
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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 III—
Medical 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: AOEC@AOEC.ORG ¢« Web Page: http://www.aoec.org/.

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, 25 Northwest Point Boulevard, Suite 700, Elk
Grove Village, IL 60007-1030 « Phone: 847-818-1800 « FAX: 847-818-9266.


http:http://www.aoec.org
mailto:AOEC@AOEC.ORG
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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 Environmental Toxicology Branch (proposed) 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 manganese. The panel consisted of the following members:

1. David Dorman, D.V.M., Ph.D., Associate Dean for Research and Graduate Studies, College of
Veterinary Medicine, Professor of Toxicology, Department of Molecular Biomedical Sciences,
North Carolina State University, Raleigh, North Carolina 27606,

2. Donald Smith, Ph.D., Professor of Environmental Toxicology, University of California, Santa
Cruz, California 95064, and

3. Wei Zheng, Ph.D., Director of Graduate Studies, School of Health Sciences, Purdue University,
West Lafayette, Indiana 47907.

These experts collectively have knowledge of manganese’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.

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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MANGANESE 1

1. PUBLIC HEALTH STATEMENT

This public health statement tells you about manganese and the effects of exposure to it.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in the
nation. These sites are then placed on the National Priorities List (NPL) and are targeted for long-term
federal clean-up activities. Manganese has been found in at least 869 of the 1,699 current or former NPL
sites. Although the total number of NPL sites evaluated for this substance is not known, the possibility
exists that the number of sites at which manganese is found may increase in the future as more sites are
evaluated. This information is important because these sites may be sources of exposure and exposure to

this substance may harm you.

When a substance is released either from a large area, such as an industrial plant, or from a container,
such as a drum or bottle, it enters the environment. Such a release does not always lead to exposure. You
can be 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 manganese, many factors will determine whether you will 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 any other chemicals you are exposed to and your age, sex, diet, family traits, lifestyle, and

state of health.
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1.1 WHAT IS MANGANESE?

Description

Uses
e Manufacturing

e Consumer products

1.

PUBLIC HEALTH STATEMENT

Manganese is a naturally occurring substance found in many
types of rocks and soil. Pure manganese is a silver-colored
metal; however, it does not occur in the environment as a pure
metal. Rather, it occurs combined with other substances such
as oxygen, sulfur, and chlorine. Manganese is a trace element
and is necessary for good health.

Manganese is used principally in steel production to improve
hardness, stiffness, and strength. It is used in carbon steel,

stainless steel, high-temperature steel, and tool steel, along

with cast iron and superalloys.

Manganese occurs naturally in most foods and may be added
to food or made available in nutritional supplements.
Manganese is also used in a wide variety of other products,
including:

* fireworks

e dry-cell batteries

« fertilizer

* paints

* a medical imaging agent

* cosmetics

It may also be used as an additive in gasoline to improve the
octane rating of the gas.

Small amounts of manganese are used in a pharmaceutical
product called mangafodipir trisodium (MnDPDP) to improve
lesion detection in magnetic resonance imaging of body organs.

Chapters 4, 5, and 6 have more information on the properties and uses of manganese and how it behaves

in the environment.
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1. PUBLIC HEALTH STATEMENT

1.2 WHAT HAPPENS TO MANGANESE WHEN IT ENTERS THE ENVIRONMENT?

Sources

Breakdown

Manganese is a normal constituent of air, soil, water, and food.
Additional manganese can be found in air, soil, and water after
release from the manufacture, use, and disposal of manganese-
based products.

As with other elements, manganese cannot break down in the
environment. It can only change its form or become attached or
separated from particles. The chemical state of manganese
and the type of soil determine how fast it moves through the soil
and how much is retained in the soil. In water, most of the
manganese tends to attach to particles in the water or settle into
the sediment.

The manganese-containing gasoline additive may degrade in
the environment quickly when exposed to sunlight, releasing
manganese.

For more information on manganese in the environment, see Chapter 6.

1.3 HOW MIGHT | BE EXPOSED TO MANGANESE?

Food - primary
source of exposure

Workplace air

Water and soil

The primary way you can be exposed to manganese is by eating food
or manganese-containing nutritional supplements. Vegetarians who
consume foods rich in manganese such as grains, beans and nuts, as
well as heavy tea drinkers, may have a higher intake of manganese
than the average person.

Certain occupations like welding or working in a factory where steel is
made may increase your chances of being exposed to high levels of
manganese.

Because manganese is a natural component of the environment, you
are always exposed to low levels of it in water, air, soil, and food.
Manganese is routinely contained in groundwater, drinking water and
soil at low levels. Drinking water containing manganese or swimming
or bathing in water containing manganese may expose you to low
levels of this chemical.
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Air

1. PUBLIC HEALTH STATEMENT

Air also contains low levels of manganese, and breathing air may
expose you to it. Releases of manganese into the air occur from:
* industries using or manufacturing products containing manganese,
* mining activities, and
* automobile exhaust.

Lifestyle traits may also lead to exposure to manganese. People who
smoke tobacco or inhale second-hand smoke are typically exposed to
manganese at levels higher than those not exposed to tobacco smoke.

See Chapter 6 for more information on how you might be exposed to manganese or its compounds.

1.4 HOW CAN MANGANESE ENTER AND LEAVE MY BODY?

Enter your body
¢ Inhalation

* Ingestion

¢ Dermal contact

Leave your body

When you breathe air containing manganese, a small amount of the
manganese will enter your body through your lungs and the remainder
can become trapped in your lungs. Some of the manganese in your
lungs can also be trapped in mucus which you may cough up and
swallow into your stomach.

Manganese in food or water may enter your body through the digestive
tract to meet your body’s needs for normal functioning.

Only very small amounts of manganese can enter your skin when you
come into contact with liquids containing manganese.

Once in your body, manganese-containing chemicals can break down
into other chemicals. However, manganese is an element that cannot
be broken down. Most manganese will leave your body in feces within
a few days.

For more information on how manganese enters and leaves the body, see Chapter 3.

1.5 HOW CAN MANGANESE AFFECT MY HEALTH?

This section looks at studies concerning potential health effects in human and animal studies.

General population

Manganese is an essential nutrient, and eating a small amount of it
each day is important to stay healthy.
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Workers
¢ Inhalation The most common health problems in workers exposed to high levels

of manganese involve the nervous system. These health effects
include behavioral changes and other nervous system effects, which
include movements that may become slow and clumsy. This
combination of symptoms when sufficiently severe is referred to as
“manganism.” Other less severe nervous system effects such as
slowed hand movements have been observed in some workers
exposed to lower concentrations in the work place.

The inhalation of a large quantity of dust or fumes containing
manganese may cause irritation of the lungs which could lead to
pneumonia.

Loss of sex drive and sperm damage has also been observed in men
exposed to high levels of manganese in workplace air.

The manganese concentrations that cause effects such as slowed hand
movements in some workers are approximately twenty thousand times
higher than the concentrations normally found in the environment.
Manganism has been found in some workers exposed to manganese
concentrations about a million times higher than normal air
concentrations of manganese.

Laboratory animals
¢ Inhalation Respiratory effects, similar to those observed in workers, have been
observed in laboratory monkeys exposed to high levels of manganese.

Laboratory animals
* Oral Manganese has been shown to cross the blood-brain barrier and a
limited amount of manganese is also able to cross the placenta during
pregnancy, enabling it to reach a developing fetus.

Nervous system disturbances have been observed in animals after very
high oral doses of manganese, including changes in behavior.

Sperm damage and adverse changes in male reproductive
performance were observed in laboratory animals fed high levels of
manganese. Impairments in fertility were observed in female rodents
provided with oral manganese before they became pregnant.

llinesses involving the kidneys and urinary tract have been observed in
laboratory rats fed very high levels of manganese. These illnesses
included inflammation of the kidneys and kidney stone formation.

Cancer The EPA concluded that existing scientific information cannot
determine whether or not excess manganese can cause cancer.

Further information on the health effects of manganese in humans and animals can be found in

Chapters 2 and 3.
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1.6 HOW CAN MANGANESE AFFECT CHILDREN?

This section discusses potential health effects in humans from exposures during the period from

conception to maturity at 18 years of age.

Effects in children

Birth defects

Studies in children have suggested that extremely high levels of
manganese exposure may produce undesirable effects on brain
development, including changes in behavior and decreases in the
ability to learn and remember. In some cases, these same manganese
exposure levels have been suspected of causing severe symptoms of
manganism disease (including difficulty with speech and walking). We
do not know for certain that these changes were caused by manganese
alone. We do not know if these changes are temporary or permanent.
We do not know whether children are more sensitive than adults to the
effects of manganese, but there is some indication from experiments in
laboratory animals that they may be.

Studies of manganese workers have not found increases in birth
defects or low birth weight in their children.

No birth defects were observed in animals exposed to manganese

In one human study where people were exposed to very high levels of
manganese from drinking water, infants less than 1 year of age died at
an unusually high rate. It is not clear, however, whether these deaths
were attributable to the manganese level of the drinking water. The
manganese toxicity may have involved exposures to the infant that
occurred both before (through the mother) and after they were born.
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Avoid inhalation of
manganese at work

Avoid wearing
manganese dust-
contaminated work
clothing in your home
or car

Avoid inhalation of
welding fumes at
home

Diet

Water

Smoking

1. PUBLIC HEALTH STATEMENT

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

High levels of airborne manganese are observed in certain
occupational settings such as steel factories or welding areas. You
should take precautions to prevent inhalation of manganese by
wearing an appropriate mask to limit the amount of manganese you
breathe.

Workers exposed to high levels of airborne manganese in certain
occupational settings may accumulate manganese dust on their work
clothes. Manganese-contaminated work clothing should be removed
before getting into your car or entering your home to help reduce the
exposure hazard for yourself and your family.

If you weld objects around your home, do so in a well-ventilated area
and use an appropriate mask to decrease your risk of inhaling
manganese-containing fumes. Children should be kept away from
welding fumes.

Children are not likely to be exposed to harmful amounts of
manganese in the diet. However, higher-than-usual amounts of
manganese may be absorbed if their diet is low in iron. It is important
to provide your child with a well-balanced diet.

While tap and bottled water generally contain safe levels of
manganese, well water may sometimes be contaminated with
sufficiently high levels of manganese to create a potential health
hazard. If drinking water is obtained from a well water source, it may
be wise to have the water checked for manganese to ensure the level
is below the current guideline level established by the EPA.

Manganese is a minor constituent of tobacco smoke. Avoiding
tobacco smoke may reduce your family’s exposure to manganese.

If your doctor finds that you have been exposed to significant amounts of manganese, ask whether your

children might also be exposed. Your doctor might need to ask you state health department to investigate.
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1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN EXPOSED TO
MANGANESE?

Detecting exposure Several tests are available to measure manganese in blood, urine,
hair, or feces. Because manganese is normally present in our body,
some is always found in tissues or fluids.

Normal ranges of manganese levels are about 4—-15 ug/L in blood, 1-
8 ug/L in urine, and 0.4-0.85 pg/L in serum (the fluid portion of the
blood).

Measuring exposure Because excess manganese is usually removed from the body within
a few days, past exposures are difficult to measure with common
laboratory tests.

A medical test known as magnetic resonance imaging, or MRI, can
detect the presence of increased amounts of manganese in the brain.
However, this type of test is qualitative, and has not been shown to
reliably reflect or predict toxicologically meaningful exposures.

Information about tests for detecting manganese in the body is given in Chapters 3 and 7.

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. The EPA, the Occupational Safety and Health Administration (OSHA), and the
Food and Drug Administration (FDA) are some federal agencies that develop regulations for toxic
substances. Recommendations provide valuable guidelines to protect public health, but cannot be
enforced by law. The Agency for Toxic Substances and Disease Registry (ATSDR) and the National
Institute for Occupational Safety and Health (NIOSH) are two federal organizations that develop

recommendations for toxic substances.

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a toxic
substance in air, water, soil, or food that do not exceed a critical value that is usually based on levels that
affect animals; they are then adjusted to levels that will help protect humans. Sometimes these not-to-
exceed levels differ among federal organizations because they used different exposure times (an 8-hour

workday or a 24-hour day), different animal studies, or other factors.
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Recommendations and regulations are also updated periodically 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 manganese include the following:

Drinking water The EPA has established that exposure to manganese in drinking water at
concentrations of 1 mg/L for 1 or 10 days is not expected to cause any
adverse effects in a child.

The EPA has established that lifetime exposure to 0.3 mg/L manganese is
not expected to cause any adverse effects.

Bottled water The FDA has established that the manganese concentration in bottled
drinking water should not exceed 0.05 mg/L.

Workplace air OSHA set a legal limit of 5 mg/m® manganese in air averaged over an
8-hour work day.

For more information on regulations and advisories, see Chapter 8.

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 contact ATSDR at the address and phone number below.

ATSDR can also tell you the location of occupational and environmental health clinics. These clinics
specialize in recognizing, evaluating, and treating illnesses that result from exposure to hazardous

substances.

Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM. You may
request a copy of the ATSDR ToxProfiles™ CD-ROM by calling the toll-free information and technical
assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at cdcinfo@cdc.gov, or by writing

to:

Agency for Toxic Substances and Disease Registry

Division of Toxicology and Human Health Sciences (proposed)
1600 Clifton Road NE

Mailstop F-62

Atlanta, GA 30333

Fax: 1-770-488-4178


mailto:cdcinfo@cdc.gov
http:www.atsdr.cdc.gov
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Organizations for-profit may request copies of final Toxicological Profiles from the following:

National Technical Information Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

Phone: 1-800-553-6847 or 1-703-605-6000
Web site: http://www.ntis.gov/

10
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2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO MANGANESE IN THE
UNITED STATES

Manganese is a naturally occurring element and an essential nutrient. Comprising approximately 0.1% of
the earth’s crust, it is the twelfth most abundant element and the fifth most abundant metal. Manganese
does not exist in nature as an elemental form, but is found mainly as oxides, carbonates, and silicates in
over 100 minerals with pyrolusite (manganese dioxide) as the most common naturally-occurring form.

As an essential nutrient, several enzyme systems have been reported to interact with or depend on
manganese for their catalytic or regulatory function. As such, manganese is required for the formation of
healthy cartilage and bone and the urea cycle; it aids in the maintenance of mitochondria and the

production of glucose. It also plays a key role in wound-healing.

Manganese exists in both inorganic and organic forms. An essential ingredient in steel, inorganic
manganese is also used in the production of dry-cell batteries, glass and fireworks, in chemical
manufacturing, in the leather and textile industries and as a fertilizer. The inorganic pigment known as
manganese violet (manganese ammonium pyrophosphate complex) has nearly ubiquitous use in
cosmetics and is also found in certain paints. Organic forms of manganese are used as fungicides, fuel-oil

additives, smoke inhibitors, an anti-knock additive in gasoline, and a medical imaging agent.

The average manganese soil concentrations in the United States is 40-900 mg/kg; the primary natural
source of the manganese is the erosion of crustal rock. Its presence in soil results in vegetable and animal
foods reliably containing varying amounts of the mineral. As an essential nutrient, manganese is added to
certain foods and nutritional supplements. Vegetarians often have diets richer in manganese than those

who select omnivorous diets.

The most important source of manganese in the atmosphere results from the air erosion of dusts or soils.
The mean concentration of manganese in ambient air in the United States is 0.02 pg/m’; however,
ambient levels near industrial sources can range from 0.22 to 0.3 pg/m’. Manganese is released into
waterways mainly through the erosion of rocks and soils, mining activities, and industrial waste, or by the
leaching of manganese from anthropogenic materials discarded in landfills or soil, such as dry-cell
batteries. Surface waters in the United States contain a median manganese level of 16 ng/L, with

99™ percentile concentrations of 400-800 pg/L. Groundwater in the United States contains median
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manganese levels of 5 to 150 pg/L, with the 99" percentile at 2,900 or 5,600 pg/L in rural or urban areas,

respectively.

The general population is exposed to manganese through consumption of food and water, inhalation of
air, and dermal contact with air, water, soil, and consumer products that contain manganese. The primary
source of manganese intake is through diet. The Food and Nutrition Board (FNB) of the Institute of
Medicine (IOM) has set adequate intake (Al) levels for manganese for humans. These levels are

presented in Table 2-1.

The inhalation of air contaminated with particulate matter containing manganese is the primary source of
excess manganese exposure for the general population in the United States. Populations living in close
proximity to mining activities and industries using manganese may be exposed by inhalation to high
levels of manganese in dust. Workers in these industries are especially vulnerable to exposure to
manganese dust. Manganese concentrations in soil may be elevated when the soil is in close proximity to
a mining source or industry using manganese and may therefore pose a risk of excess exposure to children
who ingest contaminated soil. Manganese is ubiquitous in drinking water in the United States. Although
certain water sources in the United States are contaminated with excess manganese, there is little risk of
excessive exposure to manganese through ingestion of fish or shellfish emanating from contaminated
waters, unless the manganese levels in the fish are extremely high and/or the fish are eaten as subsistence.
Although many forms of manganese are water-soluble, there is little evidence that dermal contact with
manganese results in significant absorption through the skin. Thus, dermal contact with manganese is not

generally viewed as an important source of exposure to the population at large.

Excess exposure to manganese may be revealed by tests to detect heightened levels in body fluids as well
as in hair samples. Normal ranges of manganese levels in body fluids are 4-15 pg/L in blood, 1-8 pg/L
in urine, and 0.4-0.85 pg/L in serum. Excess manganese in the body characteristically accumulates in the
brain region known as the basal ganglia. This accumulation can be revealed by magnetic resonance
imaging (MRI]) as a distinctive symmetrical high-signal lesion in the globus pallidus region of the basal

ganglia on T1- but not T2-weighted MRI.

2.2 SUMMARY OF HEALTH EFFECTS

Although low levels of manganese intake are necessary for human health, exposures to high manganese

levels are toxic. Reports of adverse effects resulting from manganese exposure in humans are associated


http:0.4�0.85
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Table 2-1. Adequate Intake (Al) for Manganese

13

Life stage Age Males (mg/day) Females (mg/day)
Infants 0—6 Months 0.003 0.003

Infants 7-12 Months 0.6 0.6

Children 1-3 Years 1.2 1.2

Children 4-8 Years 1.5 1.5

Children 9-13 Years 1.9 1.6
Adolescents 14-18 Years 2.2 1.6

Adults 19 Years and older 2.3 1.8

Pregnancy All ages — 20

Lactation All ages — 2.6

Source: FNB/IOM 2001
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primarily with inhalation in occupational settings. Inhaled manganese is often transported directly to the
brain before it is metabolized by the liver. The symptoms of manganese toxicity may appear slowly over
months and years. Manganese toxicity can result in a permanent neurological disorder known as
manganism with symptoms that include tremors, difficulty walking, and facial muscle spasms. These
symptoms are often preceded by other lesser symptoms, including irritability, aggressiveness, and
hallucinations. Some studies suggest that manganese inhalation can also result in adverse cognitive
effects, including difficulty with concentration and memory problems. Although the workplace is the
most common source of excess inhalation of manganese, frequent inhalation of fumes from welding
activities in the home can produce a risk of excess manganese exposure leading to neurological
symptoms. Environmental exposures to airborne manganese have been associated with similar preclinical
neurological effects and mood effects as are seen in occupational studies. Acute or intermediate exposure
to excess manganese also affects the respiratory system. Inhalation exposure to high concentrations of
manganese dusts (specifically manganese dioxide [MnQO,] and manganese tetroxide [Mn;0O,]) can cause
an inflammatory response in the lung, which, over time, can result in impaired lung function. Lung
toxicity is manifested as an increased susceptibility to infections such as bronchitis and can result in
manganic pneumonia. Pneumonia has also been observed following acute inhalation exposures to
particulates containing other metals. Thus, this effect might be characteristic of inhalable particulate

matter and might not depend solely on the manganese content of the particle.

A number of reports indicate that oral exposure to manganese, especially from contaminated water
sources, can produce significant health effects. These effects have been most prominently observed in
children and are similar to those observed from inhalation exposure. An actual threshold level at which
manganese exposure produces neurological effects in humans has not been established. However,
children consuming the same concentration of manganese in water as adults are ultimately exposed to a
higher mg/kg-body weight ratio of manganese than adults (as a consequence of the lower body weight of
children as well as their higher daily consumption volume and greater retention of manganese). Children
are also potentially more sensitive to manganese toxicity than adults. A study conducted in infant
monkeys suggests that soy-based infant formula, which contains a naturally higher concentration of
manganese than human or cow’s milk, may produce mild effects on neurological development, although
such effects have not been documented in humans. While many of the studies reporting oral effects of
excess manganese have limitations that preclude firm conclusions about the potential for adverse effects,
these studies collectively suggest that ingestion of water and/or foodstuffs containing increased

concentrations of manganese may result in adverse neurological effects.
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There is indirect evidence that reproductive outcomes might be affected (decreased libido, impotence, and
sexual dysfunction have been observed in manganese-exposed men). The available studies on the effect
that manganese has on fertility (as measured by birthrate) is inconclusive. Two studies in men
occupationally exposed to manganese show adverse effects on reproductive parameters: one found
increased sexual dysfunction and the other found reduced sperm quality, but neither measured birthrate in
wives of affected workers. Impaired sexual function in men may be one of the earliest clinical
manifestations of manganese toxicity, but no dose-response information is currently available, so it is not
possible to define a threshold for this effect. There is a lack of information regarding effects in women
since most data are derived from studies of male workers. Developmental data in humans exposed to
manganese by inhalation are limited and consist mostly of reports of adverse pulmonary effects from
inhaling airborne manganese dust and adverse neurological effects in offspring following ingestion
exposure. Animal studies indicate that manganese is a developmental toxin when administered orally and
intravenously, but inhalation data concerning these effects are scarce and not definitive. Some studies in
children suggest that routine exposures to high levels of manganese from contaminated drinking water

may ultimately impair intellectual performance and behavior.

The few available inhalation and oral studies in humans and animals indicate that inorganic manganese
exposure does not cause significant injury to the heart, stomach, blood, muscle, bone, liver, kidney, skin,
or eyes. However, if manganese is in the (VII) oxidation state (as in potassium permanganate), then
ingestion may lead to severe corrosion at the point of contact. Studies in pigs have revealed a potential

for adverse coronary effects from excess manganese exposure.

There is no evidence that manganese causes cancer in humans. Although no firm conclusions can be
drawn from the mixed results in animal studies, there are little data to suggest that inorganic manganese is
carcinogenic. The IRIS has provided manganese with a weight-of-evidence classification D—not

classifiable as to human carcinogenicity.

It should be noted that individuals with cirrhosis of the liver, as well as children with a congenital venous
anomaly known as a portosystemic shunt, may be at heightened risk of health deficits from exposure to
dietary and environmental sources of manganese. Manganese is ordinarily eliminated from the body
through bile, but cirrhosis and portosystemic shunts impair the normal functioning of the liver and thus
limit the ability of the body to excrete manganese, which then can accumulate in the blood and,

eventually, the brain.
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A more detailed discussion of the critical targets of manganese toxicity (i.e., the nervous system,

respiratory system, reproductive system, and development) follows.

Neurological Effects. There is clear evidence from studies of humans exposed to manganese dusts in
mines and factories that inhalation of high levels of manganese can lead to a series of serious and
ultimately disabling neurological effects in humans. This disease, termed manganism, typically begins
with feelings of weakness and lethargy. As the disease progresses, a number of other neurological signs
may become manifest. Although not all individuals develop identical signs, the most common are a slow
and clumsy gait, speech disturbances, a masklike face, and tremors. The neurological symptoms may
improve when exposure ceases; however, in most cases, the symptoms are found to persist for many years
post-exposure. In addition, a syndrome of psychological disturbances (hallucination, psychosis)
frequently emerges, although such symptoms are sometimes absent. As the disease progresses, patients
develop severe muscle tension and rigidity and may be completely and permanently disabled. Workplace
inhalation exposure levels producing overt symptoms of manganism have been on the order of 2-22 mg
manganese/m’. While manganese neurotoxicity has clinical similarities to Parkinson’s disease, it can be
clinically distinguished from Parkinson’s. Manganism patients present a hypokinesia and tremor that is
different from Parkinson’s patients. In addition, manganism patients sometimes have psychiatric
disturbances early in the disease, a propensity to fall backward when pushed, less frequent resting tremor,

more frequent dystonia, a “cock-walk”, and a failure to respond to dopaminomimetics.

Subclinical neurological effects have been observed in numerous studies of workers exposed to
manganese dusts at lower exposure levels than those associated with symptoms of overt manganism.
These effects include decreased performance on neurobehavioral tests; significantly poorer eye-hand
coordination, hand steadiness, and reaction time; poorer postural stability; and lower levels of cognitive
flexibility. Manganese air concentrations producing these effects in chronically exposed workers range

from about 0.07 to 0.97 mg manganese/m’.

Studies in communities surrounding manganese industries have also reported associations between
manganese exposure and subclinical neurological effects in adults and children. In a study of men and
women living close to a manganese alloy production plant, a blood manganese level-age interaction was
observed, with the poorest performance on neurological tests occurring among those >50 years old who
had the highest blood manganese levels. Additional studies of environmentally exposed adults reported
attention impairments, poorer postural stability, and subclinical motor impairments at environmental air

exposures >0.1 pg manganese/m’; however, other potential sources of environmental exposure were not
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accounted for. In several studies of children, associations have been reported between manganese
concentrations in blood or hair and motor impairment and deficits in neurodevelopment and intellectual

functions.

There is also an accumulating body of evidence suggesting that exposure to excess levels of manganese in
drinking water (>0.2 mg/L) may lead to neurological deficits in children, including poor school
performance, impaired cognitive function, abnormal performance on neurobehavioral tests, and increased
oppositional behavior and hyperactivity. Several cases of apparent manganism in both children and
adults have been reported where exposures to high levels of manganese in drinking water were implicated
as the probable cause. The symptoms in these case reports are similar to those in individuals with high
levels of exposure in manganese mining operations. Taken together, these studies provide added weight
to the evidence for the neurotoxic potential of excessive manganese in children, but one or more of the
following uncertainties preclude the characterization of causal and dose-response relationships between
the observed effects and manganese exposure: (1) whether or not the observed effects were solely due to
excess manganese alone or could have been influenced by other drinking water or dietary components;
(2) the lack of quantitative information about manganese levels from different environmental sources

(food, water, and air); and (3) the small sample sizes.

Respiratory Effects. Inhalation exposure to manganese dusts often leads to an inflammatory
response in the lungs of both humans and animals. This generally leads to an increased incidence of
cough and bronchitis and can lead to mild-to-moderate injury of lung tissue along with minor decreases in
lung function. In addition, susceptibility to infectious lung disease may be increased, leading to increased
pneumonitis and pneumonia in some manganese-exposed worker populations. These effects have been
reported primarily in workers exposed to fairly high concentrations of manganese dusts in the workplace,
although there are some data that indicate that, in populations living and attending school near
ferromanganese factories, there was an increased prevalence of respiratory effects. The risk of lung
injury in people exposed to the levels of manganese typically found in the general environment is
expected to be quite low. However, exposure to manganese-containing dusts from factories, mining
operations, automobile exhaust, or other sources may be of concern. It should be noted that these effects
on the lung are not unique to manganese-containing dusts but are produced by a variety of inhalable
particulate matter. On this basis, it seems most appropriate to evaluate the risk of inflammatory effects on
the lung in terms of total suspended particulate matter (TSP) or particulate matter <10 um in diameter
(PMyp), as well as the concentration of manganese in the air. Studies involving controlled inhalation

exposures in humans or animals to methylcyclopentadienyl manganese tricarbonyl (MMT), a gasoline
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additive that improves combustion efficiency, are not available because the compound breaks down
readily in light to form inorganic manganese compounds. Rats exposed to high concentrations of car

exhaust containing oxidation products from MMT-containing fuel exhibited labored breathing.

Reproductive Effects. Impotence and loss of libido are common symptoms in male workers
afflicted with clinically identifiable signs of manganism. These symptoms could lead to reduced
reproductive success in men. Impaired fertility (measured as a decreased number of children/married
couple) has been observed in male workers exposed for 1-19 years to manganese dust (0.97 mg/m”) at
levels that did not produce frank manganism. This suggests that impaired sexual function in men may be
one of the earliest clinical manifestations of manganese toxicity, but no dose-response information is
available; therefore, it is not possible to define a threshold for this effect. Evidence obtained in laboratory
mammals indicates that exposure to high levels of manganese may adversely effect sperm quality,

produce decreased testicular weights, and impair development of the male reproductive tract.

No direct effect of manganese toxicity has been observed on fertility in women. Although many studies
in laboratory mammals have attempted to detect effects of manganese on female fertility, only one study
demonstrated the possibility that excess manganese exposure outside of pregnancy may impair future

fertility (decreased number of offspring).

Developmental Effects. There is evidence to suggest that children exposed to high levels of
manganese from environmental sources (airborne, drinking water, dietary) may develop a variety of
adverse developmental effects, particularly neurological effects (as discussed above). Many studies
suggest that children exposed to particularly high levels of manganese over a long period of time (months
or years) will eventually develop one or more symptoms, including general cognitive impairment,
diminished memory, attention deficit, motor impairments, aggressiveness, and/or hyperactivity.

However, it is not clear from any of these studies whether other factors, perhaps environmental or genetic,
are responsible for these changes in the presence of manganese, or whether manganese alone can produce

these effects.

A potentially serious developmental effect of manganese was suggested by the results of a study where
high infant mortality in a Bangladesh community was reported in conjunction with the presence of a local
drinking water supply containing high levels of manganese (concentration up to 8.31 mg/L). Infants
exposed to levels of manganese equal to or greater than those recommended by the World Health

Organization (WHO) were at the highest risk of mortality prior to 1 year of age. The nature of this
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epidemiological study, with nutritional deficits in the population anticipated but not documented, prevents

a determination that manganese alone was responsible for the high rate of infant mortality.

Developmental studies involving the use of laboratory animals have detected subtle changes in growth;
(e.g., diminished body weight, in animals provided with relatively high doses of manganese). These
changes have been observed both when the animals were exposed while in utero or postpartum when the

animals have already been born.

2.3 MINIMAL RISK LEVELS (MRLs)

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for manganese. An
MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an
appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure. MRLs are
derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive
health effect(s) for a specific duration within a given route of exposure. MRLs are based on
noncancerous health effects only and do not consider carcinogenic effects. MRLs can be derived for
acute, intermediate, and chronic duration exposures for inhalation and oral routes. Appropriate

methodology does not exist to develop MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990),
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.

A User’s Guide has been provided at the end of this profile (see Appendix B). This guide should aid in
the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

Inhalation MRLs for Inorganic Manganese

Acute and Intermediate Inhalation Exposure. MRL values were not derived for acute- or intermediate-

duration inhalation exposures to manganese. The available data on the toxicity of inhaled manganese
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were considered inadequate for derivation of acute- or intermediate-duration inhalation MRLs. Data are
lacking on whether exposure to inhaled manganese across these durations has any significant adverse

effects on numerous end points including reports on developmental and reproductive effects.

Reports of human exposure at acute and intermediate durations (i.e., 15-364 days) indicate adverse
respiratory and neurological effects, but these reports consist of anecdotal case studies and lack

quantitative exposure values.

A few animal studies for these durations also evaluated respiratory effects in rodents and monkeys and
reported no-observed-adverse-effect levels (NOAELSs). Inhalation of particulate manganese compounds
such as manganese dioxide or manganese tetroxide leads to an inflammatory response in the lungs of
animals, although inhalation of MnCl, did not cause lung inflammation in rabbits (Camner et al. 1985).
Several acute- and intermediate-duration studies in animals report various signs of lung inflammation
following periods ranging from 1 day to 10 months at manganese concentrations ranging from 0.7 to

69 mg/m’ (Bergstrom 1977; Camner et al. 1985; Shiotsuka 1984; Suzuki et al. 1978; Ulrich et al. 1979a,
1979b). Bergstrom (1977) and Ulrich et al. (1979a, 1979b) determined NOAELS, which are reported in
the levels of significant exposure (LSE) table and figure. Increased susceptibility to lung infection by
bacterial pathogens following inhalation of manganese dusts has been noted in acute animal studies
(Maigetter et al. 1976). Conversely, Lloyd Davies (1946) reported no increase in the susceptibility of

manganese-treated mice to pneumococci or streptococci.

More recently, reversible inflammation (pleocellular inflammatory infiltrates and fibrinonecrotic debris)
in the nasal respiratory epithelium (but not the olfactory epithelium) was observed in young adult male
Crl:CD(SD)BR rats following 13 weeks of inhalation exposure to 0.5 mg manganese/m’ as manganese
sulfate, but not in rats exposed to 0.1 mg manganese/m’ as manganese sulfate or manganese phosphate
(hureaulite) (Dorman et al. 2004b). The lesions were not apparent in groups of rats assessed 45 days after
the end of exposure, indicating their transient nature. In studies with young male rhesus monkeys
exposed to 0, 0.06, 0.3, or 1.5 mg manganese/m’ as manganese sulfate 6 hours/day, 5 days/week for

65 days, no nasal histological effects were found in exposed monkeys, but the high exposure level
induced lesions in the lower respiratory tract (mild subacute bronchiolitus, alveolar duct inflammation,
and proliferation of bronchus-associated lymphoid tissue) (Dorman et al. 2005b). The lower airway
lesions from intermediate-duration exposure appear to have been transient, because they were not found

in monkeys assessed 45 days after the end of exposure (Dorman et al. 2005b). These findings in rats and
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monkeys are consistent with the understanding that inflammation of respiratory tissues from high-level

exposure to inhaled manganese particulates is likely a consequence of the inhaled particulate matter.

Bredow et al. (2007) reported that nose-only inhalation exposure to 2 mg manganese/m’ as manganese
chloride aerosols 6 hours/day for 5 consecutive days did not cause lung lesions in female GVB/N mice,
but induced a 2-fold increase in pulmonary levels of mRNA for vascular endothelial growth factor
(VGEF), a regulator of proliferation, migration, and formation of new capillaries. Elevated levels of
VGEF have been associated with respiratory diseases, but current understanding is inadequate to

understand if this pulmonary gene expression response to manganese is adverse or benign.

There are limited evaluations of neurological end points in animals following intermediate-duration
inhalation exposure to manganese. Neurological effects comparable to those observed in humans have
been reported in monkeys exposed to manganese by parenteral routes (intravenous) for intermediate
duration (Newland and Weiss 1992), but no reports of the application of sensitive neurobehavioral test
batteries to animals following acute or intermediate-duration inhalation exposure to inorganic manganese

were located.

In monkeys exposed to manganese oxide aerosol concentrations as high as 1.1 mg manganese/m’

24 hours/day for 9 months, no exposure-related effects on limb tremor or electromyograms were
observed, even though blood manganese levels were 5-fold higher in exposed compared with control
monkeys (Ulrich et al. 1979a, 1979b, 1979¢). No gross signs of neurological impairment were observed
in rats exposed by the same protocol to manganese oxide aerosol concentrations as high as 1.1 mg

manganese/m’ (Ulrich et al. 1979a, 1979b, 1979c).

More recent studies of monkeys exposed to concentrations up to 0, 0.06, 0.3, or 1.5 mg manganese/m’ as
manganese sulfate 6 hours/day for 65 days reported: (1) no obvious signs of gross toxicity in the exposed
monkeys; (2) about 2-fold higher manganese concentrations in most brain regions at 1.5 mg
manganese/m’, except for the globus pallidus which showed manganese concentrations 6-fold greater
than control concentrations; and (3) a spectrum of exposure-related changes in biochemical markers of
neurotoxicity in various regions of the exposed monkeys, compared with control monkeys (Dorman et al.
2006a, 2006b; Erikson et al. 2007, 2008). No published accounts of the application of sensitive
neurobehavioral test batteries to these animals are available and there are no studies in monkeys reporting
NOAELSs and lowest-observed-adverse-effect level (LOAELSs) for neurological effects following chronic-

duration exposure.
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Increased locomotor activity has been observed in Sprague-Dawley rats exposed for 90 days (6 hours/day,
5 days/week) to a manganese phosphate/manganese sulfate mixture at concentrations >0.03 mg
manganese/m’ (Salehi et al. 2003) and to manganese sulfate at concentrations >0.009 mg manganese/m’
(Tapin et al. 2006), but this effect was not observed with exposure to hureaulite (manganese phosphate) at
aerosol concentrations as high as 1 mg manganese/m’ (Normandin et al. 2002). Significant neuronal cell
loss in the globus pallidus and caudate putamen was also observed in Sprague-Dawley rats exposed for
90 day (6 hours/day, 5 days/week) to the manganese phosphate/manganese sulfate mixture at an aerosol
concentration of 3 mg manganese/m’; these changes, however, were not accompanied with signs of

tremor as assessed with electromyographic techniques (Salehi et al. 2006).

MRL values for acute or intermediate durations based on animal studies were not derived, because an
MRL based on animal data would be lower than the proposed chronic-duration inhalation MRL that is
based on effects observed in humans. It is uncertain if this is due to species differences in susceptibility
to the neurotoxic properties of inhaled manganese or to the testing of humans with sensitive
neurobehavioral tests that have not been applied to animals following inhalation exposures to manganese.
It is expected that the chronic MRL for inhaled inorganic manganese would provide protection for
intermediate-duration exposure scenarios. The MRL is based on an analysis of dose-response data for
subtle neurological deficits in occupationally exposed workers with durations of employment from about
5 to 24 years (see Appendix A); the average duration of employment in workers in the principal study was

5.3 years.

e An MRL of 0.0003 mg manganese/m’ (manganese in respirable dust; 0.3 pg manganese/m’) has
been derived for chronic inhalation exposure (365 days or more) to manganese.

The study chosen to derive the MRL is from an investigation of an occupational cohort involving 92 male
workers in a dry alkaline battery plant (Roels et al. 1992). They and the 101 age- and area-matched
controls (with no industrial exposure to manganese) were observed for performance on a battery of
neurobehavioral tests. Manganese workers were exposed for an average (geometric mean) of 5.3 years
(range: 0.2—17.7 years) to a respirable dust concentration of 215 ug manganese/m’ and a total dust
concentration of 948 g manganese/m’. Manganese concentrations were measured with personal
samplers, with respirable dust being <5 microns in diameter. The authors noted that plant exposure
conditions had not changed considerably in the last 15 years, suggesting that past exposures were

consistent with those measured at the time of the study. Performance in measured neurobehavioral tests,
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especially on measures of simple reaction time, eye-hand coordination, and hand steadiness, was

significantly worse in manganese-exposed workers than in the comparison group.

Manganese-exposed workers performed significantly worse than the controls on the neurobehavioral
tests, with particular differences in simple reaction time, eye-hand coordination, and hand steadiness.

Dr. Harry Roels provided the data on the manganese-exposed group evaluated in this study. These data
included individual exposure levels and whether the individual had an abnormal performance in the
neurobehavioral tests (scores below the 5™ percentile score of the control group). Percent precision score
in the eye-hand coordination test was the most sensitive end point among the end points showing
statistically significantly elevated incidences of abnormal scores and was selected as the basis of the
MRL. Average exposure concentration for each worker was calculated by dividing the individual lifetime
integrated respirable concentration (LIRD; calculated by Dr. Roels from occupational histories and
measurements of workplace air manganese concentrations) by the individual’s total number of years
working in the factory. Individuals were grouped into six exposed groups and the control group, and the
average of the range in each group was used in benchmark dose (BMD) modeling of the incidence data
for number of workers with abnormal percent precision eye-hand coordination scores (see Table A-1 in

Appendix A).

Available dichotomous models in the EPA Benchmark Dose Software (BMDS version 1.4.1c) were fit to
the incidence data for abnormal eye-hand coordination scores in workers exposed to respirable
manganese (Roels et al. 1992, Table A-1). Results from the modeling using a benchmark dose response
of 10% are shown in Table A-2 in Appendix A. Based on the chi-square and Akaike’s Information
Criterion (AIC) measures of fit, all of the models provided adequate and comparable fits to the data (the
quantal linear and Weibull models had the same parameter values). BMCL,, estimates from the different
models showed an approximate 2-fold range from 73 pg/m’ from a one-stage multistage model to 142
pug/m’ from the logistic model. The logistic model was indicated as the best fitting model by the AIC
measure (Table A-2) and was used to provide the point of departure (POD) for the MRL. Previous BMD
analyses of exposure data and incidence data for abnormal eye-hand coordination test scores from the
Roels et al. (1992) study used a quantal linear model to arrive at a BMCL,, value of about 74 pg
respirable manganese/m’ (Agency for Toxic Substances and Disease Registry 2000; EPA 1994c; WHO
2001). This value is virtually the same as the BMCL, of 73.2 ug manganese/m’ obtained from the

equivalent multistage model in the current analysis (Table A-2).
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The MRL of 0.3 pg manganese/m® was derived by adjusting the POD to a continuous exposure basis

(142 pg manganese/m’ x 5/7 x 8/24) and dividing by an uncertainty factor of 100.

An uncertainty factor of 10 was used for uncertainty about human variability including possibly enhanced
susceptibility of the elderly, infants, and children; individuals with chronic liver disease or diminished
hepatobiliary function; and females and individuals with iron deficiency. The current assessment does
not use an additional modifying factor of 5 for potentially increased susceptibility in children based on
differential kinetics in the young (which was used in the Agency for Toxic Substances and Disease
Registry [2000] assessment), because recent toxicokinetic studies in lactating rats and their offspring
exposed to manganese by the oral or inhalation routes suggest that the human variability factor of 10
provides sufficient protection for differential kinetics in children and adults. For example, in neonatal rats
orally exposed to 25 or 50 mg manganese/kg/day (as manganese chloride) from postnatal day (PND) 1
through 21, manganese concentrations in various brain regions were about 2-fold higher than brain
manganese concentrations in adult rats exposed to the same oral dose levels for 21 days (Dorman et al.
2000). Similarly, 18-day-old neonatal rats exposed from birth to aerosols of manganese sulfate at 1 mg
manganese/m’, 6 hours/day showed a 2.6-fold increase in striatum manganese concentrations, compared
with controls, while lactating adults exposed to the same aerosol concentration showed a 1.7-fold increase
compared with controls (Dorman et al. 2005a). Likewise, simulations with physiologically based
pharmacokinetic (PBPK) models for inhaled manganese in lactating rat dams and offspring indicate that
manganese concentrations in the striatum and olfactory bulb of the brains of PND 19 offspring begin to
increase when air concentrations exceed 50—100 pg manganese/m’, whereas maternal concentrations
begin to increase at air concentrations between 100 and 300 pg manganese/m’ (Yoon et al. 2009b). These
results indicate that at air concentrations above about 0.05-0.1 mg/m’, brain concentrations in neonates
may be elevated, compared with controls, to a greater degree than in lactating dams, but the age-specific
difference in the tested air concentration range does not appear to be large. Simulations from a human
PBPK model for inhaled manganese in lactating mothers and their offspring indicate that average daily
areas under the curve (AUCs) for manganese concentrations in the globus pallidus of the fetus, suckling
neonate, and 3-year-old child from manganese air concentrations increased beyond 10% of background
concentrations in fetuses and 3-year-old children when air concentrations exceeded 0.01 mg/m’

(10 pg/m’) and in suckling neonates when air concentrations exceeded 0.001 mg/m’® (1 pg/m®) (Yoon et
al. 2011). Thus, the inhalation MRL derived herein, 0.3 pg/m’, is below the air concentrations at which
brain concentrations in human fetuses (10 pg/m®) and nursing infants (1 pg/m®) are predicted to begin to

rise under normal dietary manganese exposure conditions.
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An uncertainty factor of 10 was applied for limitations/uncertainties in the database including the lack of
epidemiological data for humans chronically exposed to soluble forms of manganese and the concern that
the general population may be exposed to more soluble forms of manganese than most of the manganese-
exposed workers in the principal and supporting studies. Evidence from several rat studies indicate that
inhalation of more soluble forms of manganese (e.g., manganese sulfate and manganese chloride) results
in higher brain manganese concentrations in brains than inhalation of less soluble forms, such as
manganese phosphate, manganese tetroxide or manganese dioxide (Dorman et al. 2004a, 2001a; Roels et
al. 1997). In addition, data on developmental toxicity for this route and duration of exposure are lacking.
There is limited information on reproductive effects in females (one study in rat dams) and reported
effects on male reproductive organs have not been clearly associated with decreased reproductive
function. Though it is clear that the neurological system is the most sensitive identified target organ for
effects from sub-chronic to chronic-duration inhalation exposure to manganese, data are lacking to fully

characterize the potential risk for all organ systems from chronic inhalation exposure.

Several BMD analyses of results from other epidemiological studies of neurobehavioral end points in
manganese-exposed workers provide support for the MRL (Clewell and Crump 1999; Clewell et al. 2003;
Health Canada 2010). Estimated BMCL,, values in these analyses were within an approximate 2—4-fold
range of the POD (142 pg manganese/m’) selected for the chronic inhalation MRL herein.

Dr. Anders Iregren provided ATSDR with individual worker data on total dust manganese exposure and
performance on neurobehavioral tests for the occupational cohort that participated in his study (Iregren
1990; Wennberg et al. 1991). A BMD analysis was performed with these data under contract with
ATSDR (Clewell and Crump 1999) and the lowest BMCL,, value among the end points analyzed was
0.07 mg respirable manganese/m’ for a 10% change in simple reaction time. The BMD analysis applied
K-power and Weibull models to continuous variable data (from 11 different test scores collected by Dr.
Iregren) using current respirable manganese exposure estimates, age, and vocabulary test results as
explanatory variables, an assumption that 5% of unexposed subjects had adverse responses, and a
benchmark response of 10% change from unexposed mean scores. For each dataset, BMCL,, values from
the Weibull model were lower (by 2—3-fold at the most) than BMCL,, values from the K-Power model.
Weibull BMCL,, values for the different test score datasets ranged from 0.07 to 0.67 mg respirable
rnanganese/nf. Thus, the lowest BMCL,, value from this analysis of test score data from manganese-
exposed workers collected by Iregren (1990; Wennberg et al. 1991) is within a 2-fold range of the
selected POD of 142 pug manganese/m’ for the MRL.
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Clewell et al. (2003) conducted BMD analyses on data from three neuromotor tests in the Roels et al.
(1992) study (visual reaction time, eye-hand coordination, and hand steadiness) and from five neuromotor
tests in the Gibbs et al. (1999) study (hole 6 of the hand steadiness test, percent precision of the eye-hand
coordination test, reaction time in the complex reaction test, root mean square amplitude in the steady
test, and tap time). Exposure measures in these analyses were recent measures of manganese
concentrations in respirable dust. BMCL,, values were 0.257, 0.099, and 0.202 mg rnanganese/rn3 for the
visual reaction time, eye-hand coordination, and hand steadiness data from the Roels et al. (1992) study;
these results were obtained after fitting incidence data for abnormal scores in these tests to a Weibull
model for dichotomous data. The reported BMCL,, value of 0.099 mg manganese/m’ for the eye-hand
coordination test is similar to the BMCL,, value of 0.091 mg manganese/m’ obtained with the Weibull
model in the current ATSDR analysis (Table A-2). BMCL,qvalues from the analyses of outcomes from
the Gibbs et al. (1999) study ranged from 0.09 to 0.27 mg manganese/m’ (averaging the BMCLs within
end points across different BMD models applied to the data). Clewell et al. (2003) did not have
individual worker data from the Iregren (1990) or Mergler et al. (1994) studies, but based on some
assumptions about exposures (e.g., all workers were exposed to average concentrations for the facilities
and respirable manganese concentrations were calculated for the workers in the Iregren [1990] study
based on an assumption that 50% of total dust manganese was respirable), they calculated BMCL,, values
for six end points from the Mergler et al. (1994) study and the simple reaction time end point in the
Iregren (1990) study. BMCL,, values ranged from about 0.1 to 0.3 mg manganese/m’ from the Mergler et
al. (1994) study end points to 0.1 mg manganese/m’ for the reaction time end point in the Iregren (1990)

study.

Health Canada (2010) published a human health risk assessment for inhaled manganese in which BMD
analyses were conducted on data for neurobehavioral end points from the study of manganese alloy
workers by Lucchini et al. (1999). Dose-response data for six tests of fine motor control, two aspects of
memory tests, one test of mental arithmetic, and measured serum prolactin levels were fit to linear models
using exposure metrics based on an average overall occupational history (ARE) or an average over the
latest 5 years of occupation (ARES). Using a linear model, BMCL, values for the various end points
were 32-59 and 85-98 pug manganese/m’ for the ARES and ARE exposure metrics, respectively.
Regardless of exposure metric, the values are within an approximate 2—4-fold range of the selected POD
of 142 ug manganese/m’, based on eye-hand coordination test scores in workers in the Roels et al. (1992)

study.
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Neurological effects from repeated inhalation exposure to manganese are well recognized as effects of
high concern based on case reports and epidemiological studies of groups of occupationally exposed
workers. A number of epidemiological studies have used batteries of neurobehavioral tests of
neuromotor, cognition, and mood states to study the psychological or neurological effects of exposure to
low levels of manganese in the workplace (Bast-Pettersen et al. 2004; Beuter et al. 1999; Blond and
Netterstrom 2007; Blond et al. 2007; Bouchard et al. 2003, 2005, 2007a, 2007b; Chia et al. 1993a, 1995;
Crump and Rousseau 1999; Deschamps et al. 2001; Gibbs et al. 1999, Iregren 1990; Lucchini et al. 1995,
1999; Mergler et al. 1994; Myers et al. 2003a, 2003b; Roels et al. 1987a, 1992, 1999; Summers et al.
2011; Wennberg et al. 1991). Some of these studies found statistically significant differences between
exposed and non-exposed groups or significant associations between exposure indices and neurological
effects (Bast-Pettersen et al. 2004; Chia et al. 1993a; Iregren 1990; Lucchini et al. 1995, 1999; Mergler et
al. 1994; Roels et al. 1987a, 1992; Wennberg et al. 1991), whereas others have not found significant
associations (Deschamps et al. 2001; Gibbs et al. 1999; Myers et al. 2003a, 2003b; Summers et al. 2011;
Young et al. 2005). Table A-3 in Appendix A summarizes results from these studies. The neurological
effects associated with prolonged low-level manganese exposure generally have been subtle changes
including deficits in tests of neuromotor or cognitive functions and altered mood states; they have been
referred to by various authors as preclinical or subclinical neurological effects. Manganese air
concentrations associated with these effects in chronically exposed workers range from about 0.07 to
1.59 mg manganese/m’ (manganese in total or inhalable dust measurements; values for manganese in
respirable dust are noted in parentheses in Table A-3). Comparison of the effect levels in these studies
provides support for selection of the Roels et al. (1992) as the basis of the MRL. The advantage of the
Roels et al. (1992) study is that individual worker data were available to support a BMD analysis, but
BMD analyses of other epidemiological data for performance on tests of neurobehavior provided

potential PODs within about 2—4-fold of the POD selected as the basis of the MRL.

Studies in communities surrounding manganese industries have also reported evidence for associations
between deficits in neurological end points (such as attention impairments, postural stability, and motor
impairments) and increasing biomarkers of manganese exposure in adults and children, but all potential
sources of exposure (e.g., air, diet, drinking water) could not be accounted for in these studies and they do
not provide useful dose-response data for deriving an MRL for inhaled manganese (Baldwin et al. 1999;
Beuter et al. 1999; Bowler et al. 1999; Hernandez-Bonilla et al. 2011; Kim et al. 2011; Menezes-Filho et
al. 2011; Mergler et al. 1999; Solis-Vivano et al. 2009; Standridge et al. 2008; Riojas-Rodriguez et al.
2010; Rodriguez-Agudelo et al. 2006).
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Oral MRLs for Inorganic Manganese

Overview. No oral MRLs were derived for acute-, intermediate-, or chronic-duration oral exposure to
manganese, even though the limited human data and extensive animal data clearly identify
neurobehavioral changes as the most sensitive effect from intermediate- and chronic-duration oral
exposure to excess inorganic manganese. However, inconsistencies in the dose-response relationship
information across studies evaluating different neurological end points under different experimental
conditions in different species, as well as a lack of information concerning all intakes of manganese

(e.g., dietary intakes plus administered doses), make it difficult to derive intermediate- or chronic-
duration MRLs using standard MRL derivation methodology from the human or animal studies. New
reports of neurobehavioral effects in children associated with elevated concentrations of manganese in
drinking water were evaluated as the possible basis of an oral MRL for intermediate and/or chronic
durations of exposure. However, the data were assessed to be unsuitable for MRL derivation due to
uncertainties about other possible confounding exposures to neurotoxic agents in the drinking water or via
food and/or the lack of information about dietary intakes of manganese by the children. An interim
guidance value of 0.16 mg manganese/kg/day, based on the Tolerable Upper Intake Level for 70 kg adults
of 11 mg manganese/day (established by the U.S. FNB/IOM [2001]) is recommended to be used for

ATSDR public health assessments of oral exposure to inorganic forms of manganese.

Acute Oral Exposure. Although neurological effects are expected to be the most sensitive end points
based on epidemiological studies in humans (see Section 3.1), only two acute studies reported
neurological end points in rodents. Moreno et al. (2009) administered 0, 4.4, or 13.1 mg manganese/
kg/day (as manganese chloride) via gavage for 2 weeks to juvenile C57B1/6 mice. Increased novelty
seeking behavior in an open arena was reported in males exposed to 4.4 or 13.1 mg/kg/day (time in center
increased 10 and 8%, respectively; 8—10 animals/group). These data identify a free-standing LOAEL of
4.4 mg/kg/day for behavioral alterations; however, the response did not increase with increasing dose.
Additionally, mice receiving 13.1 mg/kg/day had significantly increased concentrations of dopamine,
decreased concentration of its metabolite dihydroxyphenylacetic acid (DOPAC), and increased
concentration of the serotonin metabolite 5-hydroxyindolacetic acid (5-HIAA) in the stratum compared
with control mice (altered 60, 20, and 68%, respectively; 3—4 mice/group). Additionally, Shukakidze et
al. (2003) reported that a single dose of 50 mg manganese chloride/kg (13.9 mg manganese/kg) to a group
of 10 white rats caused worsened acquisition of an avoidance reaction in response to unconditioned and

condition stimuli, increased latent period of a conditioned reflex activity, and increased numbers of errors
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and time taken to navigate a maze (compared with controls), beginning on day 5 after dose administration

and lasting until days 10-15.

Other acute-duration oral studies found only decreased liver and body weight and decreased leukocyte
and neutrophil counts in rats at dietary doses of 1,300 mg manganese/kg/day and no effects in mice at
dietary doses up to 2,600 (males) or 3,900 (females) mg manganese/kg/day after 14 days of exposure to
manganese sulfate in the diet (NTP 1993). No signs of developmental or maternal toxicity were observed
in a standard developmental toxicity study of pregnant rats given daily gavage doses of 2,200 mg
manganese/kg/day as manganese chloride on gestation days (GDs) 617 (Grant et al. 1997a). With
intermediate-duration, no exposure-related effects on fetal body weight or skeletal development or
anomalies were found in pregnant rabbits exposed to 33 mg manganese/kg/day on GDs 620, but some
evidence for delayed fetal skeletal development was found in pregnant Sprague-Dawley rats exposed to

the same dose of manganese chloride on GDs 0-21 (Szakmary et al. 1995).

Of the acute studies, the lowest LOAEL identified was 4.4 mg manganese/kg/day for decreased increased
novelty-seeking behavior in an open field in male juvenile C57Bl/6 mice exposed for 2 weeks by gavage
(Moreno et al. 2009). If this was used as the POD for the intermediate-duration oral MRL, a value of
0.004 mg manganese/kg/day would be derived if an uncertainty factor of 1,000 was used (10 for use of a
LOAEL, 10 for extrapolating across species, and 10 for human variability). However, this rodent-based
value of 0.004 mg manganese/kg/day would be 7.5-fold below the FNB/IOM (2001) recommended Al of
1.8 and 2.3 mg manganese/day for women and men, respectively (approximately 0.03 mg
manganese/kg/day) and 40-fold below the FNB/IOM (2001) recommended Tolerable Upper Intake Level
(UL) of 11 mg/day for adults >19 years of age (approximately 0.16 mg manganese/kg/day). Part of the
apparent discrepancy between this prospective MRL and the recommended dietary intakes is that the
MRL is based only on manganese intakes above the normal dietary intakes. Unfortunately, the dietary
intakes of manganese by the rats in the Moreno et al. study (2009) cannot be estimated from the

information provided in the published report.

Intermediate Oral Exposure. With intermediate-duration oral exposure, effects on neurobehavior are
expected to be the most sensitive effects from excessive manganese, particularly during early
developmental periods, based on findings for subtle neurobehavioral effects in epidemiological studies on
manganese-exposed workers (see Section 3.1), higher brain manganese levels and altered brain dopamine
levels in neonatal rats, compared with adult rats, due to immaturity of the blood-brain barrier and the lack

of biliary excretion in preweanling rats (Aschner et al. 2005; Dorman et al. 2000, 2005a; Kontur and
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Fechter 1985, 1988), and results from studies of the effects of intermediate-duration oral exposure on
systemic toxicity end points and neurobehavioral, neurochemical, and neurodevelopmental end points in
adult and young laboratory animals (Anderson et al. 2007a, 2009; Avila et al. 2008; Calibresi et al. 2001;
Kern and Smith 2011; Kern et al. 2010; Moreno et al. 2009; Reichel et al. 2006; Tran et al. 2002a,
2002b).

The discussion that follows provides evidence that, while systemic effects of manganese are not typically
the most sensitive end point of action, some evidence exists to support adverse cardiovascular effects of
manganese at relatively low dose levels, followed by a review of the large number of studies that most
consistently support neurobehavior effects as the most sensitive effects from excessive oral manganese

cxposure.

In standard toxicity studies of intermediate-duration oral exposure to inorganic manganese, marginal
evidence for systemic toxicity was found in rats at doses >33 mg manganese/kg/day (increased neutrophil
count and decreased liver weight in males; decreased body weights at higher doses) and in mice at the
highest administered dose of 1,950 mg manganese/kg/day (decreased hemoglobin, mild hyperplasia of
forestomach, decreased liver and body weight) (NTP 1993). Corroborative evidence comes from reports
of decreased red blood cell counts and body weight in mice following 100 days of dietary exposure to one
of several forms of inorganic manganese (manganese acetate, carbonate, oxide, or chloride) at a dose

level of 284 mg manganese/kg/day (Komura and Sakamoto 1991).

However, other animal studies indicate that excessive oral intake of manganese may present a
cardiovascular hazard. Under magnesium deficiency conditions (4.1 mmol Mg/kg diet), swine fed
moderately elevated levels of manganese (about 500 mg manganese/kg diet) died suddenly within

5 weeks and showed necrosis and mineralization of the heart (Miller et al. 2000). This finding was
supported with subsequent findings of myocardial necrosis and mitochondrial swelling in magnesium-
deficient pigs fed a diet high in manganese (500 mg manganese/kg diet) for 8 weeks (Miller et al. 2004)
and of depressed heart muscle mitochondrial O, consumption and decreased red blood cells in rats
consuming a high manganese diet (250 mg manganese/kg diet) under marginal magnesium dietary
conditions; the manganese-induced effects on hematological end points in rats were absent when adequate
dietary magnesium was provided (Miller et al. 2006). In another study involving rats supplied with
adequate and excessive Mn in the diet (10-15 and 45-50 mg manganese/kg diet), aortas from rats with
excessive dietary manganese showed less expression and sulfation of heparin sulfate glycosaminoglycans,

compared with the adequate condition (Kalea et al. 2006). The results from these studies suggest that
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excessive intermediate-duration oral intake of manganese may present a cardiovascular hazard, especially
under magnesium-deficient dietary conditions, but their use as the basis of an intermediate-duration oral
MRL for inorganic manganese is limited due to the lack of reported information to accurately calculate
daily intakes. Myocardial lesions were not found in rats or mice provided manganese sulfate in the diet

for 2 years at dose levels up to 232 or 731 mg manganese/kg/day, respectively (NTP 1993).

Numerous studies support the sensitivity of neurobehavioral end points to intermediate-duration oral
doses of manganese. In humans and nonhuman primates exposed orally for intermediate durations,
neurobehavioral end points have been examined in healthy adult female subjects given low (0.01 mg
manganese/kg/day) or high (0.3 mg manganese/kg/day) manganese diets for 8 weeks (Finley et al. 2003)
and in infant monkeys fed either a commercial cow’s milk formula (17.5 mg manganese/kg/day), a
commercial soy formula (107.5 mg manganese/kg/day), or a soy formula with added magnesium chloride
(328 mg manganese/kg/day) for 4 months with monkeys tested through 18 months of age (Golub et al.
2005). No differences between the low and high dietary-intake states were found in the adult females on
scores for hand-steadiness and self-reported traits such as assertiveness and anger (Finley et al. 2003).
Monkeys provided the highest manganese dose level showed no marked differences from the cow’s milk
controls in gross motor maturation, growth, cerebrospinal fluid levels of dopamine or serotonin
metabolites, or performance on tests of cognitive end points, but showed decreased activity during sleep
at 4 months and decreased play activity between 1 and 1.5 months. These results suggest that daily
intakes of 328 mg manganese/kg/day (but not 107.5 mg manganese/kg/day) during neonatal periods may

cause subtle neurobehavioral changes in primates.

In neurobehavioral assessments of rodents orally exposed to inorganic manganese for intermediate
durations during neonatal periods, subtle neurobehavioral effects have been observed at supplemental
dose levels as low as about 10-20 mg manganese/kg/day (Brenneman et al. 1999; Dorman et al. 2000;
Kern et al. 2010; Kristensson et al. 1986; Moreno et al. 2009; Pappas et al. 1997; Reichel et al. 2006; Tran
et al. 2002a, 2002b). Although there are some inconsistencies in the results obtained in these studies
(e.g., Brenneman et al. [1999] found increased motor activity with exposure to 22 mg manganese/kg/day
after exposure on PNDs 1-49, but Dorman et al. [2000] found no effects of the same dose level on motor
activity after exposure on PNDs 1-21), the weight of evidence suggests that subtle neurobehavioral
effects can occur in rats with intermediate-duration neonatal exposures at doses >10-20 mg

manganese/kg/day.
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Findings for histopathological changes in the rat brain following intermediate-duration oral exposure to
inorganic manganese during neonatal periods are less consistent than the findings for subtle
neurobehavioral effects. Chandra and Shukla (1978) reported neuronal degeneration in cortical and
cerebellar sections from the brains of young rats orally exposed to 0.3 mg manganese/kg/day as
manganese chloride between PND 21 and 51. In contrast, Kristensson et al. (1986) reported no adverse
histological changes in cerebellum or hippocampus in rats exposed to a much higher dose level of
manganese chloride (150 mg manganese/kg/day) between PND 3 and 44. Pappas et al. (1997) reported a
decreased cortical thickness in the offspring of rat dams exposed to 120 or 650 mg manganese/kg/day
from GD 1 through PND 30, but found no immunohistological evidence for increased glial fibrillary
acidic protein in the cortex, caudate, or hippocampus. Dorman et al. (2000) reported that no adverse
histological changes were found in sections of the following brain regions in Sprague-Dawley rats
exposed to 11 or 22 mg manganese/kg/day on PNDs 1-21: olfactory bulbs, cerebral cortex,
hippocampus, basal ganglia, thalamus, hypothalamus, midbrain, and cerebellum. However, Lazrishvilli et
al. (2009) reported neuronal damage in small proportion of cells (7-10%) and marked gliosis throughout
the brain in the offspring of rat dams exposed to 10 mg manganese/kg/day in feed for 15-20 days before
pregnancy, during pregnancy, and for 1 month after parturition. The weight of evidence from these
studies indicates that subtle neurobehavioral effects in neonatally exposed rats are not consistently

associated with histological changes in the brain.

Neurobehavioral effects have also been observed in adult rats orally exposed to inorganic manganese for
intermediate durations. In several studies, doses inducing these effects were higher than those inducing
subtle neurobehavioral effects after neonatal exposure (Calabresi et al. 2001; Centonze et al. 2001;
Torrente et al. 2005), but in two other studies, neurobehavioral effects were observed at doses as low as
5.6 mg manganese/kg/day (Shukakidze et al. 2003) and 6.5 mg manganese/kg/day (Vezér et al. 2005,
2007). Increased open field activity, increased interest in a novel object, and increased signs of fear were
observed in adult male Wistar rats exposed to drinking water containing 20 mg manganese chloride/L for
10 weeks (estimated doses of 1,310 mg manganese/kg/day), but no effects on radial maze performance,
numbers of neuronal cells or levels of glial fibrillary acidic protein in striatum, or intrinsic
electrophysiological membrane properties of striatal neurons with the exception of a manganese-induced
increase in the frequency and amplitude of spontaneous excitatory postsynaptic potentials (Calabresi et al.
2001; Centonze et al. 2001). In an earlier study of adult male Wistar rats exposed to 20 mg manganese
chloride/L for 13 weeks, no neuronal loss or gliosis was evident in the globus pallidus by either
histological or immunohistochemical examination (Spadoni et al. 2000). Decreased open field activity

and impaired spatial learning were observed in restraint stressed adult male Sprague-Dawley rats exposed
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to 153 mg manganese/kg/day (but not 76 mg manganese/kg/day) as manganese chloride in drinking water
for 19 weeks (Torrente et al. 2005). Similarly, decreased locomotor activity, as well as decreased tongue
protrusion frequency (orofacial dyskinesia measure), were reported in adult Wister rats exposed to

1,280 mg manganese/kg/day (as manganese chloride in drinking water) for 30 days (Avila et al. 2008).
No changes in motor activity or performance in a passive avoidance test were observed in adult male
Sprague-Dawley rats exposed to 11 or 22 mg manganese/kg/day for 21 days; these doses induced
increased pulse-elicited acoustic startle response with neonatal exposure, but exposure during adulthood
did not (Dorman et al. 2000). The lowest intermediate-duration daily dose associated with
neurobehavioral effects in adult rats is 5.6 mg manganese/kg/day for severely impaired cognitive
performance in a maze test following a 30-day exposure of white rats to manganese chloride in the diet
(strain not otherwise indicated) (Shukakidze et al. 2003). In another study, decreased open-field
locomotor activity and acoustic startle response and impaired performance in maze learning (a test of
spatial memory) were observed in male adult Wistar rats exposed to gavage doses of 6.5 or 25.9 mg
manganese/kg/day for 10 weeks, compared with controls (Vezér et al. 2005, 2007). Decreased acoustic
startle response and impaired spatial memory were still evident in exposed rats, compared with controls,
after 5—7 weeks without exposure (Vezér et al. 2005, 2007). The only intermediate-duration study in
mice reported no changes in open field activity following adult exposure up to 13.1 mg/kg/day (as
manganese chloride) via gavage for 8 weeks (Moreno et al. 2009). However, if adults were previously
exposed as juveniles (PNDs 20-34), subsequent exposure in males (but not females) at 4.4 mg/kg/day for
8 weeks resulted in decreased novelty seeking behavior in the open field. Additionally, at 13.1 mg/kg/

day, total overall movement in the open field was decreased in males.

Several types of reproductive effects have been reported for manganese. A study by Hafeman et al.
(2007) reported a high mortality rate among infants <1 year of age in a Bangladesh community where
manganese levels in drinking water were high, but the actual association between the manganese levels in
drinking water and infant mortality is difficult to make with certainty. The average level of manganese
intake was calculated to be 0.26 mg manganese/kg/day. Similarly, Spangler and Spangler (2009) reported
that with every log increase in groundwater manganese concentration in North Carolina counties, there
was a 2.074 increase in county level infant deaths per 1,000 live births. Other reproductive effects
reported for manganese in intermediate-duration animal studies include 25% decreased pregnancy rate in
Long-Evans rats (males and females) exposed to manganese oxide in the diet at 180 mg manganese/
kg/day (but not 55 mg manganese/kg/day) for 100-224 days (Laskey et al. 1982), increased incidence of
testicular degeneration in male Sprague-Dawley rats exposed to manganese acetate at gavage doses of

137 (but not 69) mg manganese/kg/day for 63 days (Ponnapakkam et al. 2003c), and delayed growth of
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testes and sex accessory glands in CD-1 mice exposed to manganese oxide in the diet at 205 mg
manganese/kg/day (Gray and Laskey 1980). In Swiss mice exposed for 12 weeks to manganese chloride
in drinking water, impaired fertility was observed in males at 309 mg manganese/kg/day (but not a

154 mg manganese/kg/day) and in females at 277 mg manganese/kg/day (Elbeticha et al. 2001).
Decreased sperm motility and sperm counts were observed in CD-1 mice exposed to 4.8 or 9.6 mg
manganese/kg/day as manganese acetate, but no effects on the ability of exposed males to impregnate
unexposed female mice were found at these doses (Ponnapakkam et al. 2003a). The results from the
intermediate-duration animal studies suggest that oral exposure to manganese may produce adverse
effects on reproduction, but at much higher doses than those inducing subtle neurobehavioral effects in

adult or neonatal rats.

In summary, results from animal studies identify subtle neurobehavioral effects as the critical effect in
rodents from intermediate-duration oral exposure to inorganic manganese. Potential points of departure
for an intermediate-duration oral MRL include LOAEL values of 5.6 mg manganese/kg/day for severely
impaired cognitive performance in a maze test following 30-day dietary exposure of adult white rats
(Shukakidze et al. 2003); 6.5 mg manganese/kg/day for decreased open-field locomotor activity and
acoustic startle response and impaired performance in maze learning (a test of spatial memory) in male
adult Wistar rats exposed for 10 weeks by gavage (Vezér et al. 2005, 2007); and 11 mg manganese/
kg/day for increased pulse-initiated acoustic startle response in Sprague-Dawley rats exposed (orally by
pipette) on PNDs 1-21 (Dorman et al. 2000). In contrast, hand steadiness or self-reported scales for
assertiveness or anger were not different in adult female subjects following 8 weeks of exposure to dietary
doses of 0.01 or 0.3 mg manganese/kg/day (Finley et al. 2003). In young monkeys, decreased activity
during sleep at 4 months and decreased play activity between 1 and 1.5 months were observed following
daily intakes of 328 mg manganese/kg/day (but not 107.5 mg manganese/kg/day), but no effects on gross
motor maturation or performance in cognitive tests were observed at either dose level compared with

controls (Golub et al. 2005).

The effects noted in the rat study by Shukakidze et al. (2003) are much more severe than effects noted in
adult rats at reportedly higher dose levels of 1,310 mg manganese/kg/day (Calabresi et al. 2001; Centonze
et al. 2001) or 153 mg manganese/kg/day (Torrente et al. 2005) or in adult rats at comparable reported
doses of 6.5 mg manganese/kg/day (Vezér et al. 2005, 2007). Shukakidze et al. (2003) reported that the
exposed rats “showed increased aggresivity, frequently fell from the platform in the maze, and were
unable to perform the maze test.” Because the reporting of the experimental conditions in the Shukakidze

et al. (2003) study is sparse and the severity of effects is so unusual, the results are considered to be
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outlying results that are not consistent with the rest of the database and not appropriate as the basis of an

MRL.

If the LOAEL of 6.5 mg manganese/kg/day for decreased open-field locomotor activity and acoustic
startle response and impaired performance in maze learning in male adult Wistar rats exposed for

10 weeks by gavage (Vezér et al. 2005, 2007) was used as the POD for the intermediate-duration oral
MRL, a value of 0.007 mg manganese/kg/day would be derived if an uncertainty factor of 1,000 were
used (10 for use of a LOAEL, 10 for extrapolating across species, and 10 for human variability).
However, this rodent-based value of 0.007 mg manganese/kg/day would be about 4-fold below the
FNB/IOM (2001) recommended Al of 1.8 and 2.3 mg manganese/day for women and men, respectively
(approximately 0.03 mg manganese/kg/day) and about 23-fold below the FNB/IOM (2001) recommended
UL of 11 mg/day for adults >19 years of age (approximately 0.16 mg manganese/kg/day). Part of the
apparent discrepancy between this prospective MRL and the recommended dietary intakes is that the
MRL is based only on manganese intakes above the normal dietary intakes. Unfortunately, the dietary
intakes of manganese by the rats in the Vezér et al. study (2005, 2007) cannot be estimated from the

information provided in the published report.

Alternatively, using the monkey NOAEL of 107 mg manganese/kg/day for decreased activity during
sleep at 4 months and decreased play activity between 1 and 1.5 months in formula-fed infant monkeys
provided soy-based formula from birth to 4 months of age (Golub et al. 2005), a value of 1 mg
manganese/kg/day would be derived if an uncertainty factor of 100 were used (10 for extrapolating across
species and 10 for human variability). The monkey-based value would be about 6-fold higher than the
FNB/IOM (2001) UL of 11 mg manganese/day for adults (0.16 mg manganese/kg/day assuming a 70-kg
body weight). The formulas fed to the infant monkeys in this study are expected to have been the

principal source of manganese.

For children and adolescents, FNB/IOM (2001) scaled the adult UL values according to reference body
weights for children and adolescents, noting that there were no reports of manganese toxicity in children

and adolescents and that it was not possible to establish UL values for infants (0—12 months).

Based on several surveys, FNB/IOM (2001) reported that average intakes of adults with typical “Western-
type” and vegetarian diets ranged from 0.7 to 10.9 mg/day (0.01-0.156 mg manganese/kg/day, assuming
a 70-kg body weight). WHO (2004b) recently calculated an estimated daily intake of about 0.0003 mg
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manganese/kg/day for 70-kg subjects drinking 2 L of water per day at a concentration of 0.010 mg

manganese/L, the median of a survey of manganese in drinking water.

Chronic Oral Exposure. Data on the effects of manganese following chronic oral exposure are less
extensive than intermediate-duration data, but these reports do suggest that neurological effects similar to
those seen after intermediate-duration exposure may be anticipated following chronic oral exposure to
excess manganese. In the reports of neurological effects in humans following chronic oral exposure,
there is either uncertainty regarding the exposure level (He et al. 1994; Zhang et al. 1995) or uncertainty
that the effects observed were solely attributable to manganese (Bouchard et al. 2007¢, 2011; Holzgraefe
et al. 1986; Kawamura et al. 1941; Kilburn 1987; Kondakis et al. 1989; Wasserman et al. 2006, 2011;
Wright et al. 2006). There is also no clear understanding of the threshold for manganese
deficiency/sufficiency or toxicity. Males consuming 0.35 and 0.11 mg manganese/day exhibited
symptoms of manganese deficiency (Doisy 1973; Friedman et al. 1987, respectively). But Davis and
Greger (1992) did not report any deficiency symptoms among female subjects, 20% of whom consumed
<1 mg manganese/day, and Finley et al. (2003) did not observe signs of manganese deficiency or toxicity
in adult females with dietary intakes of 0.8 or 20 mg manganese/day for 8 weeks. Authors of a case study
suspected abuse of vitamin and mineral preparations to be the source for excess manganese and

neurological symptoms observed in their patient (Banta and Markesbery 1977).

Four epidemiological reports of manganese neurotoxicity in children resulting from manganese exposure
in drinking water have been recently published. In two separate cross-sectional studies, Wasserman et al.
(2006, 2011) reported statistically significant relationships for decreasing intelligence scores with
increasing manganese levels in drinking water in 142—151 children (ages 8—11 years) in Bangladesh.
Similarly, in a cross-sectional study conducted by Bouchard et al. (2011), a significant negative
association was found between manganese levels in the home tap water and intelligence scores in

362 children from Quebec, Canada. In previous study by Bouchard et al. (2007c), a statistically
significant relationship between increased levels of oppositional behaviors and hyperactivity and
increased levels of manganese in drinking water in an epidemiological study of 46 children (ages 6—

15 years), also from Quebec, Canada.

Additionally, three recent case studies suggest that certain children are particularly susceptible to
manganese neurotoxicity from high levels in drinking water, including: (1) severe neurotoxic symptoms
(inability to walk independently, tendency to fall backward, and development of a “cock-like” walk) and

MRI scan findings consistent with a diagnosis of hypermanganism in a previously healthy 5-year-old
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female that were associated with elevated drinking water concentrations of manganese (1.7-2.4 mg
manganese/L), pica, emotional lability, polycythemia, iron deficiency, and elevated levels of plasma
manganese (Brna et al. 2011); (2) a similar case of severe manganism-like neurotoxic symptoms in a
previously healthy 6-year-old female that were associated with elevated drinking water concentrations of
manganese (1.7-2.4 mg manganese/L), pica, a diet high in manganese-rich foods, and elevated levels of
plasma manganese (Sahni et al. 2007); and (3) inattentiveness and lack of focus in the classroom and low-
percentile performance in tests of memory in a 10-year-old male with no history of learning problems
associated with elevated manganese in drinking water (1.21 mg manganese/L) (Woolf et al. 2002).
Although these recent reports cannot causally link the observed neurotoxic effects to excessive
manganese intakes, they provide added weight to the evidence for the neurotoxic potential of excessive

manganese in children.

As shown in the chronic exposure section of the oral LSE table and figure in Chapter 3, estimated daily
intakes from drinking water were calculated as 0.05 mg manganese/kg/day based on the mean manganese
drinking water concentration for high exposure group of Bangladesh children ages 8—11 (1.111 mg
manganese/L), reference daily water intakes (1.3 L/day), and reference body weights (31.19 kg); 0.07 mg
manganese/kg/day based on the mean manganese drinking water concentration for the fourth quartile
group of Bangladesh 10-year-old children (1.923 mg manganese/L), reference daily water intakes

(1.3 L/day), and average body weights (22.4 kg) (Wasserman et al. 2006); 0.0003 mg manganese/kg/day
based on the reported 50th percentile monthly exposure value (8.0 pg/kg/month), assuming 30 days in a
month (Bouchard et al. 2011); 0.02 mg manganese/kg/day for the high-manganese intake children in
Quebec (0.5 mg manganese/L), reference daily water intakes (1.3 L/day) and reference body weights
(37.2 kg) (Bouchard et al. 2007¢); 0.104 mg/ manganese/kg/day for the 5-year-old female (Brna et al.
2011); 0.103 mg manganese/kg/day for the 6-year-old female (Sahni et al. 2007), and 0.06 mg
manganese/kg/day for the 10-year-old male (Woolf et al. 2002).

To derive an oral MRL for intermediate and chronic durations, an average of the drinking water LOAELs
for neurobehavioral effects in the three case reports (Brna et al. 2011; Sahni et al. 2007; Woolf et al.
2002), the cross-sectional studies of children in Bangladesh (Wasserman et al. 2006, 2011), and the
studies of children in Quebec (Bouchard et al. 2007c, 2011) could potentially serve as a POD for the
MRL. However, one or more of the following uncertainties associated with these studies of children
preclude their use as the basis for an intermediate- or chronic-duration MRL: (1) whether or not the

observed effects were solely due to excess manganese alone or could have been influenced by other
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drinking water or dietary components; (2) the lack of information about manganese levels in food and air;

and (3) the small sample sizes.

Interim Guidance Value for Oral Exposure to Inorganic Manganese. As discussed in the preceding
sections, no oral MRLs were derived for acute-, intermediate-, or chronic-duration exposure to inorganic
manganese, but it is recommended that an interim guidance value of 0.16 mg manganese/kg/day be used
for ATSDR public health assessments. The interim guidance value is based on the Tolerable Upper
Intake Level for adults of 11 mg manganese/day established by the U.S. Food and Nutrition Board/
Institute of Medicine (FNB/IOM 2001) based on a NOAEL for Western diets (0.16 mg manganese/kg/day
assuming an adult body weight of 70 kg). The interim guidance value is well above the FNB/IOM Al
value for manganese for men and women of 2.3 and 1.8 mg manganese/day, respectively (for 70-kg
individuals, this would result in exposures of 0.033 and 0.026 mg manganese/kg/day, respectively). The
interim guidance value is necessary because of the prevalence of manganese at hazardous waste sites and
the fact that manganese is an essential nutrient. It is recommended that this value be used until more

information on actual intake levels across environmental media can be obtained.

MRLs for MMT

Inhalation and oral MRL values for acute, intermediate, or chronic exposures to MMT have not been
derived. There are currently insufficient data regarding the systemic toxicity and carcinogenicity of this
compound via inhalation or oral exposures and no reliable data concerning current environmental or

occupational exposures with appropriate dose-response information.

MRLs for Mangafodipir

MRL values for mangafodipir are not believed to be warranted. This compound is used in a clinical
environment, is administered intravenously only, and is restricted to a very limited population. Thus, it is
believed unlikely that this compound would be found at hazardous waste sites or other environmental

settings.
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3.1 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 on the toxicology of manganese. It
contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

Manganese is a naturally occurring element found in rock, soil, water, and food. In humans and animals,
manganese is an essential nutrient that plays a role in bone mineralization, protein and energy
metabolism, metabolic regulation, cellular protection from damaging free radical species, and formation
of glycosaminoglycans (Wedler 1994). Manganese acts as both a constituent of metalloenzymes and an
enzyme activator. Enzymes that contain manganese include arginase, pyruvate carboxylase, and
manganese-superoxide dismutase (MnSOD) (Keen and Zidenberg-Cher 1990; NRC 1989; Wedler 1994).
Manganese, in its activating capacity, can bind either to a substrate (such as adenosine triphosphate,
ATP), or to a protein directly, thereby causing conformational changes (Keen and Zidenberg-Cher 1990).
Manganese has been shown to activate numerous enzymes involved with either a catalytic or regulatory
function (e.g., transferases, decarboxylases, hydrolases) (Wedler 1994). The nutritional role of
manganese is discussed in Section 3.4. Although manganese is an essential nutrient, exposure to high

levels via inhalation or ingestion may cause some adverse health effects.

It has been suggested that these adverse health effects, especially neurologic effects, are occurring on a
“continuum of ...dysfunction” that is dose-related (Mergler et al. 1999). In other words, mild or unnotice-
able effects may be caused by low, but physiologically excessive, amounts of manganese, and these
effects appear to increase in severity as the exposure level or duration of exposure increases. Case reports
and occupational studies address this continuum of nervous system dysfunction and help to characterize
the apparent dose-response relationship. It is clear that chronic exposure to manganese at very high levels
results in permanent neurological damage, as is seen in former manganese miners and smelters. Chronic
exposure to much lower levels of manganese (as with occupational exposures) has been linked to deficits
in the ability to perform rapid hand movements and some loss of coordination and balance, along with an

increase in reporting mild symptoms such as forgetfulness, anxiety, or insomnia.
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Chemical Forms of Concern. Manganese can exist in both inorganic and organic forms. This

profile will discuss key manganese compounds in both forms, with inorganic compounds discussed first.

The inorganic forms include manganese chloride (MnCl,), manganese sulfate (MnSQ,), manganese
acetate (MnOAc), manganese phosphate (MnPQO,), manganese dioxide (MnQO,), manganese tetroxide
(Mn;0,), and manganese carbonate (MnCQO;). Emphasis has been placed on the health effects of
compounds containing inorganic manganese in the Mn(II), Mn(III), or Mn(IV) oxidation states, since
these are the forms most often encountered in the environment and the workplace. There is evidence in
animals and humans that adverse neurological effects can result from exposure to different manganese
compounds; much of this information on toxicity differences between species of manganese is from
reports and experiments of acute exposures to very high doses. Results from animal studies indicate that
the solubility of inorganic manganese compounds can influence the bioavailability of manganese and
subsequent delivery of manganese to critical toxicity targets such as the brain; however, the influence of
manganese oxidation state on manganese toxicity is not currently well understood. Manganese in the
form of permanganate produces toxic effects primarily through its oxidizing capacity. However, because
of its tendency to oxidize organic material, the permanganate ion is not stable in the environment; thus,
the probability of exposure to this species around waste sites is considered very low. For this reason, data

on exposures to permanganate are only briefly discussed.

The organic compounds that will be discussed are methylcyclopentadienyl manganese tricarbonyl (MMT)
and mangafodipir. The latter is a chelate of Mn(Il) and an organic ligand, dipyridoxyl diphosphate
(MnDPDP; Mn(II) N,N’-dipyridoxylethylenediamine-N,N’-diacetate 5,5'bis(phosphate)). These
compounds were chosen for this profile because their toxicity is expected to be mediated by excess
exposure to elemental manganese. Organic fungicides containing manganese, such as maneb, were not
chosen for discussion in this profile, because their critical toxic effects are expected to be mediated by the

organic moities of their chemical structure, not by excessive elemental manganese.

MMT is a fuel additive developed in the 1950s to increase the octane level of gasoline and thus improve
the antiknock properties of the fuel (Davis 1998; Lynam et al. 1999). Additional information on the
chemical, physical, and environmental properties of MMT is included in Chapter 4. Exposure to MMT is
expected to be primarily through inhalation or oral pathways, although occupational exposure for gasoline
attendants or mechanics may be more significant via dermal absorption. Engines using MMT-containing
gasoline and equipped with catalytic converters primarily emit manganese in inorganic phosphate and

sulfate forms and smaller amounts of manganese dioxides can be detected (Molders et al. 2001; Ressler et
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al. 2000; Zayed et al. 1999a, 1999b). These findings and observations that MMT is very unstable in light
and degrades quickly in air (Garrison et al. 1995) suggest that human exposure to manganese from the use
of MMT in gasoline is most likely to occur in inorganic forms as a result of the combustion of MMT,
with the exception of people occupationally exposed to uncombusted gasoline containing MMT.
However, despite this evidence, there are some reports that MMT levels in the environment increase with
traffic density (Garrison et al. 1995; Zayed et al. 1999a, 1999b); therefore, inhalation and/or ingestion
exposures to the parent compound are possible. Exposure and resultant toxicity from MMT’s inorganic
combustion products are covered under the inorganic subsections, while toxicity attributable to MMT is

covered under the organic subsections.

Mangafodipir is a contrast agent for magnetic resonance imaging (MRI) used primarily (after intravenous
administration) to detect and characterize neoplastic liver lesions; it has also been found to aid in the
identification of kidney and pancreatic tumors (Federle et al. 2000; Grant et al. 1997a, 1997b; Ni et al.
1997). The compound is only used in the diagnosis of organ-specific cancers and is found exclusively in
a clinical setting. Mangafodipir is injected intravenously; therefore, inhalation, oral, and dermal pathways
of exposure are not a concern. Because exposure to this compound is pathway-specific and the exposure
population is inherently limited, toxicity arising from exposure to mangafodipir will be discussed in a

separate subsection to Section 3.2.4, Diagnostic Uses.

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others 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, reproductive,
developmental, 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 (LOAELSs) reflect the actual doses (levels of exposure) used in the studies.
LOAELSs have been classified into "less serious" or "serious" effects. "Serious" effects are those that
evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress
or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death,

or those whose significance to the organism is not entirely clear. ATSDR acknowledges that a
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considerable amount of judgment may be required in establishing whether an end point should be
classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL and that, in some cases, there will be
insufficient data to decide whether the effect is indicative of significant dysfunction. However, the
Agency has established guidelines and policies that are used to classify these end points. ATSDR
believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between
"less serious" and "serious" effects. The distinction between "less serious" effects and "serious" effects is
considered to be important because it helps the users of the profiles to identify levels of exposure at which
major health effects start to appear. LOAELs or NOAELSs should also help in determining 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 Levels of Significant Exposure (LSE) tables and
figures may differ depending on the user's perspective. Public health officials and others 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 (LOAELSs) or exposure levels below which no
adverse effects (NOAELs) have been observed. Estimates of levels posing minimal risk to humans

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike.

A User's Guide has been provided at the end of this profile (see Appendix B). This guide should aid in
the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

3.2.1 Inhalation Exposure

Inorganic manganese compounds are not volatile, but they can exist in the air as aerosols or suspended
particulate matter. Table 3-1 and Figure 3-1 summarize the available quantitative information on the
health effects that have been observed in humans and animals following inhalation exposure to various
inorganic manganese compounds. All exposure levels are expressed as milligrams of manganese per

cubic meter (mg manganese/m’).

Many of the studies, especially those dealing with occupational exposures, make the distinction between
respirable and total manganese dust. Respirable dust is usually defined by a particular dust particle size
that varies from study to study. It is typically defined as those particles <5 microns; these smaller dust
particles can enter the lower areas of the lungs, including the bronchioles and the alveoli. These particles

can be absorbed by the lung and will enter the bloodstream immediately, thus avoiding clearance by the



Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

Exposure/ LOAEL
Duration/

Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
ACUTE EXPOSURE
Systemic
1 Rat ;Oh(rj/d Resp (pneumonitis and Shiotsuka 1984

(DS;L?S;)Q' increased lung weight)  \MnO2

Hemato 138

2 Mouse 2hr Resp 28F Adkins et al. 1980b

(CD-1) Mn304
3 Mouse 5d No significant

Res 2F Bredow et al. 2007 O signitican
(FVBI/N) 6 h/d P MnCI2 treatment-related
(MnCi2) histopathic lesions in
lungs.

4 Gn Pig 1hr

(NS) 24 hrid Resp 14 Bergstrom 1977

MnO2

Immuno/ Lymphoret
5 Mouse ;'ﬁrjjd 69 M (increased susceptibility Maigetter et al. 1976

(CD-1) to pneumonia) MnO2
Neurological
6 Rat 397(1 2%10 OG"dPnd 0.71  (decreased APP, COX-2, HaMai et al. 2006 Increased transcription

(Sprague- -4l or nNOS. GFAP. TGF-beta MnSO4 of genes related to

Dawley) 9-10 and pnd mRNA in the Brain) (Mn ) oxidative stressor

37-47 inflammation in brain of

rats exposed during
gestation or early
adulthood.
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(continued)

Chemical Form

Exposure/ LOAEL

Duration/
Key to Species F?I;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mglma) (mglms) (mglm3)

Comments

Developmental

! (Ff;;rague o4 5:10 or bnd 0.71  (decreased APP, COX-2,
Dawley) 9-10 and pnd nNOS, and GFAP

37-47 mRNA)

INTERMEDIATE EXPOSURE

Systemic
8 Monkey goh;jd Resp 0.3 M 1.5 M (increased incidence of
(Rhesus) subacute
5 d/iwk
bronchiolitis/alveolar duct
inflammation)
9 Monkey Zoh;jd Resp 1.5M
5 d/iwk
Cardio 0.3 M 1.5 M (17% decrease in relative
heart weight 90 days
post-exposure)
Hemato 0.3 M 1.5 M (decreased total bilirubin
concentrations)
Hepatic 1.5M
Renal 1.5M
Endocr 1.5M

Bd Wt 1.5M

HaMai et al. 2006
(MnS0O4)

Dorman et al. 2005¢
(MnS0O4)

Dorman et al. 2006a
(MnS0O4)

Increased transcription
of genes related to
oxidative stressor
inflammation in brain of
rats exposed during
gestation or early
adulthood.

Only absolute and
relative organ weights
were examined for the
pituitary, liver, lung,
kidney, heart,
pancreas, hemotocrit.
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Keyto Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
10 IVIRc;]nkey ;g hmr?d Resp 0.7 F (mild inflammation) Suzuki et al. 1978
(Rhesus) MnO2
11 Monkey 9 mo Resp 11 Ulrich et al. 1979a No histopathological
(NS) (continuous) Mn304 changes in lung or
n brain and no pulmonary
function changes.
12 Rat ;Bhy(\;k Resp 0.1 M 0.5 M (transient inflammatory Dorman et al. 2004b Inflammatory changes
(CD) 5 diwk changes in the nasal (MnSO4) were no longer present
respiratory epithelium) 45 Qays after exposure
period was over.
13 Rat 13 wk Resp 01 M Dorman et al. 2004b There were no lesions
(CD) 6 h/d MnPO4 or inflammation
5 d/wk n observed in the nasal
respiratory epithelium
of rats.
14 F;atra . aa ik Bd Wt 0.11 M (12% decreased body El-Rahman 2004
(DaF:NIS;) T 5 diwk weight) hureaulite
15 Rsat godfwk Bd Wt 0.03 M 0.3 M (10% decreased body Salehi et al. 2003
(Da?/;?gyu)e 6 hr/d weight) manganese phosphate/sulfate
mixture
16 F;at god ;iwk Bd Wi 09 M Tapin et al. 2006
(Da%?sy)e- 6 h/d manganese sulfate dihydrate
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
17 Rat 9 mo )
NS) (continuous) Resp 11 Ulrich et al. 1979b
Mn304
Hemato 1.1
Hepatic 1.1
18 Rabbit 4 wk
(NS) 5 d/wk Resp 39M Camner et al. 1985
6 hr/d MnCi2
19 Pigeon g déch)(r 13wk  Hemato 0.167  (decrease in total blood Sierra et al. 1998
e proteins (p<= 0.05) at 13 Mn304
(Ic) weeks of exposure that
persisted 2 weeks after
exposure ended)
Neurological
20 Monkey 90d 15M Dorman et al. 2006a Only absolute and
6 h/d relative brain weight
5 d/wk (MnSO4) were examined.
21 MR%nek:L \jv?t,h33‘ or6s5d 15 (decreased brain GS, Erikson et al 2008
( ) 45 or 90 d GLT-1, and GLAST (MnSO4)
recovery protein and mRNA and
6 hr/d decreased MT mRNA;
5 diwk increased and decreased
; . brain GSH; increased
?hhaarft’;gp brain TH protein but

decreased mRNA)
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species Fr(;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
22 Monkey 804 0.06 M (altered levels of GS, Erikson et al. 2007
(Rhesus) 2 ok GLT-1 mRNA, GLAST, (MnS04)
TH mRNA, GLT-1
mMRNA, GLAST mRNA,
and TH mRNA in the
brain)
23 Z\/Ithl)key ?C(r)nnotinuous) 11 Ulrich et al. 1979a
Mn304
24 Rat 13 )’Vk 05M Dorman et al. 2004b No changes in GFAP
(CD) 6 h/d MnSO4 levels in the olfactory
5 d/wk (MnS0O4) bulb, cerebellum, and
striatum.
25 Rat 13 wk 01M Dorman et al. 2004b No changes in GFAP
(CD) 6 h/d MnPO4 levels in the olfactory
5 d/wk n bulb, cerebellum, and
striatum.
26 Rat ézhyék 0.11 M (increased free amino 1.1 M (neuronal degeneration) EI-Rahman 2004
(Sprague- 5 diwk acid contents; focal glial MnPO4
Dawley) cell proliferation;

astrocytic nodules)
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/

Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference

Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments

27 Rat ?j 3-19' pnd 0.05 (decreased brain GS Erikson et al. 2005
(CD) mRNA, MT mRNA and

6 h/d . (MnSO4)
7 diwk GHS levels in F1 females

and decreased brain MT

mRNA and GSH levels

F1 males)

28 Rat od 19 pnd 0.05 (decreased brain GS and Erikson et al. 2006

(CD) TH protein and mRNA
6 h/d p! ) (MnSO4)
5 diwk MT, and GSH and
increased GSSG levels
in F1 rats)

29  Rat %0d 1M Normandin et al. 2002 No differences in
(Sprague- 5 dfwk h it neuronal cell counts
Dawley) 6 h/d ureauiite compared to controls,

and no changes in
locomotor and tremor
assessments.

30 Rat 20d 0.03 M (increased locomotor Salehi et al. 2003 There was a significant

prague- . increase in distance
S S d/wk activity) i in dist
Dawley) 6 hr/d y manganese phosphate/sulfate traveled, but not in rest

mixture

time; increased
exposure did not result
in increased response.
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key te Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain)  (Route) s s S Chemical F
] System (mg/m?) (mg/m?3) (mg/m3) emical Form Comments

31 R"Satra . g%?wk 3 M (significant neuronal cell Salehi et al. 2006

(DaF:/vIg;) T Bhid |Oslﬁc;n the glObUz t manganese phosphate/sulfate

pallidus and caudate mixture
putamen)

32 RSatra . g%fwk 0.009 M (increased locomotor Tapin et al. 2006

(DaF:NIS;) - 6 hid activity) manganese sulfate dihydrate
33 Rat 9 mo 11 Ulrich et al. 1979b

(NS) (continuous)

Mn304

3 Mot.!se ;%X;,kk 61 F (decreased maternal pup Lown et al. 1984

(Swiss ICR) 2 hrid retrieval latency) MnO2
35 MSou.se CR ;%fvngk 72 M (increased open-field Morganti et al. 1985

(Swiss ) 2 hrld behavior) MnO2
Reproductive
36 Monkey goh;jd 15M Dorman et al. 2006a Only testes weight was

(Rhesus) = diwk (MnSO4) examined.
37 MOL!S(E gsdy\\:vkk 61F Lown et al. 1984 No effect on number of

(Swiss ICR) 2 hrid MnO2 pups born.
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
Developmental
38 Rat ?j 3-19, pnd 005 (decreased brain GS Erikson et al. 2005
(CD) 6 hid mRNA, MT mRNA and (MnS04)
7 diwk GHS levels in F1 females
and decreased brain MT
mRNA and GSH levels
F1 males)
39 Rat ?_(1 3'19’ pnd 0.05 (decreased brain GS and Erikson et al. 2006
(CD) 6 hid TH protein and mRNA, (MnS04)
5 diwk MT, and GHS and
increased GSSG levels
in F1 rats)
CHRONIC EXPOSURE
Systemic
40 Human gﬁ;gés\ﬁra%e Resp 90 M (increased respiratory Boojar and Goodarzi 2002
] symptoms and
mine) prevalence of subjects
(occup) with impaired pulmonary
function)
41 Human NS Resp 3.6 M (pneumonia) Lloyd Davies 1946
(occup) MnO2
42 Human 1(;(1:2 r Resp 0.97 M (cough, decreased lung  Roels et al. 1987a
(occup) function) Mn salts and oxides
Hemato 0.97 M
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key te Species Fr;quetncy NOAEL Less Serious Serious Reference
Figure (Strain)  (Route) s s s Chemical Form
System (mg/m?) (mg/m?3) (mg/m3) emica Comments
43 Human 53yr Resp 018 Roels et al. 1992
(occup) MnO2
Endocr 0.18
44 Monkey 66 wk Hemato 0.1 EPA 1977
(Rhesus) Mn304
Neurological
45 Human 24 yr (median 0.07 M (longitudinal analysis Blond and Netterstrom 2007 ~ No impairments of slow
employment in showed impaired ability hand and finger
steel plant) o perform fast movements or
(occup) pronation/supination of increased tremor
the hands and fast finger intensity were observed
tapping compared with compared with
controls) controls.
46 Human 24 yr (median 007 M Blond et al. 2007 Cognitive function
employment in ’ could not be
steel plant) distinguished between
Mn-exposed steel
workers and controls.
47 Human (1:\}2 e 0.23 M (increased Mn Bouchard et al. 2005

employment in
Mn alloy plant)

(occup)

impairment with age in
1/9 neuromotor tests,
3/12 cognitive tests, and
1 or 4 sensory tests)
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/

Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference

Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments

48 Human (1:\;;’;; . 0.23 M (significantly higher Bouchard et al. 2007a
employment) :cr:]c))(ir:;]f%rf%[depressmn,

(occup) neuropsychiatric
symptoms)

49 Human 153 yr 0.23 M (impaired performance Bouchard et al. 2007b Follow-up to Mergler et
(average on 1/5 neuromotor tests al. 1994; no significant
employment) and enhanced score for 1 (p<0.05) differences
(Occup) [confusion-bewilderment] between exposed and

of 6 mood states) controls in 9 cognitive
tests.

50 Human 1.1-15.7yr 1.59 M (postural sway with eyes Chia et al. 1995
(occup) closed) MnO2

51 Human NS 22 M (bradykinesia, mask-like Cook et al. 1974
(occup) face) NS

52 Human 19.87 yr; mean 205 Deschamps et al. 2001 No significant effects
(SD+9) _ on blood levels of Mn
employment in or tests of cognition.
enamel_s Tests of neuromotor
production functions were not
(occup) conducted.

53 Human 12.7 yr i
(mean) 0.051 Gibbs et al. 1999
(occup) NS
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
54 Human (12-.365%:edian) 0.14 M (decreased reaction time, Iregren 1990
(occup) finger tapping) MnO2
55  Human 1-28 yr 0.149 M (decreased Lucchini et al. 1995
neurobehavioral (primarily MnO2) (MnOx - Mn
performance finger oxides)
tapping, symbol digit,
digit span, additions)
56 Human (1r:1§a¥1r) 0.0967 M (decreased performance Lucchini et al. 1999
on neurobehavioral
(ocoup) o) MnO2, Mn304

57 Human 16.7 yr (mean)

(occup)

58 Human 10.8 yr (mean
employment in

Mn mines)
(occup)

0.032 M (decreased motor
function)

0.21

Mergler et al. 1994
NS

No associations
between measures of
exposure and
neurobehavioral
endpoints were found:
3 motor function and 3
cognitive tests.

Myers et al. 2003a
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
59 Human 18.2 yr; mean N behavioral test
0.85 Myers et al. 2003b eurobehavioral tes
(SD 7.6) _ batteries showed
employment in significant effects, only
a Mn smelter in a few endpoints and
(occup) little evidence of
positive
exposure-response
relationships.
60 Human 1-19 yr 0.97 M (altered reaction time, Roels et al. 1987a
(occup) short-term memory, Mn salts and oxides
decreased hand
steadiness)
61 Human 53yr 0.1755) (impaired visual time, Roels et al. 1992
(occup) eye-hand coordination, MnO2
and hand steadiness)
62 Human NS 2.6 M (tremor, decreased Saric et al. 1977
(occup) reflexes) NS
63 Human 1-9yr 6 M (psychomotor Schuler et al. 1957
(occup) disturbances, weakness,

pain)

MnO2

S103443 H1TV3IH '€

3ISANVONVIN

12°]



Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
64 Human average 127.13 0123 Summers et al. 2011 No clinically relevant
mo Mn dust alterations in
8 hr/d n dus performance on a
(Occup) battery of
neuropsychological
tests.
65 Human NS 5 M (weakness, ataxia, pain) Tanaka and Lieben 1969
(occup) NS
66 Human 1yr 3.5 M (weakness, anorexia, Whitlock et al. 1966
(occup) ataxia) NS
67  Monkey — 2yr 30 F (altered DOPA levels) Bird et al. 1984
(Rhesus) S diwk
6 hr/d MnO2
68 Monkey 66 wk 0.1 EPA 1977
(Rhesus) Mn304
Reproductive
69  Human Zglfuﬁ) 0.97 M (decreased fertilityin ~ Lauwerys et al. 1985
males as assessed by M salts and oxides
number of observed vs
expected children)
70 Human at least 1 yr 2.82 M (abnormal sperm) Wu et al. 1996
(occup) (MnO2)
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Table 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key to Species F?;qouuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/m?) (mg/m?) (mg/m?) Chemical Form Comments
n Human atleast 1yr 44.4 M (abnormal sperm) Wu et al. 1996
(occup)

(Mn fumes)

a The number corresponds to entries in Figure 3-1.

b The chronic-duration inhalation minimal risk level (MRL) of 0.0003 mg manganese/m3 was derived by using a benchmark dose analysis BMCL10 of 0.142 mg manganese/m3 for
performance deficits in an eye-hand coordination test. This value was adjusted using the following uncertainty and modifying factors: 10 for human variability, 5/7 for intermittent
exposure (5 days/week), 8/24 for intermittent exposure (8 hours/day), and 10 for potential differences in toxicity due to the different forms of manganese and other limitations in the
database.

APP = amyloid precursor protein; Bd Wt = body weight; Cardio = cardiovascular; COX = cyclooxygenase; d = day(s); DOPA = dihydroxyphenylalanine; Endocr = endocrine; F =
Female; Gd = gestational day; GFAP = glial fibrillary acidic protein; GLAST = glutamate/aspartate transporter; GLT-1= glutamate transporter-1; Gn pig = guinea pig; GS = glutamine
synthetase; GSH = reduced glutathione; GSSG = oxidized glutathione; Hemato = hematological; hr = hour(s); Immuno/Lymphoret = immunological/lymphoreticular; LOAEL =
lowest-observed-adverse-effect level; M = male; mo = month(s); mMRNA = messenger ribonucleic acid; MT = metallothionein; nNOS = neuronal nitric oxide synthase; NOAEL =
no-observed-adverse-effect level; NS = not specified; occup = occupational; pnd = post-natal day; Resp = respiratory; TGF-beta = transforming growth factor beta; TH = tyrosine
hydroxylase; wk = week(s); yr = year(s)
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Figure 3-1 Levels of Significant Exposure to Inorganic Manganese -
Acute (214 days)
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Figure 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation (Continued)
Intermediate (15-364 days)
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Figure 3-1 Levels of Significant Exposure to Inorganic Manganese - Inhalation (Continued)
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liver. Total dust represents larger particles that cannot travel as deeply into the lungs as respirable dust,
and will largely be coughed up and swallowed. Although many of the recent occupational studies have
provided information on the size of the respirable particles that are associated with the exposure levels
documented, some of the occupational studies and historical studies in miners only measure total dust.
The profile provides, where possible, the different exposure levels in terms of respirable and total dust,

but does not make a further distinction between particle sizes of the respirable dust.

3.2.1.1 Death

No conclusive studies have been located that show inhalation exposure of humans to manganese resulting
in death. Hobbesland et al. (1997a) investigated nonmalignant respiratory diseases as a cause of death in

male ferromanganese and silicomanganese workers. The authors found a slight excess in the numbers of
deaths caused by pneumonia for manganese furnace workers, but could not discount other work-related

exposures as potential causes of the pneumonia.

In analyses performed several years ago, MMT in gasoline was found to combust primarily to manganese
tetroxide, but in the low levels currently used in gasolines, it is primarily combusted to manganese
phosphate and manganese sulfate (Lynam et al. 1999). Therefore, inhalation exposures to exhaust from
gasoline containing MMT will be discussed with inorganic manganese exposures. No deaths were
observed in male outbred albino rats and male golden hamsters exposed to the exhaust (either irradiated

or non-irradiated) from automobiles that were fueled with MMT-containing gasoline (Moore et al. 1975).

No other studies were located regarding death in humans or animals after inhalation exposure to inorganic

manganese.

MMT has been used in very few inhalation studies due to the photolability of the compound; its short
half-life in air makes it a very difficult compound to administer to laboratory animals in exposure
chambers or nose-cones. Hinderer (1979) evaluated the toxicity of various unspecified MMT
concentrations administered to 10 male Sprague-Dawley rats per exposure group during 1- and 4-hour
exposure periods. The inhalation LDs, was determined to be 62 mg manganese/m’ (247 mg
MMT/m**55 mg manganese/218.1 mg MMT=62 mg manganese/m”) for a 1-hour exposure and 19 mg
manganese/m’ for a 4-hour exposure. No mention was made in the report of steps taken to prevent MMT

photodegradation during the experiment.
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3.2.1.2 Systemic Effects

The highest NOAEL values and all LOAEL values from each reliable study for systemic effects in each

species and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

Respiratory Effects. In humans, inhalation of particulate manganese compounds such as manganese
dioxide or manganese tetroxide can lead to an inflammatory response in the lung. This is characterized
by an infiltration of macrophages and leukocytes, which phagocytize the deposited manganese particles
(Lloyd Davies 1946). Damage to lung tissue is usually not extensive, but may include local areas of
edema (Lloyd Davies 1946). Symptoms and signs of lung irritation and injury may include cough,
bronchitis, pneumonitis, and minor reductions in lung function (Abdel-Hamid et al. 1990; Akbar-
Khanzadeh 1993; Boojar and Goodarzi 2002; Lloyd Davies 1946; Roels et al. 1987a); occasionally,
pneumonia may result (Lloyd Davies 1946). These effects have been noted mainly in people exposed to
manganese dust under occupational conditions, although there is some evidence that respiratory effects
may also occur in residential populations near ferromanganese factories (Kagamimori et al. 1973;
Nogawa et al. 1973; WHO 1987). The frequency of effects has been shown to decrease in at least one
population when concentrations of total manganese in falling dust declined (Kagamimori et al. 1973). It
is likely that the inflammatory response begins shortly after exposure and continues for the duration of the

exposure.

It is important to note that an inflammatory response of this type is not unique to manganese-containing
particles, but is characteristic of nearly all inhalable particulate matter (EPA 1985d). This suggests that it

is not the manganese per se that causes the response, but more likely the particulate matter itself.

An increased prevalence of pneumonia has also been noted in some studies of workers with chronic
occupational exposure to manganese dust (Lloyd Davies 1946) and in residents near a ferromanganese
factory (WHO 1987). It seems likely that this increased susceptibility to pneumonia is mainly secondary

to the lung irritation and inflammation caused by inhaled particulate matter, as discussed above.

Inhalation of particulate manganese compounds such as manganese dioxide or manganese tetroxide also
leads to an inflammatory response in the lungs of animals, although inhalation of manganese chloride did
not cause lung inflammation in rabbits (Camner et al. 1985). Several acute- and intermediate-duration
studies in animals report various signs of lung inflammation following periods ranging from 1 day to

10 months at manganese concentrations ranging from 0.7 to 69 mg/m’ (Bergstrom 1977; Camner et al.
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1985; Shiotsuka 1984; Suzuki et al. 1978; Ulrich et al. 1979a, 1979b). Bergstrom (1977) and Ulrich et al.
(1979a, 1979b) determined NOAELSs, which are reported in Table 3-1. Increased susceptibility to lung
infection by bacterial pathogens following inhalation of manganese dusts has been noted in acute animal
studies (Maigetter et al. 1976). Conversely, Lloyd Davies (1946) reported no increase in the
susceptibility of manganese-treated mice to pneumococci or streptococci. Bredow et al. (2007) reported
that nose-only inhalation exposure to 2 mg manganese/m’ as manganese chloride aerosols 6 hours/day for
5 consecutive days did not cause lung lesions in female GVB/N mice, but induced a 2-fold increase in
pulmonary levels of mRNA for vascular endothelial growth factor (VGEF), a regulator of proliferation,
migration, and formation of new capillaries. Elevated levels of VGEF have been associated with
respiratory diseases, but current understanding is inadequate to know if this pulmonary gene expression

response to manganese is adverse or benign.

Moore et al. (1975) exposed male golden hamsters and outbred albino rats to automobile exhaust from a
car that burned MMT-containing fuel. The animals were exposed to non-irradiated exhaust or irradiated
exhaust; the irradiation served to convert hydrocarbon gases and vapors to particulate form. Controls for
each species were exposed to clean air. The animals were exposed for 8 hours/day for 56 consecutive
days. While the hamsters were fed a diet containing an adequate amount of manganese for normal
development, the rats were divided into two groups: one group was fed a manganese-sufficient diet
(42.2 ug manganese/g diet) and the other group was fed a manganese-deficient diet (5 ug manganese/g
diet). After the exposure, the authors observed a thickening of the cuboidal epithelium at the level of the
terminal bronchiole in the golden hamsters. The lesion was not classified as severe and only affected one
to two sites per lung section. Further, the lesions did not increase with length of exposure to the exhaust
products (from 1 to 9 weeks). The incidence of lesions in the lung was 21% after exposure to irradiated

exhaust, 14% after exposure to non-irradiated exhaust, and 6% after exposure to clean air.

More recently, reversible inflammation (pleocellular inflammatory infiltrates and fibrinonecrotic debris)
in the nasal respiratory epithelium (but not the olfactory epithelium) was observed in young adult male
Crl:CD(SD)BR rats following 13 weeks of inhalation exposure to 0.5 mg manganese/m’ as manganese
sulfate, but not in rats exposed to 0.1 mg manganese/m’ as manganese sulfate or manganese phosphate
(hureaulite) (Dorman et al. 2004b). The lesions were not apparent in groups of rats assessed 45 days after
the end of exposure, indicating their transient nature. In studies with young male Rhesus monkeys
exposed to 0, 0.06, 0.3, or 1.5 mg manganese/m’ as manganese sulfate 6 hours/day, 5 days/week for

65 days, no nasal histological effects were found in exposed monkeys, but the high exposure level

induced lesions in the lower respiratory tract (mild subacute bronchiolitus, alveolar duct inflammation,
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and proliferation of bronchus-associated lymphoid tissue) (Dorman et al. 2005b). The lower airway
lesions from intermediate-duration exposure appear to have been transient, because they were not found
in monkeys assessed 45 days after the end of exposure (Dorman et al. 2005b). These findings in rats and
monkeys are consistent with the understanding that inflammation of respiratory tissues from high-level

exposure to inhaled manganese particulates is likely a consequence of the inhaled particulate matter.

No studies were located concerning respiratory effects in humans following inhalation exposure to MMT.

Male rats exposed to high concentrations of MMT (exposure doses not reported) via inhalation exhibited
labored breathing during and after 1- and 4-hour exposures (Hinderer 1979). Gross necropsy or

histopathological analyses on these animals were not performed.

Cardiovascular Effects. Three studies reported adverse cardiovascular effects after occupational
exposure to manganese. Saric and Hrustic (1975) observed a lower mean systolic blood pressure in male
workers at a ferromanganese plant. Manganese concentrations in the plant ranged from 0.4 to 20 mg/m’,
but specific data on exposure levels were lacking. More recently, Jiang et al. (1996a) studied the potential
cardiotoxicity of manganese dioxide exposure in 656 workers (547 males, 109 females) involved in
manganese milling, smeltering, and sintering. The authors took 181 samples of airborne manganese (not
specified if respirable or total dust), with a geometric mean of 0.13 mg/m’. The workers, whose work
tenure ranged from O to 35 years, had a greater incidence of low diastolic blood pressure. The incidence
of this effect was highest in young workers with the lowest tenure in the plant. There was no increase of
abnormal electrocardiograms between workers and their matched controls. The authors surmised that
manganese’s ability to lower the diastolic blood pressure weakens with age as the elasticity of the blood

vessels deteriorates.

Hobbesland et al. (1997b) reported a significantly increased incidence in sudden death mortality for
workers in ferromanganese/silicomanganese plants during their employment period (standardized
mortality ratio [SMR]=2.47). The sudden deaths included cardiac deaths and other natural causes. More
specifically, among furnace workers, who are more likely to be exposed to manganese fumes and dusts
than non-furnace workers, the mortality during active-person time was statistically significantly elevated
(38.7%) compared to non-furnace workers (23.3%; p<0.001). However, the authors caution that the
association of increased death and manganese exposure is speculative and the increase in sudden death

could also be caused by common furnace work conditions (heat, stress, noise, carbon monoxide, etc.).
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No studies on cardiovascular effects from inhalation exposure to MMT in humans or animals were

located.

Gastrointestinal Effects. There are no reports of gastrointestinal effects following inhalation

exposure to inorganic manganese in humans or animals.

There are no reports concerning the gastrointestinal effects following inhalation exposure to MMT in

humans or animals.

Hematological Effects. Examination of blood from persons chronically exposed to high levels of
manganese in the workplace has typically not revealed any significant hematological effects (Mena et al.
1967; Roels et al. 1987a; Smyth et al. 1973; Whitlock et al. 1966). The effect of manganese exposure on
erythrocyte superoxide dismutase activity remains inconsistent; some investigators observed increased
activity among male manganese smelters (Yiin et al. 1996), while others reported decreased activity in
male welders (Li et al. 2004). However, an increased plasma malondialdehyde level is consistent
between manganese-exposed smelters (Yiin et al. 1996) and welders (Li et al. 2004). Malondialdehyde is
a product of lipid peroxidation; lipid peroxidation is believed to be a mechanism for cell toxicity. The
authors observed that plasma malondialdehyde and manganese levels were strongly correlated in exposed

workers and interpreted this response to be an indicator of manganese toxicity via lipid peroxidation.

No studies on hematological effects from inhalation exposure to MMT in humans or animals were

located.

Hepatic Effects. Even though the liver actively transports manganese from blood to bile (see
Section 3.4.4), there is no information to indicate that the liver is adversely affected by manganese;
however, there are few specific studies on this subject. In a study by Mena et al. (1967), workers
chronically exposed to manganese dust in the workplace exhibited no abnormalities in serum levels of
alkaline phosphatase. Of 13 patients who were hospitalized with chronic manganese poisoning, 1 had a
20% sulfobromophthalein (SBP) retention and 1 had a 12% SBP retention, although histological
examination of a liver biopsy from the latter revealed no abnormal tissue (Mena et al. 1967). No

significance was ascribed to the elevated SBP retention.
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Rats exposed to manganese tetroxide dusts for 9 months exhibited no adverse effects or histopathological
lesions; however, slight increases in liver weights were noted (Ulrich et al. 1979b). These data, although

limited, indicate that the liver is not significantly injured by manganese.

No studies on hepatic effects from inhalation exposure to MMT in humans or animals were located.

Musculoskeletal Effects. No studies were located concerning musculoskeletal effects from

inhalation exposure to inorganic manganese.

No studies were located concerning musculoskeletal effects from inhalation exposure to MMT in humans

or animals.

Renal Effects. The kidney is not generally considered to be a target for manganese, but specific
studies are rare. No abnormalities in urine chemistry were detected in workers chronically exposed to
manganese dusts in the workplace (Mena et al. 1967), but other more sensitive tests of renal function

were not performed.

No studies were located regarding renal effects in animals after inhalation exposure to inorganic

manganese.

No studies on renal effects from inhalation exposure to MMT in humans or animals were located.

Endocrine Effects. Few studies have measured endocrine effects in humans exposed to inorganic
manganese. Two studies measured hormonal levels after exposure to manganese. The first study
(Alessio et al. 1989) involved chronic exposure of foundry workers to manganese for approximately

10 years. The exposure levels were reported as 0.04—1.1 mg manganese/m’ (particulate matter) and 0.05—
0.9 mg/m’ as fumes. These levels overlap the current American Congress of Governmental Industrial
Hygiene (ACGIH) threshold limit value-time weighted average (TLV-TWA) of 0.2 mg/m’ for particulate,
but are less than the limit of 1 mg/m’ for manganese fumes. The study reported both elevated prolactin
levels and elevated cortisol levels; however, no changes in the levels of follicle stimulating hormone

(FSH) and luteinizing hormone (LH) were noted.

Smargiassi and Mutti (1999) reported effects in a group of workers from a ferroalloy plant who were

exposed occupationally to elevated levels of airborne manganese. Serum prolactin levels in these workers
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were evaluated in a 1992 study and again in a 1997 study. Serum prolactin levels, which were
significantly elevated in the earlier analysis, had also increased significantly over the earlier measurement
(p<0.001). This difference was especially noticeable in those with abnormally high prolactin levels.
During the five year period between studies, exposure levels were consistent and were not reduced;

therefore, it is unclear whether prolactin levels reflect current or cumulative exposure.

Other elements of endocrine function (reproductive function, etc.) are discussed elsewhere in the text.

No studies were located regarding endocrine effects in animals after inhalation exposure to inorganic

manganese.

No studies on endocrine effects from inhalation exposure to MMT in humans or animals were located.

Dermal Effects. No studies have been located concerning dermal effects in humans or animals

following inhalation exposure to inorganic or organic manganese.

Ocular Effects. No studies have been located concerning ocular effects in humans or animals

following inhalation exposure to inorganic manganese.

There are no studies reporting ocular effects following inhalation exposure of humans to MMT. One- and
4-hour exposures to doses of MMT used in lethality studies resulted in conjunctivitis in rats (Hinderer

1979).

Body Weight Effects. No studies were located regarding body weight effects in humans following

exposures to inorganic manganese.

No studies were located regarding body weight effects in humans following inhalation exposure to MMT.
Hinderer (1979) observed a decrease in weight gain in Sprague-Dawley rats during the first 7 days
following a 1- or 4-hour exposure to unspecified MMT concentrations in an acute toxicity test. The rats

resumed their normal weight gain by 14 days post-exposure.

Metabolic Effects. No studies were located concerning metabolic effects from inhalation of inorganic

manganese in humans or animals.
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No studies were located concerning metabolic effects following inhalation exposure to MMT in humans

or animals.

3.2.1.3 Immunological and Lymphoreticular Effects

One study on immunological effects in humans following inhalation to inorganic manganese was located.
Male welders exposed to manganese (0.29—0.64 mg/m’ for an unspecified duration), vibration, and noise
exhibited suppression of the T and B lymphocytes characterized by reductions in serum immunoglobin G
(IgG) and total E-rosette-forming cells (Boshnakova et al. 1989). However, the welders in this study
were exposed to numerous other compounds, including cobalt, carbon dioxide, and nitric oxide.
Therefore, it is impossible to determine whether exposure to manganese caused the effects. It is not
known whether any of these changes are associated with significant impairment of immune system
function. No studies were located on lymphoreticular effects in humans exposed to manganese by the

inhalation route.

No studies were located on immunological or lymphoreticular effects in animals exposed to inorganic

manganese by the inhalation route.

As noted above, inhalation exposure to particulate manganese compounds can lead to an inflammatory
response in the lung (i.e., pneumonitis), and this is accompanied by increased numbers of macrophages
and leukocytes in the lung (Bergstrom 1977; Lloyd Davies 1946; Shiotsuka 1984; Suzuki et al. 1978).
However, this is an expected adaptive response of the immune system to inhaled particulates, and these
data do not indicate that the immune system is injured. Conflicting data are reported concerning
increased susceptibility to bacterial infection after exposure to airborne manganese. Lloyd Davies (1946)
indicated that manganese exposure did not increase the susceptibility of mice to bacterial infection,
whereas Maigetter et al. (1976) reported that exposure to aerosolized manganese dioxide altered the

resistance of mice to bacterial and viral pneumonias.

No studies on immunological or lymphoreticular effects from inhalation exposure to MMT in humans or

animals were located.

3.2.1.4 Neurological Effects

Overview. Neurological effects from repeated inhalation exposure to manganese are well recognized as

effects of high concern based on case reports and epidemiological studies of groups of occupationally
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exposed and environmentally exposed people and results from animal inhalation studies. The highest
NOAEL values and all LOAEL values from each reliable study for neurological effects in each species
and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

There is conclusive evidence from studies in humans that inhalation exposure to high levels of manganese
compounds (usually manganese dioxide, but also compounds with Mn(II) and Mn(Ill)) can lead to a

disabling syndrome of neurological effects referred to as ‘manganism’.

Studies estimating the impact of low-level exposure to manganese on neurological health have employed
a number of sensitive tests designed to detect signs of neuropsychological and neuromotor deficits in the
absence of overt symptoms (Iregren 1990, 1994, 1999). These analyses allow the comparison of discrete
performance values that are associated with either biological levels of manganese or approximations of
exposure levels. Thus, they allow for the comparison of one exposure group to another without the
subjective description of neurological symptoms that were prevalent in the studies with miners and others
with frank manganism. A number of epidemiological studies have used these techniques to study the
psychological or neurological effects of exposure to low levels of manganese in the workplace (Bast-
Pettersen et al. 2004; Beuter et al. 1999; Blond and Netterstrom 2007; Blond et al. 2007; Bouchard et al.
2003, 2005, 2007a, 2007b; Chia et al. 1993a, 1995; Crump and Rousseau 1999; Deschamps et al. 2001;
Gibbs et al. 1999, Iregren 1990; Lucchini et al. 1995, 1999; Mergler et al. 1994; Myers et al. 2003a,
2003b; Roels et al. 1987a, 1992, 1999; Summers et al. 2011; Wennberg et al. 1991) or in environmental
media close to manganese-emitting industries (Hernandez-Bonilla et al. 2011; Lucchini et al. 2007; Kim
et al. 2011; Menezes-Filho et al. 2011; Mergler et al. 1999; Riojas-Rodriguez et al. 2010; Rodriguez-
Agudelo et al. 2006; Solis-Vivanco et al. 2009; Standridge et al. 2008). Some of these studies have found
statistically significant differences between exposed and non-exposed groups or significant associations
between exposure indices and neurological effects (Bast-Pettersen et al. 2004; Chia et al. 1993a; Iregren
1990; Lucchini et al. 1995, 1999; Mergler et al. 1994; Roels et al. 1987a, 1992; Wennberg et al. 1991),
whereas others have not found significant associations (Deschamps et al. 2001; Gibbs et al. 1999, Myers
et al. 2003a, 2003b; Summers et al. 2011; Young et al. 2005). The neurological effects associated with
prolonged low-level manganese exposure generally have been subtle changes, including deficits in tests
of neuromotor or cognitive functions and altered mood states; they have been referred to by various
authors as preclinical or subclinical neurological effects. As shown in Table 3-1 and Figure 3-1,
manganese air concentrations associated with these effects in chronically exposed workers range from

about 0.07 to 0.97 mg manganese/m’ (manganese in total or inhalable dust measurements). For several of
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these work environments, values of concentrations of manganese in respirable dust (generally particulate

diameters <10 pm) represented <20-80% of the total dust values.

Manganism from High-Level Occupational Exposure to Inorganic Manganese. There is conclusive
evidence from studies in humans that inhalation exposure to high levels of manganese compounds
(usually manganese dioxide, but also compounds with Mn(II) and Mn(IIl)) can lead to a disabling
syndrome of neurological effects referred to as ‘manganism’. Manganism is a progressive condition that
usually begins with relatively mild symptoms, but evolves to include dull affect, altered gait, fine tremor,
and sometimes psychiatric disturbances. Some of these symptoms also occur with Parkinson’s disease,
which has resulted in the use of terms such as “Parkinsonism-like disease” and “manganese-induced
Parkinsonism” to describe those symptoms observed with manganese poisoning. Despite the similarities,
significant differences between Parkinsonism and manganism do exist (Barbeau 1984; Calne et al. 1994;
Chu et al. 1995). Barbeau (1984) reported that the hypokinesia and tremor present in patients suffering
from manganism differed from those seen in Parkinson’s disease. Calne et al. (1994) noted other
characteristics that distinguish manganism from Parkinson’s disease: psychiatric disturbances early in the
disease (in some cases), a “‘cock-walk,” a propensity to fall backward when displaced, less frequent
resting tremor, more frequent dystonia, and failure to respond to dopaminomimetics (at least in the late

stages of the disease).

Manganism and Parkinson’s disease also differ pathologically. In humans and animals with chronic
manganese poisoning, lesions are more diffuse, found mainly in the pallidum, caudate nucleus, the
putamen, and even the cortex with no effects on the substantia nigra and no Lewy bodies (Pal et al. 1999;
Perl and Olanow 2007). In people with Parkinson’s disease, lesions are found in the substantia nigra and
other pigmented areas of the brain (Barbeau 1984). Moreover, Lewy bodies are usually not found in
substantia nigra in manganism cases, but are almost always found in cases of Parkinson’s disease (Calne
et al. 1994; Perl and Olanow 2007). Manganese appears to affect pathways that are post-synaptic to the
nigrostriatal system, most likely the globus pallidus (Chu et al. 1995). MRI of the brain reveals
accumulation of manganese in cases of manganism, but few or no changes in people with Parkinson’s
disease; fluorodopa positron emission tomography (PET) scans are normal in cases of manganism, but
abnormal in people with Parkinson’s disease (Calne et al. 1994). Other studies suggest that manganese
produces a syndrome described as parkinsonism, distinct from Parkinson’s Disease or manganism
(Lucchini et al. 2007, Racette et al. 2005). It is likely that the terms Parkinson-like-disease and
manganese-induced-Parkinsonism will continue to be used by those less knowledgeable about the

significant differences between the two. Nonetheless, comparison with Parkinson’s disease and the use of
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these terms may help health providers and health surveillance workers recognize the effects of manganese

poisoning when encountering it for the first time.

Typically, the clinical effects of high-level inhalation exposure to manganese do not become apparent
until exposure has occurred for several years, but some individuals may begin to show signs after as few
as 1-3 months of exposure (Rodier 1955). The first signs of the disorder are usually subjective, often
involving generalized feelings of weakness, heaviness or stiffness of the legs, anorexia, muscle pain,
nervousness, irritability, and headache (Mena et al. 1967; Nelson et al. 1993; Rodier 1955; Tanaka and
Lieben 1969; Whitlock et al. 1966). These signs are frequently accompanied by apathy and dullness
along with impotence and loss of libido (Abdel-Hamid et al. 1990; Emara et al. 1971; Mena et al. 1967;
Nelson et al. 1993; Rodier 1955; Schuler et al. 1957). Early clinical symptoms of the disease include a
slow or halting speech without tone or inflection, a dull and emotionless facial expression, and slow and
clumsy movement of the limbs (Mena et al. 1967; Nelson et al. 1993; Rodier 1955; Schuler et al. 1957,
Shugqin et al. 1992; Smyth et al. 1973; Tanaka and Lieben 1969). In a study by Wolters et al. (1989),
6-fluorodopa (6-FD) and '*F-2-fluoro-2-deoxyglucose (FDG) PET were used to investigate the
neurochemistry of four patients with "early manganism." FDG PET demonstrated decreased cortical
glucose metabolism. No anomalies were noted in the 6-FD scans. This led the authors to suggest that, in
early manganism, damage may occur in pathways that are postsynaptic to the nigrostriatal system, and

most likely involve striatal or pallidal neurons.

As the disease progresses, walking becomes difficult and a characteristic staggering gait develops.
Muscles become hypertonic, and voluntary movements are accompanied by tremor (Mena et al. 1967,
Rodier 1955; Saric et al. 1977a; Schuler et al. 1957; Smyth et al. 1973). Few data are available regarding
the reversibility of these effects. They are thought to be largely irreversible, but some evidence indicates
that recovery may occur when exposure ceases (Smyth et al. 1973). Manganism has been documented in
welders and in workers exposed to high levels of manganese dust or fumes in mines or foundries.
Extreme examples of psychomotor excitement have been observed in manganese miners and, to a lesser
extent, in industrial workers (Chu et al. 1995; Mena et al. 1967; Nelson et al. 1993). The behavior,
known as “manganese madness” (Mena 1979) includes nervousness, irritability, aggression, and
destructiveness, with bizarre compulsive acts such as uncontrollable spasmodic laughter or crying,
impulses to sing or dance, or aimless running (Emara et al. 1971; Mena et al. 1967; Rodier 1955; Schuler

et al. 1957). Patients are aware of their irregular actions, but appear incapable of controlling the behavior.
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The reports of frank manganism (Rodier 1955; Schuler et al. 1957; Smyth et al. 1973) observed in
manganese miners clearly indicate that the onset of manganism results from chronic exposure to high
concentrations of the metal. Documented cases indicate that the most important route of exposure is
inhalation of manganese dusts or fumes, while other pathways such as ingestion of the metal from
mucociliary transport of larger particles and hand-to-mouth activity, may contribute a smaller amount.
Based on the data provided by Rodier (1955) and Schuler et al. (1957), it appears that the frequency of
manganism cases increased with prolonged exposure, suggesting that the seriousness of the symptoms
presented increases with cumulative exposure. For example, Rodier (1955) reports that the highest
percentage of manganism cases (28, or 24.4%) occurred in miners with 1-2 years experience. Only six
cases of manganism (5.2%) were reported in males with 1-3 months exposure, and 68% of the cases
reported occurred after exposures >1-2 years in length. Rodier did not present statistics on the number of
men in the mine who were employed for comparable durations who did not suffer from manganism.
Schuler et al. (1957) studied fewer manganism cases, but showed that the number of men with
manganism increased with time spent mining, with the average time delay before onset of the disease
being 8 years, 2 months. In fact, the minimum duration of exposure to the metal was 9 months before
signs of manganism became recognizable, and the maximum exposure was 16 years. However, Schuler
et al. (1957) point out that their study was not intended to “suggest incidence rates” and of the 83 miners
selected for examination of potential manganism, only 9 were chosen as actually suffering from
manganese poisoning. As with the Rodier (1955) study, the Schuler et al. (1957) study did not discuss the
exposure duration or symptomatology of those men not displaying “frank manganism;” therefore, these
collective data, although suggestive of a cumulative effect of manganism neurotoxicity, must be

interpreted with caution.

Huang et al. (1998) documented the progression of clinical symptoms of manganism in five surviving
workers (from an original six) chronically exposed to manganese in a ferroalloy plant. These men were
exposed from 3 to 13 years and were examined 9-10 years after manganese exposure had ceased.
Neurologic examination revealed a continuing deterioration of health exhibited in gait disturbance, speed
of foot tapping, rigidity, and writing. The men had high concentrations of manganese in blood, urine,
scalp, and pubic hair at the time of the original neurologic evaluation. Follow-up analyses revealed a
drastic drop in manganese concentrations in these fluids and tissues (e.g., 101.9 ug/g manganese in blood
from patient 1 in 1987; 8.6 ug/g manganese in blood in 1995). Further, T1-weighted MRI analysis did
not reveal any high-signal intensity areas. These data support the progression and permanence of clinical
effects from excess manganese exposure, even when tissue levels of the metal had returned to normal.

Further, it shows that this neurotoxicity can continue in the absence of continuing manganese exposure
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and that a spectrum of responses to excess manganese exposure can be seen depending upon dose,
duration of exposure, and timing of the observation. While some subclinical manifestations of manganese
neurotoxicity will resolve, once neuropathology has occurred (in the form of loss of dopaminergic

neurons), then reversal becomes more limited and is restricted to functional compensation.

As shown in Table 3-1 and Figure 3-1, cases of frank manganism have been associated with workplace
exposure levels ranging from about 2 to 22 mg manganese/m’ (Cook et al. 1974; Rodier 1955; Saric et al.
1977; Schuler et al. 1957; Tanaka and Lieben 1969; Whitlock et al. 1966). For example, Tanaka and
Lieben (1969) reported that no cases of frank manganism were diagnosed in 38 workers from
Pennsylvania industrial plants in which estimated air concentrations were below 5 mg manganese/m’,
whereas 7 cases were diagnosed in 117 workers from plants with air concentrations exceeding 5 mg/m’.
Whitlock et al. (1966) reported on two cases of frank manganism in workers who were exposed to

estimated air concentrations ranging from 2.3 to 4.7 mg manganese/m’.

Neurological Assessments of Workers Exposed to Low Levels of Inorganic Manganese. In a cross-
sectional epidemiological study of 141 male workers in a manganese dioxide and salt producing plant,
Roels et al. (1987a) detected preclinical neurological effects (alterations in simple reaction time,
audioverbal short-term memory capacity, and hand tremor) in workers exposed to 0.97 mg manganese
(median concentration in total dust)/m’ as manganese dioxide, manganese tetroxide, manganese sulfate,
manganese carbonate, and manganese nitrite for a group average of 7.1 years. End points in exposed
workers were compared with end points in a matched control group of 104 non-exposed male workers
from a nearby chemical plant. The prevalences of subjective symptoms were similar in exposed and
control workers, except for the elevation of nonspecific symptoms (such as fatigue, tinnitus, trembling of
fingers, and increased irritability) in the exposed workers. Statistically significant mean deficits were
found in exposed workers (compared with controls) in tests of simple reaction time (visual), audioverbal
short-term memory capacity, eye-hand coordination, and hand steadiness. The prevalence of abnormal
values in the neurological tests were not statistically significantly correlated with manganese levels in
blood or urine or duration of employment, with the exception that blood levels of manganese were

correlated with prevalence of abnormal responses in tests of eye-hand coordination and hand steadiness.

Iregren (1990) used neurobehavioral tests (simple reaction time, digit span, finger tapping, verbal ability,
hand dexterity, and finger dexterity tests from the Swedish Performance Evaluation System, SPES) to
study adverse effects in 30 male workers from two different manganese foundries exposed to an estimated

median concentration of 0.14 mg manganese (in total dust)/m’ as manganese dioxide for 1-35 years
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(mean, 9.9 years). The exposed workers had below-average scores on a number of the tests, such as
reaction time and finger tapping, when compared to matched controls with no occupational manganese

exposure.

Roels et al. (1992) provided similar results to these earlier reports. Workers in a dry alkaline battery
factory exhibited impaired visual reaction time, hand-eye coordination, and hand steadiness when
exposed to concentrations of manganese dioxide in total dust ranging from 0.046 to 10.840 mg
manganese/m’ and in respirable dust from 0.021 to 1.32 mg manganese/m’ (exposure ranged from 0.2 to
17.7 years). A lifetime integrated exposure (LIE) for both total manganese dust and respirable manganese
was estimated for each of the exposed workers (LIE=Y ((Cjop 1 X T1) + (Cjop2 X T2) + ... (Cjop n X Th)),
where C is concentration, T is years of exposure, and LIE is expressed as mg manganese/m’ times year).
Based on the analysis of data by a logistic regression model, it was suggested that there was an increased
risk (odds ratio [OR]=6.43, 95% confidence interval [CI]=0.97—42.7) of decreased hand steadiness at a
lifetime integrated exposure level of 3.575 mg/m’*year for total dust or 0.730 mg/m’*year for respirable
dust. It should be noted that the LIE at which an increased risk of abnormal neurological function occurs
is based on exposures in an occupational setting. Therefore, periods of exposures would be followed by
periods that would be relatively free of manganese inhalation. Presumably, during these “rest” periods
the homeostatic mechanism would excrete excess manganese to maintain the manganese concentration
within physiologic limits. Further, the LIE for deleterious neural effects may be biased in favor of a
higher concentration due to the “healthy worker effect” (i.e., the most susceptible individuals are not

incorporated into the study).

Crump and Rousseau (1999) performed a follow-up study of 213 men occupationally exposed to
manganese, 114 of whom were subjects in the Roels et al. (1987a, 1987b) studies. Exposure data were
unavailable during the 11 years of study (1985-1996) during which blood and urine samples were taken
and neurological tests (short-term memory, eye-hand coordination, and hand steadiness) were
administered as in the Roels studies. Yearly blood and urine manganese levels remained fairly consistent
throughout the study period, and were comparable to the levels reported in the previous studies. The
authors suggest that the consistency of these data on manganese levels indicates that the airborne
manganese concentrations to which the subjects were exposed during the study period were likely
comparable to those at the time of the Roels studies. The average age and exposure duration of the
subjects increased from 36 and 7 years, respectively, in 1985, to 41 and 14 years, respectively, in 1996.
Variations in year-to-year test results were observed that were not attributable to age of the subject or

exposure to manganese. The authors observed decreases in errors in the short-term memory test (number
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of repeated words and number of errors). During 1987, 1988, and 1989, the average number of words
remembered on the memory test was lower than in any other year. However, there was a progressive
improvement in percent precision and percent imprecision on the eye-hand coordination test during 1985—
1988 (after 1991, the design of the test was modified and percent imprecision was lower in that year and
all subsequent testing years). The authors suggest several reasons for the inter-year variability in test
results (Crump and Rousseau 1999), including variations in test conditions, different groups of workers
being tested in different years, the mood of the workers following a plant restructuring, and increased
caution on the part of the subjects when answering test questions. When data analysis was controlled for
year of testing, older workers performed significantly worse than younger workers on total words recalled
in the memory test, and on percent precision and percent sureness in the eye-hand coordination test.
Further, blood and urine manganese levels were not significantly associated with performance on memory
or eye-hand coordination tests, but blood manganese was negatively associated with performance on the
hand steadiness test (p<0.05). Age was not a factor in hand steadiness when the year of test was
controlled for in the analysis. Crump and Rousseau (1999) investigated whether individual test scores
worsened with time by studying the group of 114 men from the original Roels et al. (1987a, 1987b)
studies and a subset of 44 long-term employees who had been given both memory and hand steadiness
tests on two occasions, 8 years apart. These analyses revealed decreases in performance over time for a
particular hole in the hand steadiness test and improvements in repetitions and errors on the memory test,
both of which were statistically significant. The authors suggest that the improvements in the memory
test were likely the result of increased caution on the part of the subject. The changes in performance
over time could not be attributed solely to manganese exposure because it was impossible to control for
age and year of testing in all of the analyses. The authors noted the lack of an age-matched control group
with which to compare test results and the absence of data caused by workers ending their terms of
employment. Some have questioned whether inter-year variability in test results, potentially caused by
different test administrators over time, would affect interpretation of the findings. While this may
contribute to the changes in performance over time seen in the Crump and Rousseau (1999) study, this
factor will potentially impact any study of this type. The lack of a control group precludes the
determination of a reliable NOAEL or LOAEL based on the results of this study.

A study by Mergler et al. (1994) also supports the work of Iregren and Roels. This epidemiologic study
included 115 (95% of the total) male workers from a ferromanganese and silicomanganese alloy factory
who were matched to other workers from the region with no history of exposure. The groups were
matched on the following variables: age, sex, educational level, smoking, and number of children. These

workers were exposed to both manganese dioxide dusts and manganese fumes. Environmental levels of
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manganese in total dust were measured at 0.014—11.48 mg/m’ (median, 0.151 mg/m’; arithmetic mean,
1.186 mg/m’, geometric mean, 0.225 mg/m’), while manganese levels in respirable dust were 0.001—
1.273 mg/m’ (median, 0.032 mg/m’; arithmetic mean, 0.122 mg/m’; geometric mean, 0.035 mg/m’), and
mean duration of exposure was 16.7 years. The exposed workers had significantly greater blood
manganese levels, but urinary manganese did not differ between groups. Manganese workers showed
decreased performance on tests of motor function (including those from the SPES) as compared to
matched control workers with no manganese exposure. Using test results obtained from performance of
the groups on the Luria-Nebraska Neuropsychological Battery and other tests, the authors reported that
manganese-exposed workers performed more poorly than controls on tests of motor function, particularly
on tests that required alternating and/or rapid hand movements and hand steadiness. The exposed workers
also differed significantly from the controls in cognitive flexibility and emotional state. They also
exhibited significantly greater levels of tension, anger, fatigue, and confusion. Further, these workers had
a significantly lower olfactory threshold than controls; this is the first study to report this effect following
inhalation exposure to manganese. Several follow-up studies of the workers from this manganese alloy

plant are described later in this section (Bouchard et al. 2005, 2007a, 2007b).

Similar effects to those observed in the Mergler et al. (1994) study were observed by Chia et al. (1993a).
Workers in a manganese ore milling plant exposed to 1.59 mg manganese (mean concentration in total
dust)/m’ exhibited decreased scores in several neurobehavioral function tests including finger tapping,
digit symbol, and pursuit aiming. Further, the workers exhibited an increased tendency for postural sway

when walking with their eyes closed (Chia et al. 1995).

An epidemiologic study (Lucchini et al. 1995) also supports findings of these studies concerning the
preclinical neurological effects of manganese exposure. This study, which evaluated performance on
neuromotor tests (seven tests from the SPES, including simple reaction time, finger tapping, digit span,
additions, symbol digit, shapes comparison, and vocabulary) involved 58 male workers from a ferroalloy
plant. The workers had been exposed for 1-28 years (mean, 13; standard deviation [SD], 7) to geometric
mean airborne concentrations of manganese, as manganese dioxide, in total dust as high as 0.070-

1.59 mg/m’ (geometric means in different areas). These concentrations had decreased in the last 10 years
to a range of 0.027-0.270 mg manganese (in total dust)/m’. At the time of the study, the exposed workers
were undergoing a forced cessation from work of 1-48 days. Blood and urine manganese levels were
analyzed. A cumulative exposure index (CEI) was calculated for each subject by multiplying the average
annual airborne manganese concentration in respirable dust characteristic of each job by the number of

years for which this activity was performed. Significant correlations were found between the log value of
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blood manganese concentrations in exposed workers and the tests of additions, digit span, finger tapping,
and symbol digit (log values for the last two tests); between the log value of urinary manganese levels and
the performance on the additions test; and between the log value of the CEI and the log value of the
symbol digit score. Further, a significant correlation on an individual basis was found between external
exposure, represented by CEI, and blood and urine manganese levels. These results are unique in that
they are the first to suggest that blood and urine manganese concentrations are indicative of exposure on
an individual basis. As suggested by Lucchini et al. (1995), the correlations may be observable in this
study, when they have not existed in past studies (Roels et al. 1987a, 1992), because the workers were
assessed at a time when they were not currently being exposed to manganese. In support of this
possibility, the correlation coefficients between the urine and manganese levels and the CEI increased

with time elapsed since the last exposure to airborne manganese (Lucchini et al. 1995).

Roels et al. (1999) performed an 8-year prospective study with 92 subjects exposed to manganese dioxide
at a dry-alkaline battery plant (Roels et al. 1992) to determine if poor performance on tests measuring
visual reaction time, eye-hand coordination, and hand steadiness could be improved if occupational
manganese exposure were decreased. The workers were divided into “low” (n=23), “medium” (n=55),
and “high” (n=14) exposure groups depending on location within the plant and job responsibility. At the
end of the 1987 study, technical and hygienic improvements had been implemented within the plant to
decrease atmospheric manganese concentrations. Yearly geometric mean values for airborne total

99 ¢

manganese dust (MnT) in the “low,” “medium,” and “high” exposure areas decreased in the following
manner, respectively: ~0.310—0.160; ~0.900—0.250; and ~3—1.2 mg/m’. The cohort decreased from
92 subjects in 1987 to 34 subjects in 1995 due to turnover, retirement, or dismissal, but no worker left due
to neurological signs or symptoms. A separate group of workers was selected who had prior manganese
exposure (ranging from 1.3 to 15.2 years). These subjects had left the manganese processing area of the
plant prior to the end of 1992, and therefore, their exposure to manganese had ceased at that time; these
workers were still employed in other areas of the plant. The control group consisted of 37 workers
employed at the same polymer factory that had provided the control population in the previous study
(Roels et al. 1992). This group, with an average age of 38.5 (range, 32—51 years) allowed for the analysis
of age as a confounder. Exposure data (respirable manganese and total manganese dust, MnT) were taken
with personal air samplers. Time-trend analysis of air sampler data revealed a significant decrease in total
manganese from 1987 to 1995, with a more pronounced decline from 1992 forward. From 1987 to 1990,
the authors observed that the precision of the hand-forearm movement (PN1) in the eye-hand coordination
test for the whole cohort worsened, but then got progressively better. Hand steadiness and visual simple

reaction time variables were inconsistent over time, and time-trends were not observed. When the cohort
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was divided into exposure groups, and analyzed for performance on the eye-hand coordination test, it was
revealed that in general, the performance on the PN1 aspect of the test improved from 1987 to 1995,
especially after 1991. The performance of the “low-dose” group was comparable to that of the control
group in 1987 (Roels et al. 1992) and to that of the control group in 1997. The performance of the
“medium-dose” group was intermediate between the “low-dose” and “high-dose” group. The only
significant differences in performance were in the “high-dose” group as compared to the “low-dose”
group during the years 1988—1990 (test scores of 49-51 for the high-dose group and 63-65 for the “low-
dose” group). However, it was noted that performance on the eye-hand coordination test for the

“medium” and “high-dose” groups was considerably poorer than the controls.

Significant differences were noted in variables in the hand steadiness test between the exposure groups
during 1987-1992 (data not reported), when manganese concentrations were at their highest. However,
no readily identified temporal changes in performance among the groups on this test was found, nor with
the visual reaction time test. When the authors performed separate time-trend analysis on MnT levels and
PN1 (eye-hand coordination test) values, a significant time effect was present for each variable. An
analysis of covariance was performed for each exposure group (low, medium, and high) in which log
MnT was considered as covariate in order to adjust for estimation of PN1 variations as log MnT changed
over time. The resultant data suggested that a reduction in log MnT was associated with an improvement
in PN1 for each group. The authors also found that when time was also considered with log MnT as an
interaction term, it did not influence PN1 variations over the years and the effect of time on PN1 values
disappeared when log MnT was maintained as an ordinary covariate. The authors interpreted this to mean
that performance on the eye-hand coordination tests were only related, and inversely so, to the exposure
to manganese. In other words, when manganese exposure was increased, test performance decreased and
vice versa (Roels et al. 1999). However, in the high-exposure group, the performance increased from

71 to 83% of that of the control group, and leveled off at this point, despite decreased manganese
exposure occurring from 1991/1992 with most dramatic improvements occurring in 1994. The authors
suggest that this leveling off of performance by the high-exposure group may be indicative of a
permanent effect of manganese on eye-hand coordination. The authors tested PN1 values in exposed
subjects 3 years following a cessation of exposure. They found that in 20/24, the PN1 values were below
the mean PN1 values of the control group, but 16 of these individuals showed an improvement in 1996
(percent improvement unspecified). The remaining four subjects (three “low-exposure” and one
“medium-exposure” subjects) had PN1 values that exceeded the mean value of the control group.
However, these data indicate that although there was improvement in performance on the coordination

test, the vast majority of the exposed group still could not perform to the level of an unexposed worker
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3 years after manganese exposure ceased. In addition, the exposed workers who did perform as well or
better than the control subjects were among the least exposed workers while at the plant. As discussed
previously, performance of the “low-exposure” group on eye-hand coordination tests during 1992—1995
was comparable to that of the control groups from 1987 and 1997, indicating that manganese exposure of
these individuals during that time did not severely impact their ability to perform this neurobehavioral
test. Comparable performance on the tests by the same control group in 1987 and 10 years later, in 1997,
indicates that age was not a confounder in this study. None of the variables except visual reaction time
was significantly correlated with age, and the existing correlation in the visual reaction time test only

represented a 3% difference (Roels et al. 1999).

Lucchini et al. (1999) also investigated differences in neurobehavioral test performance over time as
exposure to manganese (manganese dioxide and manganese tetroxide) decreased. The study group
consisted of 61 men who worked in different areas of a ferroalloy plant. The plant was divided into three
exposure areas with total manganese dust (geometric mean) values decreasing from 1981 to 1995: “high-
exposure” values decreased from 1.6 to 0.165 mg/m’; “medium-exposure” values decreased from 0.151 to
0.067 mg/m’; and “low-exposure” values decreased from 0.57 to 0.012 mg/m’. The authors estimated
that the annual average manganese concentration in the “medium-exposure” group was 0.0967 mg
manganese in total dust/m’. Respirable dust constituted 40-60% of the total dust value. Control subjects
consisted of 87 maintenance and auxiliary workers from a nearby hospital who had not been exposed to
neurotoxins. The study and control groups were well matched except for years of education and the
percentage of subjects working night shifts. The study groups answered a questionnaire concerning
neuropsychological and Parkinsonian symptoms and underwent testing to determine the effect of
manganese on neuromotor performance. Four tests were from the SPES (addition, digit span, finger
tapping, symbol digit) and five timed tasks were from the Luria Nebraska Neuropsychological Battery
(open-closed dominant hand--Luria 1, open-closed non-dominant hand—Luria 2, alternative open-closed
hands—Luria 3, thumb-fingers touch dominant hand—Luria 4, and thumb-fingers touch non-dominant
hand—Luria 5). Individual scores were taken from these subtests, and the sum of the Luria tests was
taken (Luria sum). Postural tremor was also measured, as was visual reaction time and coordination
ability via the hand pronation/supination test. Manganese levels in blood and urine, as well as blood lead
levels were analyzed prior to each neurobehavioral test. Manganese levels in both blood and urine were
significantly elevated in exposed workers compared to controls (p<0.0001). Blood lead levels were also
significantly higher in the ferroalloy workers (p=0.0002). The authors noted that the study groups did not
report as many complaints as those reported in the Mergler et al. (1994) study.
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After correcting for age, education, alcohol, smoke, coffee, shift work, and blood lead levels, an analysis
of test results indicated that performance of the exposed workers was significantly different than that of
controls on all tests except for Luria 5 and Luria sum (Lucchini et al. 1999). A comparison of SPES test
results from workers tested in 1990 or 1991 and those from this study did not indicate any difference in
paired t-test values; this indicates that performance did not improve over time or with decreasing
exposure to manganese. CEI values were calculated (in the same manner as in Lucchini et al. [1995]) for
each exposure group and performance on the neurobehavioral tests was analyzed for correlation to these
values and to manganese levels in body fluids. Significant differences were found between those with
low CEI values of <0.5 mg/m**years, mid CEI values of 0.5—1.8 mg/m’*years, and high CEI values of
>1.8 mg/m’*years and performance on the following tests: symbol digit, finger tapping, dominant and
non-dominant hand, and digit span. A positive correlation was observed between the log CEI value and
these tests, indicating that performance decreased as exposure increased. No correlations were found
between CEI values and manganese levels in blood and urine; these results differ from the correlation
between CEI and manganese levels in fluids from the previous study (Lucchini et al. 1995). Lucchini et
al. (1995) estimated a manganese dose (total dust) that would represent the annual airborne manganese
concentration indicative of neurobehavioral deficit in this study by dividing the geometric mean CEI of
the mid-exposure subgroup, 1.1 mg/m’**years, by the geometric mean value of years of exposure for this
same subgroup, 11.51, yielding a value of 0.096 mg/m’. A comparable respirable dust value would be

0.038 mg/m’ (0.096*0.40).

Gibbs et al. (1999) studied a population of workers in a U.S. plant that produces electrolytic manganese
metal. These 75 workers and a well-matched group of control workers with no manganese exposure were
administered a computerized questionnaire concerning neurological health issues (including mood,
memory, fatigue, and other issues) and were analyzed for performance on several neurobehavioral tests
including hand steadiness (Movemap steady, Movemap square, and tremor meter), eye-hand coordination
(orthokinisimeter), and rapidity of motion (four-choice reaction time and finger tapping). The Movemap
test is a relatively recent test that has not undergone widespread use, and it has not been validated by other
researchers. Further, although technically sophisticated, the test has not been observed to discriminate
between exposure groups any better than simpler current methods (Iregren 1999). Airborne levels of total
and respirable manganese were obtained using personal samplers and were not available for years prior to
1997. Using the arithmetic mean of samples collected in 12 different job categories, exposure was
estimated for the years prior to 1997. Cumulative exposure values for each worker were estimated for the
30-day and 12-month exposure periods just prior to neurobehavioral testing. Multiple regressions of the

test scores were performed using age and each of the following manganese exposure variables
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individually as explanatory variables: duration of exposure; 30-day cumulative exposure; 1-year
cumulative exposure; and cumulative occupational exposure to either respirable or total manganese. Shift
work was also used as a variable in conjunction with age and cumulative 30-day exposure to respirable or
total manganese. The authors threw out outlying data points if they were >3 times the SD of the residual
after a model fit. Exposures to respirable and total dust were highly correlated (r*, 0.62—0.75), as were
cumulative exposures over the previous 30 days and the previous year (1*, 0.72-0.82); however, lifetime
integrated exposure was not correlated with either 30-day or 12-month exposure values. The average
exposure value for manganese-exposed workers was estimated at 0.066+0.059 mg/m’ (median,

0.051 mg/m’) for respirable dust, and 0.18+0.21 mg/m’ for total dust.

Responses to the questionnaire and performance on the neurobehavioral tests did not differ significantly
between exposed and control groups (Gibbs et al. 1999). Cumulative years of exposure had an effect on
tapping speed—speed increased with increased exposure, but only when outliers were included in the
analysis. The authors also reported an inverse correlation between age and performance on tests
measuring eye-hand coordination but positively correlated between age and complex reaction time. The
study by Gibbs et al. (1999) is the first to report a lack of poorer performance on neurobehavioral tests by
workers chronically exposed to manganese. Interestingly, the median exposure estimates for respirable
dust in this population (0.051 mg/m’) is slightly higher than the lowest level of respirable dust at which
preclinical neurological effects have been seen (0.032 mg/m’) as reported by Mergler et al. (1994).

Gorell et al. (1999) noted a high OR of 10.51 for the development of Parkinson’s disease in individuals
>50 years old who were occupationally exposed to manganese for >20 years, but not for those exposed
for <20 years. However, the numbers of individuals with a >20-year exposure was rather small (n=4),
and occupational exposures to other metals (copper, and lead-iron, lead-copper, and iron-copper

combinations) for >20 years were also associated with increased risk for the disease.

In a cross-sectional study of 138 (114 male and 34 female) enamels-production workers, Deschamps et al.
(2001) administered a questionnaire about neurological symptoms; evaluated performance on
psychological tests of similarity recognition, vocabulary (oral word association), geometrical figure
recognition (visual gestalts), and short-term memory (digit span); and measured levels of manganese in
blood samples. Results were compared with a control group of 137 nonexposed workers matched for age,
educational level, and ethnic group. Exposed workers were employed for a mean duration of 19.87 years
(SD+9) in enamels production. Mean manganese levels in 15 personal air samples and 15 stationary air

samples collected at the plant during the year preceding the tests were 2.05 mg manganese/m® (SD 2.52;


http:0.18�0.21
http:0.72�0.82
http:0.62�0.75

MANGANESE 81

3. HEALTH EFFECTS

range 0.5-10.2) for total dust and 0.035 mg manganese/m’ for respirable manganese (SD 0.063; range
0.01-0.293). Symptoms of asthenia, sleep disturbance, and headache were significantly elevated in
exposed workers, compared with controls, but no significant differences in blood levels of manganese or
performance on the administered tests were found between the exposed and control groups of workers.
Clinical examination of the exposed subjects revealed no cases of obvious neurological impairment, but
sensitive psychomotor tests of simple reaction times and motor functions were not administered in this

study.

In a cross-sectional study, Myers et al. (2003a) evaluated results from a health questionnaire and a battery
of neurobehavioral tests administered to 489 workers employed as office workers, miners, surface
processors, engineers, and other service workers from two South African manganese mines. Cumulative
exposure indices for each subject were calculated based on total dust measurements and job history.
Workers were employed in the mines for a mean of 10.8 years (SD=5.5 years; range 1-41 years), had an
average cumulative exposure index of 2.2 (mg manganese/m’ per year, SD=2.2; range=0-20.8), an
average exposure intensity of 0.21 mg manganese/m® (SD=0.14; range, 0-0.99), and an average blood
manganese concentration of 8.5 pug/L (SD=2.8; range, 2.2-24.1). Neurobehavioral end points included
three tests of motor function in the Luria-Nebraska battery (tests 1, 2, and 23), mean reaction time in the
SPES, and three cognitive tests (forward and backward digit span and digit-symbol score). Multiple
linear regression analysis revealed no significant (p<0.05) associations between any measure of exposure

and questionnaire or test battery outcomes.

In another cross-sectional study, Myers et al. (2003b) evaluated neurobehavioral end points in a group of
509 workers at a South African manganese smelter, compared with a group of unexposed workers from
an electrical fittings assembly plant (remote from the manganese smelter). Workers were employed for a
mean of 18.2 years (SD 7.6), compared with 9.4 years (SD 7.0) in the control group. Exposure was
assessed from manganese determinations in dust from personal air samples, blood samples, and urine
samples. Cumulative exposure indices were calculated for each exposed worker based on manganese
concentrations in “inhalable” dust from personal air samples and job histories. Mean values for exposed
workers were 16.0 mg manganese/m’ per year (SD 22.4) for cumulative exposure index, 0.82 mg
manganese/m’ (SD 1.04) for average intensity of exposure, 12.5 pg manganese/L (SD 5.6) for blood
manganese, and 10.5 pg manganese/L (SD 20.3) for urine manganese. Control workers had mean values
of 6.4 pg manganese/L (SD 1.7) for blood manganese and 0.96 ug manganese/L (SD 0.81) for urine
manganese. Neurobehavioral end points included the Swedish nervous system questionnaire and the

following neurobehavioral test batteries: World Health Organization (WHO) neurobehavioral core test
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battery, SPES, Luria-Nebraska tests, and Danish product development tests (tests of hand steadiness,
tremor, and body sway). Information collected for potential confounders included age, educational level,
alcohol and tobacco consumption, neurotoxic exposures in previous work, past medical history, and
previous head injury. Multiple linear and logistic regression analyses were conducted to examine
possible exposure-response relationships. Several tests showed significant (p<0.05) differences between
exposed and control workers, but no evidence of exposure-response relationships including the following:
the Santa Ana, Benton and digit span WHO tests; hand tapping and endurance tapping SPES tests; one
Luria-Nebraska test (item 2L); several self-reported symptoms (e.g., tiredness, depressed, irritated); and
increased sway under two conditions (eyes open with or without foot insulation). Results from two other
tests (WHO digit-symbol test and Luria-Nebraska item 1R) showed differences between exposed and
control groups and some evidence for increased deficits with increasing exposure, but the change with
increasing exposure was greater at lower exposure levels than at higher exposure levels. Results from all
of the remaining tests showed no significant adverse differences between the exposed and control groups.
The authors concluded that “the most likely explanation for few, weak and inconsistent findings with
implausible or counterintuitive exposure-response relationships is chance, and it is concluded that this is

essentially a negative study.”

Young et al. (2005) reanalyzed the data collected by Myers et al. (2003b) on the basis of estimated
exposures to manganese in “respirable” dust. Exposure estimates for each worker (cumulative exposure
indices in mg manganese/m’ per year and average intensity of exposure in mg manganese/m’) were
recalculated based on manganese determinations in personal air samplings of respirable dust (collected on
37 mm, 5 um MCEP membrane filters, as opposed to inhalable dusts of larger particle sizes used to
estimate exposure in the earlier analyses by Myers et al. [2003b]). Results from comparisons of mean
performances of exposed and control groups in the neurobehavioral tests and regression analyses to assess
exposure-response relationships were similar to results from the earlier analyses by Myers et al. (2003b)
based on manganese determinations in inhalable dust. The authors concluded that the results did not
provide evidence that exposure estimates based on respirable dust provide a more sensitive method to

detect manganese neurobehavioral effects.

A cross-sectional study by Summers et al. (2011) supports the work of Myers et al. (2003a, 2003b).
Neuropsychological tests of attention, short-term memory span, information-processing speed, and
executive functioning (Digit Symbol Coding, Controlled Oral Word Association Test, Trail Making Test,
Matrix Reasoning, and the Stroop Neuropsychological Screening Test) were used to study adverse effects

in 143 employees in a smelting plant exposed to estimated mean concentrations of 0.384 mg/m’ inhalable
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manganese dust or 0.123 mg/m’ respirable manganese dust (as per Australian standards) for 1-29 years
(mean, 10.6 years). Cumulative exposure indices for both inhalable and respirable manganese dust were
calculated for each subject based on yearly air-sampling data for each occupational position and job
history. Correlational and hierarchical linear regression analysis was conducted to assess associations of
these exposure metrics, along with age, education, and intellectual ability (estimated 1Q), with
performance on the neuropsychological tests. In hierarchical analysis of performance and respirable
manganese cumulative exposure (including age, estimated 1Q, and education as explanatory variables),
statistically significant relationships were found for decreasing performance with increasing exposure on
the Trail Making (Part A), Matrix Reasoning, and Stroop color-word tests (measures of attention and
executive function), and for increasing performance with increasing exposure on the Digit Symbol
Coding test. The magnitude of the effects on performance was small, as reflected by the percentages of
the variance in test scores explained by respirable cumulative manganese exposure (ranging from 0.5 to
3.7, depending on the test). In contrast, estimated IQ and education explained 3.2-24.5% of the variance.
Summers et al. (2011) concluded that the decrements in performance associated with cumulative
respirable manganese exposure were small and “not of clinical significance”, because the magnitudes of

these effects were smaller than the standard error of measurement in the tests.

Bast-Pettersen et al. (2004) cross-sectionally examined neurobehavioral end points in a group of 100 male
workers in manganese alloy plants and a group of 100 control workers (paired matched for age) from two
plants, one producing silicon metal and microsillica and another titanium oxide slag and pig iron.
Manganese alloy workers were employed for a mean of 20.2 years (SD 8.6; range 2.1- 41.0 years);
comparable statistics were not reported for the control workers. Exposure was assessed from manganese
determinations in dust from personal air samples (collected on 3 days for each subject closely before the
neurobehavioral assessment), blood samples, and urine samples. Arithmetic means for manganese
workers were 0.753 mg manganese/m’ inhalable dust for work room air (geometric mean 0.301; range
0.009—11.5 mg manganese/m’), 189 nmol manganese/L in blood (range 84—426 nmol/L), and 3.9 nmol
manganese/mmol urine creatinine (range 0.1-126.3). The Institute of Occupational Medicine (IOM)
personal samplers used in this study are expected to provide estimates that are approximately 2-fold
higher than estimates using 25- or 37-mm plastic Millipore personal air samplers used in many earlier
studies to measure “total dust”. Mean levels of manganese in blood (166 nmol manganese/L) and urine
(0.9 nmol manganese/mmol creatinine) of control workers were significantly lower than levels in exposed
workers. Neurobehavioral end points included: two self-administered neuropsychiatric questionnaires;
six tests of cognitive functions (Weschlers adult intelligence scale, digit symbol, trail making test, Stroop

color-word recognition, digit span, and Benton visual retention); and eight tests of motor functions (static
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hand steadiness, “TREMOR” test, finger tapping, foot tapping, supination/pronation of hand, Luria-
Nebraska thumb/finger sequential touch, simple reaction time, and hand-eye coordination). Information
collected for potential confounders included age, years of education, alcohol and tobacco consumption,
and prevalence of previous brain concussions. Multiple linear regression analyses were conducted to
examine the influence of potential confounders and exposure-response relationships for test results. No
significant (p<0.05) effect of exposure was found in tests for cognitive functions, reaction time, or
symptom reporting. No statistically significant (p<0.05) differences were found in tests of motor speed,
grip strength, or reaction time. Postural tremor as measured in the hand steadiness test was significantly
(p<0.05) increased in the exposed group compared with the controls and showed an exposure-response
relationship when the exposed group was regrouped into three groups of increasing duration of
employment. Results from an alternative test of tremor (“TREMOR”) did not distinguish between the
manganese alloy group and the control group. The results indicate that the manganese-exposed group of
workers had increased hand tremor compared with the control group, but were indistinguishable from the

control group in other tests of motor function, cognitive function, or symptom reporting.

Bouchard et al. (2005) reanalyzed results from neurobehavioral tests administered by Mergler et al.
(1994) to 74 male workers in a manganese alloy plant to examine the influence of age on the tests. At the
time of testing, workers had been employed an average of 19.3 years (range 1-27 years) and 71 of the
workers were employed for >10 years. Based on personal air and stationary air samples 8-hour time-
weighted average manganese concentrations ranged from 0.014 to 11.48 mg manganese/m’ total dust
(geometric mean=0.225 mg manganese/m’) and from 0.001 to 1.273 mg manganese/m’ respirable dust
(geometric mean=0.035 mg manganese/m’). The referent group contained 144 workers with no history of
occupational exposure to neurotoxicants who were matched for age, educational level, smoking status,
and number of children. Mean blood manganese levels were 11.9+5.3 pg/L (range 4.4-25.9 pg/L) in
exposed workers and 7.240.3 pg/L (range 2.8—15.4 ng/L) in controls. Paired differences between
exposed and control workers increased significantly (p<<0.05) with age for one of nine tests of neuromotor
domain (nine-hole hand steadiness test); 3 of 12 tests of cognitive domain (trail making B [test of visual
conception and visuomotor tracking], delayed word recall [test of learning, recall and attention], and
cancellation H [test of visuomotor tracking and concentration]); and 1 of 4 sensory domain tests
(vibratometer—vibrotactile perception of the index and toe). The results suggest that older workers may
be more slightly more susceptible to the neurological effects of low-level manganese exposure than

younger workers.
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Bouchard et al. (2007a) examined neuropsychiatric symptoms in a group of 71 male workers in a
manganese alloy plant, 14 years after cessation of exposure, and in a group of 71 unexposed referents of
similar age and education levels from the same geographical region. Based on personal air and stationary
air samples during the operation of the plant, 8-hour time-weighted average manganese concentrations
were 0.014—11.48 mg manganese/m’ total dust (geometric mean=0.225 mg manganese/m’) and 0.001—
1.273 mg manganese/m’ respirable dust (geometric mean=0.035 mg manganese/m’). The mean number
of years of occupational exposure to manganese was 15.7 (range, 7.4—17.3 years). The exposed workers
were participants in the earlier study by Mergler et al. (1994). Neuropsychiatric symptoms were assessed
by a self-administered questionnaire, the Brief Symptom Inventory, from which scores were determined
for somatization (psychological distress from perception of bodily dysfunction), obsessive-compulsive
behavior, interpersonal sensitivity (feeling of personal inadequacy), depression, anxiety, hostility, phobic
anxiety, paranoid ideation, and psychoticism. Former, manganese workers showed significantly (p<0.05)
higher scores (after adjustment for age, education, and alcohol consumption) for two of the nine

neuropsychiatric symptoms (depression, anxiety), compared with controls.

In a follow-up to the Mergler et al. (1994) study, Bouchard et al. (2007b) evaluated neurobehavioral end
points in a group of 77 male former workers in a manganese alloy plant, 14 years after cessation of
employment, and in a group of 81 nonexposed referents group-matched for age, education and alcohol
consumption. The groups were initially assessed in 1990 and, for the present study in 2004, in five
neuromotor tests, nine cognitive tests, and six mood state tests. Based on personal air and stationary air
samples during the operation of the plant, 8-hour time-weighted average manganese concentrations were
0.014—1.48 mg manganese/m’ total dust (geometric mean=0.225 mg manganese/m’) and 0.001-1.273 mg
manganese/m’ respirable dust (geometric mean=0.035 mg manganese/m’). Mean years of occupational
exposure to manganese was reported as 15.3 years (maximum=17.3 years). In the 1994 assessment,
significant (p<0.05) differences between exposed and control workers were found in scores for one of
five neuromotor tests (Luria Motor Scale), three of nine cognitive tests (cancellation H, digit span, color-
word test), and one (tension-anxiety) of six mood state tests. In 2004, significant (p<0.05) differences
between the exposed and control workers persisted for one (Luria Motor Scale) of five neuromotor tests,
none of the nine cognitive tests, and one (confusion-bewilderment) of the six mood states. These results
indicate that exposure-related effects observed initially in the manganese alloy workers did not progress

in a 14-year period following cessation of employment.

Neurological Assessments of Environmentally Exposed Populations Exposed to Inorganic Manganese.

Mergler et al. (1999) studied environmental exposure to manganese and its possible effect on mood
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(Bowler et al. 1999), neuromotor function (Beuter et al. 1999), and levels of the metal in biological fluids
(Baldwin et al. 1999). The study group was a community in southwest Quebec, Canada, near which a
former manganese alloy production plant served as a point source for environmental manganese pollution.
Due to the presence of MMT in gasoline in Canada, inhaled manganese from car exhaust is a potential
contributor to manganese exposures experienced in the population studied. A total of 273 persons
comprised the test population. These individuals were selected using a stratified random sampling
strategy from the Quebec Health Plan Register, which includes all residents. This strategy helped to
ensure that no selection bias was introduced. These individuals were administered a test battery including
a computerized neuromotor test, blood sampling, visual function tests from the Neurobehavioral
Evaluation System-2, an extensive neuropsychological test battery, and diverse tests covering such areas
as olfactory threshold, finger tapping, digit span, and postural sway. Blood sampling data for the study
subjects (Baldwin et al. 1999) indicated that manganese levels in women (geometric mean=7.5 pg/L)
were significantly higher than in men (6.75 pg/L). No relationship was found between the overall level of
manganese in blood and those of lead or iron in serum. However, blood manganese levels were
negatively correlated with serum iron in women and had a tendency to decrease with increasing age.
Serum iron levels in men were higher than in women. The authors analyzed manganese in drinking water
from the study subjects’ residences and analyzed air samples from four different locations for total
manganese particulates and PM;, values. The geometric mean value for manganese in drinking water
was 4.11 pg/L; there was no correlation between individual values in drinking water manganese and
manganese blood levels. Intersite differences in manganese values in total particulate were not observed
in the air samples, but intersite differences did exist for manganese in PM;, values. Two geographical
areas were identified where manganese in air contributed to blood manganese levels; serum iron was

negatively related to blood manganese levels in this analysis (Baldwin et al. 1999).

The Profile of Moods State and Brief Symptom Inventory self-report scales were used to assess condition
of mood in the study population (Bowler et al. 1999). The results from these analyses indicated that men
who are older (>50 years) and have higher blood manganese levels (>7.5 pg/L) showed significant
disturbances in several mood symptoms with significantly increased values for anxiety, nervousness, and
irritability; emotional disturbance; and aggression and hostility when compared to those with lower levels
of blood manganese. Neuromotor, neurological, and neurobehavioral analyses revealed that subjects with
higher blood manganese levels (=7.5 pg/L) performed significantly worse on a test for coordinated upper
limb movements, with poorest performance in older men (Mergler et al. 1999). Also in men, proximal
events on the qualified neurological examination, involving arm movements were significantly slower for

those with higher blood manganese, and hand movements (distal events) tended to be in the same
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direction. No correlation was observed in women. Other measures of motor performance (e.g., hand-arm
tremor and tapping movements) were not related to blood manganese levels, although a significant
decrease in tremor frequency dispersion was observed with log MnB (manganese blood level). For both
men and women, performance on the learning and memory tests was inversely correlated with manganese
blood level values, although performance on individual portions of the overall test varied significantly
with gender. For men, higher levels of manganese in blood were associated with poorer performance on
list acquisition, delayed auditory recall, and visual recognition following a distracter. Females, in
contrast, tended to recall fewer geometric shapes, made more errors on the visual reproduction test, but
remembered more numbers on the digit span forward test. This study is unique in that it is the first to
study both males and females in an exposed population, and it shows an association between elevated
manganese blood levels linked to elevated environmental manganese and poor performance on
neurobehavioral and neuropsychiatric tests. This study also reported that neurological effects associated
with higher levels of blood manganese were more likely to be observed in persons >50 years of age. In
contrast, Roels et al. (1999) reported that age was a significant factor only in performance of the visual
reaction time test, but not for the eye-hand coordination test or the measure of hand steadiness used in
their longitudinal studies. However, Crump and Rousseau (1999) reported that older age was a
significant factor in poor performance in tests of short-term memory and eye-hand coordination.
Although there were no statistically significant neurological effects associated with manganese exposure
among workers of a metal-producing plant evaluated by Gibbs et al. (1999), these investigators also noted

that test performance in eye-hand coordination and reaction time decreased with increasing age.

Rodriguez-Agudelo et al. (2006) examined neurobehavioral end points in 168 women and 120 men from
eight communities at various distances from manganese extraction or processing plants in the district of
Molango, Mexico. Manganese levels in PM;, dust in air samples collected from 28 houses were
determined, and the values obtained from the closest monitor were assigned to each of the

288 participants (values ranged from 0 to 5.86 ug manganese/m’). Concentrations of manganese in
samples of drinking water and maize grain were mostly below detection limits, whereas soil
concentrations ranged from about 6 to 280 mg manganese/kg, with the largest concentrations noted in
samples collected close to the manganese industrial sites. Blood samples were collected from each
participant and used for manganese and lead determinations. Neuromotor tests (which were a Spanish
adaptation of Luria diagnostic procedures) were administered, and odds ratios (ORs) were calculated for
24 different end points involving hand motor functions using dichotomous assessments of performance
(e.g., normal and poor) after grouping the participants based on associated manganese concentrations in

air or blood manganese levels. No associations were found between neuromotor performance and blood
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levels of manganese or lead. After grouping the participants into those associated with air concentrations
between 0 and 0.1 pg manganese/m’ and those with concentrations between 0.1 and 5.86 pg
manganese/m’ (approximate midpoint=3 pg manganese/m’), significantly (p<0.05) elevated ORs for poor
performance were calculated for only 3 of the 24 neuromotor end points (two movement coordination, left
hand performance [OR=1.99, 95% CI 1.15-3.43]; change of hand position, left hand performance
[OR=1.98, 95% CI 0.99-3.95], and conflictive reaction, a test of verbal regulation of movement
[OR=2.08. 95% CI 1.17-3.71]). Although the authors concluded that the results indicate that “there is an
incipient motor deficit in the population environmentally exposed to large manganese levels,” a more
likely explanation for the few and inconsistent findings is chance. This explanation is supported by the
finding that no statistically significant associations were found between any neuromotor function end
points and blood manganese levels. In addition, the lack of air monitoring data for individual participants
in the study precludes assigning the “high” air concentration exposure level as a reliable LOAEL or

NOAEL.

Solis-Vivanco et al. (2009) evaluated the same group of subjects with a battery of neuropsychological
tests for cognitive function (general cognitive state, attention, semantic and phonological fluency,
construction, verbal memory, visual memory coding and recall, and depression). Using logistic
regression analysis with air manganese concentration as an exposure variable, no risk of poor
performance was found with a 0.05 pug/m’ cut-off point. When using a 0.1 pg/m’ cut-off point, only 1 of
10 cognitive measures had a significantly increased risk of poor performance (attention as measured by
the digit span test, OR = 1.75, CI 1.01-3.06). Solis-Vivanco et al. (2009) concluded that the attention
impairments associated with high levels of air manganese exposure are evidence of cognitive impairment
in the exposed population. However, similar to the study by Rodriguez-Agudelo et al. (2006), the finding
on this one measure could be due to chance, as there was no association between blood manganese levels

and cognitive performance.

In the same Molango mining district in central Mexico, a cross-sectional study assessed intellectual
function in 79 children (ages 7-11 years) exposed to an average manganese air concentration of

0.13 ug/m’ for at least 5 years (Riojas-Rodriguez et al. 2010). The children received a medical exam, and
their height and weight were measured. Intellectual function was assessed with the revised Wechsler
Intelligence Scale for Children. Maternal intelligence was assessed with the Progressive Matrices of the
Raven test. Blood and hair samples were collected from the children to measure manganese
concentrations, along with blood concentrations of lead and hemoglobin. A control group was comprised

of 93 unexposed children (ages 7-11 years) from socioeconomically-matched communities from the
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Aqua Blanca district 80 km southeast from the manganese source. Children in the exposed communities
had significantly elevated mean blood (9.71 pg/L) and hair (12.13 pg/g) manganese concentrations
compared with controls (8.22 pug/L and 0.57 ug/g, respectively). Statistically significant (p<0.05)
negative associations were found between hair manganese concentrations and verbal and full scale scores.
Blood manganese concentration was inversely, but nonsignificantly, associated with verbal and full scale
scores. After adjusting for age and sex, the strongest inverse association between hair concentration and
intellectual function was in young girls, with little evidence of associations in boys at any age.
Associations with blood concentration were not modified by sex, but age adjustment suggested that the
inverse relationship was limited to younger participants. Riojas-Rodriguez et al. (2010) concluded that
findings suggest that air-borne manganese exposure is inversely associated with intellectual function in
young school-age children. However, manganese exposure from other sources (groundwater, dietary)

was not considered, and association between air concentration and test results were not explored.

Hernadez-Bonilla et al. (2011) evaluated the same groups of children for motor impairments. Parameters
assessed were manual dexterity, (fine) motor coordination, and motor speed (using the grooved pegboard,
finger tapping, and Santa Ana tests). There was a significant inverse relationship between execution of
the finger tapping test with blood, but not hair, manganese concentration. Additionally, exposed children
made significantly more errors in the grooved pegboard test than controls, but this effect was not
associated with blood or hair manganese levels. There was no correlation between manganese
concentration in blood or hair in any of the other motor function tests. Hernadez-Bonilla et al. (2011)

concluded that there was only subtle evidence of adverse effects on motor speed and coordination.

Similar cognitive findings were reported in a cross-sectional study by Menezes-Filho et al. (2011), in
which intellectual function was assessed in 83 children from 55 families (ages 6—12 years) and their
primary caregivers from the village of Cotegipe in Brazil, which is within a 2-km radius from a ferro-
manganese alloy plant that has been emitting high levels of manganese into the air for 4 decades. The
height and weight of each child was recorded, and blood and hair samples were collected to measure
manganese levels. Blood levels of lead and iron were also measured. Intellectual function was assessed
in children using the Wechsler Intelligence Scale for Children, version III. To assess intellectual function
in primary caregivers (94% mothers), the Raven Progressive Matrix was administered. Caregivers also
provided hair samples for manganese level testing and responded to a questionnaire on sociodemo-
graphics and birth history. The mean blood and hair manganese concentrations in children were 8.2 and
5.83 ng/L, respectively. The mean hair manganese concentration in caregivers was 3.5 pg/L, and levels

correlated with their children's hair manganese concentration. After adjusting for maternal education and
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nutritional status, there was a significant (p<0.05) negative association between hair manganese levels in
children and their verbal and full scale scores. In addition, after adjusting for education years, family
income, and age, there was a significant (p<0.05) negative association between caregiver’s hair
manganese levels and performance on the Raven Progressive Matrix. Menezes-Filho et al. (2011)
concluded that high manganese exposure, likely via air emissions from the plant, had detrimental effects
on cognition in both adults and children, especially in the verbal domain. However, they state that poor
cognitive development in children may also be due in part to lower caregiver 1Qs. Additionally, this
study bears the limitations of a cross-sectional design, and causal inferences cannot be made on the

relationship of manganese exposure and cognitive defects.

In a community-based study, Lucchini et al. (2007) examined possible associations between prevalence of
Parkinsonian disorders and levels of manganese in settled dust collected from communities in the vicinities
of manganese ferroalloy industrial plants in the province of Brescia, Italy. Parkinsonian patients were
identified from clinical registers from local hospitals, area neurologists, and records of exemption from
prescription payments, as well as from records of L-Dopa prescriptions; a total of 2,677 Parkinsonian cases
were identified among 903,997 residents. SMRs for each of 206 municipalities were calculated based on
national rates standardized for age and gender. Municipalities with the highest SMRs were located within
20 km and/or downwind of three manganese alloy industrial plants in the Valcamonica region of Brescia.
An average standardized prevalence of 492 cases/100,000 residents was observed in the 37 municipalities
of the Valcamonica region. Crude and standardized prevalence rates for the Valcamonica municipalities
were significantly (p<0.05) higher than rates for the other 169 municipalities of Brescia. Municipality-
based SMRs for Parkinsonian disorders were significantly (p<0.05) associated with manganese levels in
settled dust, and manganese levels in settled dust samples from the 37 municipalities in Valcamonica were
significantly (p<<0.05) higher than levels in samples for the other 169 municipalities. The results suggest
that prolonged environmental exposure to excessive manganese in the Valcamonica region of Brescia may
increase the risk for Parkinsonian disorders, but the results do not identify a reliable NOAEL or LOAEL
that can be expressed in units of manganese air concentrations. The authors speculated that, even though
manganese-induced and Parkinsonian neurological disorders are expected to have two distinct target areas
in the brain (the globus pallidus and the substantia nigra, respectively), structural and chemical
interconnections between the brain areas may interact to cause increased risk for Parkinsonian disorders as

suggested by Weiss (2006).

In a preliminary cross-sectional study, Standridge et al. (2008) evaluated postural balance in 22 residents

(13 females and 9 males; ages 20—59 years old) from a manganese-exposed Ohio community where a
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large ferro- and silico-manganese smelter has been active for >50 years. Subjects had been living within
10 miles of the refinery for at least 3 years, were known not to have a history of manganese occupational
exposure, and had been exposed to estimated mean daily ambient manganese concentrations between

0.1 and 2.0 pg/m’. The control group was comprised of 22 military subjects (10 females and 12 males;
ages 24—57 years old) who were considered to be unexposed to occupational and environmental
neurotoxicants. Results from a postural sway analysis, along with blood and hair manganese levels, were
compared with unexposed controls. Several covariates (age, gender, height, weight, alcohol intake,
tobacco usage, and blood lead levels) were also recorded. Postural analysis measures of manganese-
exposed residents were significantly larger than controls in five out of eight postural balance outcomes
(sway area for eyes open on the platform, sway area for eyes open or closed on foam, sway length for
eyes open or closed on the foam). After adjustment for covariables, a significant positive association was
found between hair manganese levels and sway area and length (eyes open or closed on the platform).
Standridge et al. (2008) concluded that these preliminary findings suggest subclinical impairment in

postural balance in manganese-exposed residents.

Kim et al. (2011) conducted a cross-sectional study evaluating motor function in 100 residents from the
same manganese-exposed Ohio community. Subjects had been living in the community for 10—65 years
and had been exposed to 0.04—0.96 pg/m’ of respirable manganese particulate (mean, 0.18 pg/m’; based
on U.S. EPA dispersion modeling). Results from the Unified Parkinson's Disease Rating Scale, a postural
sway test, and a comprehensive questionnaire exploring demographics and general health were compared
to 90 unexposed residents from a demographically similar comparison town in Ohio. Blood samples
were collected from all subjects for ferritin, alanine transpeptidase, gamma-glutamyl transferase,
manganese, mercury, lead, and cadmium levels. There were no significant differences between the
exposed and comparison groups in regards to manganese blood levels, demographics, or major health
outcomes. However, when adjusted for covariates (presence of other neurotoxic metals, factors
aggravating susceptibility to manganese or motor performance, demographics), the manganese-exposed
residents had a significantly increased risk of abnormal performance on the Unified Parkinson's Disease
Rating Scale and showed significantly higher postural sway scores. Kim et al. (2011) concluded that
these subclinical findings may possibly reflect early subtle effects of chronic, low-level manganese
exposure, but alternatively might be due to chance due to the cross-sectional study design, the small to
medium effect size, and the lack of association between air or blood manganese levels and motor function

performance.
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Neurological Studies of Animals Exposed by Inhalation to Inorganic Manganese. In several early
animal studies, intermediate or chronic inhalation exposure of monkeys and rats to manganese dusts has
not produced neurological signs similar to those seen in humans (Bird et al. 1984; EPA 1983c¢; Ulrich

et al. 1979a, 1979b). For example, Ulrich et al. (1979a) reported that monkeys continually exposed for

9 months to aerosols of manganese dioxide at concentrations as high as 1.1 mg manganese/m’ showed no
obvious clinical signs of neurotoxicity, no histopathological changes in brain tissues, and no evidence for
limb (leg) tremor or electromyographic effects on flexor and extensor muscles in the arm. However, in a
chronic study with Rhesus monkeys, decreased levels of dopamine were found in several regions of the
brain (caudate and globus pallidus) (Bird et al. 1984). Behavioral tests detected signs of neurological
effects in mice (increased open-field activity and decreased maternal pup retrieval latency), although
these are only seen at relatively high exposure levels (60-70 mg manganese/m’) (Lown et al. 1984;

Morganti et al. 1985).

Several studies provide evidence for associations between decreased neuronal cell counts in the globus
pallidus and neurobehavioral changes (increased locomotor activity) in rats exposed by inhalation for

13 weeks to a mixture of manganese phosphate/sulfate (at 1.05 mg manganese/m’) or manganese sulfate
alone (at concentration between 0.009 and 0.9 mg manganese/m’), but not to manganese phosphate alone
at concentrations up to 1.1 mg manganese/m’ (Normandin et al. 2002; Salehi et al. 2003, 2006; Tapin et
al. 2006). Other 13-week rat inhalation exposure studies reported increased brain manganese
concentrations and increased locomotor activity after exposure to 3.75 mg manganese/m’ as metallic
manganese (St-Pierre et al. 2001) and increased brain manganese concentrations with no increases in
olfactory bulb, cerebellar, or striatal concentrations of glial fibrillary acidic protein (GFAP) after exposure
to 0.5 mg manganese/m’ as manganese sulfate or 0.1 mg manganese/m’ as manganese phosphate

(Dorman et al. 2004b). GFAP is a widely acknowledged marker of damage to astrocytes.

In male Sprague-Dawley rats, increased locomotor activity (increased distance traveled, but no change in
resting time) was observed after up to 13 weeks of exposure to 0.03 or 3 mg of a manganese
phosphate/sulfate mixture/m’ (6 hours/day, 5 days/week), but not at 0.3 mg/m’ (Salehi et al. 2003). These
exposure concentrations correspond to 0.01, 0.11, and 1.05 mg manganese/m3. Assessment of brain
manganese levels, hind limb tremor, and neuropathology of the brain (counts of neuronal cells) found no
evidence for tremor at any exposure level, but rats at the highest exposure level showed significantly
(p<0.05) increased concentrations of manganese in the frontal cortex, globus pallidus, and caudate

putamen, as well as significantly (p<0.05) decreased neuronal cell counts in the globus pallidus and
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caudate putamen, compared with control values or to values for rats in the lower exposure groups (Salehi

et al. 2006).

In similar experiments with male Sprague-Dawley rats exposed to 0, 0.03, 0.3, or 3 mg manganese
sulfate/m’ (Tapin et al. 2006) or 0, 0.03, 0.3, or 3 mg manganese phosphate/m’ (Normandin et al. 2002)
for 13 weeks by the same exposure protocol, some differences in results were obtained. These exposure
levels correspond to 0.009, 0.09, or 0.9 mg manganese/m’ for manganese sulfate and 0.01, 0.11, or

1.1 mg manganese/m’ for manganese phosphate. With exposure to manganese phosphate, manganese
levels were significantly (p<0.05) elevated (at 3 mg/m’) in the olfactory bulb, frontal cortex, globus
pallidus, caudate putamen, and cerebellum regions of the brain, but no exposure-related effects were
found on neuronal cell counts or locomotor activity (Normandin et al. 2002). In contrast, manganese
sulfate exposure significantly (p<0.05) increased manganese levels in all regions of the brain, and
decreased neuronal counts in the globus pallidus at 0.3 and 3 mg manganese sulfate/m’, compared with
controls (Tapin et al. 2006). In addition, the two highest exposure levels of manganese sulfate were
associated with significantly (p<0.05) increased locomotor activity (distance traveled), increased resting
time, and decreased total ambulatory counts; the lowest exposure level, 0.03 mg manganese sulfate/m’
also increased the distance traveled end point of locomotor activity (Tapin et al. 2006). As with the
manganese phosphate/sulfate mixture, neither manganese phosphate nor manganese sulfate exposure was
associated with hind limb tremors in the rats. Earlier studies by the same research group, found that
Sprague-Dawley rats exposed to 3.75 mg aerosols of metallic manganese/m’ (6 hours/day, 5 days/week
for 13 weeks) showed significantly (p<0.05) higher manganese concentrations in various regions of the
brain, and higher distance traveled and lower resting time in locomotor tests, compared with controls;

neuronal counts were not assessed in this earlier study (St-Pierre et al. 2001).

Several studies have examined the influence of inhalation exposure to manganese sulfate on biochemical
end points associated with oxidative stress or inflammation in the brain of rats (Erikson et al. 2005, 2006;
HaMai et al. 2006; Taylor et al. 2006) and monkeys (Erikson et al. 2007, 2008). Erikson et al. (2005,
2006) exposed neonatal rats to manganese sulfate (0, 0.05, or 1 mg manganese/m’) during gestation and
postnatal days (PNDs) 1-18 and examined five brain regions for several biochemical end points
associated with oxidative stress either on PND 19 (Erikson et al. 2006) or after 3 weeks without exposure
(Erikson et al. 2005). End points included levels of glutamine synthase (GS) protein and mRNA,
metallothionein (MT) mRNA, tyrosine hydroxylase (TH) protein and mRNA, and total reduced
glutathione. At PND 9, increased manganese concentrations in the striatum (the most consistently

affected region) were associated with decreases in GS, MT, and TH mRNA, and significantly decreased
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levels of glutathione (Erikson et al. 2006), but these were not apparent 3 weeks after cessation of
exposure (Erikson et al. 2005). However, other end points (such as decreased GS protein) were changed,
compared with control values, 3 weeks after cessation of exposure (Erikson et al. 2005). Similar end
points, as well as levels of mRNA and protein for glutamate transporters, were examined in six brain
regions of young male Rhesus monkeys exposed to 0, 0.06, 0.3, or 1.5 mg manganese/m’ as manganese
sulfate for 65 days (Erikson et al. 2007). Exposure-related changes included decreased MT mRNA in
most regions, decreased TH protein levels in the caudate and globus pallidus, increased GSH in the
frontal cortex, and decreased GSH in the caudate. In a follow-up study, Erikson et al. (2008) examined
similar end points in groups of four Rhesus monkeys exposed to 1.5 mg manganese/m’ for 15 or 33 days
or 65 days with 45 or 90 days of recovery. The previously reported alterations (MT mRNA, TH protein,
GSH) were confirmed after 33 days of exposure, and all but the increased GSH levels in the frontal cortex
persisted at least 90 days after treatment cessation. Additional persistent effects include decreased GS
protein and glutamate transporter (GLT-1) mRNA and protein in various brain regions and decreased
glutamate transporter GLAST protein in globus pallidus. In another study, HaMai et al. (2006) exposed
three groups of rats to 0 or 0.71 ng manganese/m’ (2 hours/day) as manganese sulfate on gestation days
(GDs) 9 and 10, on PNDs 3747, or on GDs 9 and 10 plus PNDs 37-47 and measured brain levels of
mRNA for gene products related to oxidative stress or inflammation. Gestational exposure was
associated with decreased mRNA for amylid precurson (APP), cyclooxygenase-2 (COX-2), neuronal
nitric oxide synthetase (nNOS), and GFAP, whereas adult exposure was associated with greater
transcriptional decreases for the same gene products as well as transcriptional growth factor beta (HaMai
et al. 2006). The results from these studies indicate that acute- or intermediate-duration inhalation
exposure to manganese sulfate concentrations ranging from about 0.1 to 1 mg manganese/m’ can
differentially affect brain biochemical markers of neurotoxicity, but understanding of the neurotoxic
mechanism of manganese is inadequate to confidently define any one of the observed changes as

biologically adverse.

No studies on neurological effects from inhalation exposure to MMT in humans or animals were located.

3.2.1.5 Reproductive Effects

As discussed earlier (see Section 3.2.1.4), impotence and loss of libido are common symptoms in male
workers afflicted with clinically identifiable signs of manganism attributed to occupational exposure to
manganese for 1-21 years (Emara et al. 1971; Mena et al. 1967; Rodier 1955; Schuler et al. 1957). These

symptoms could lead to reduced reproductive success in men. Impaired fertility (measured as a decreased
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number of children/married couple) has been observed in male workers exposed for 1-19 years to
manganese dust (0.97 mg/m’) at levels that did not produce frank manganism (Lauwerys et al. 1985).
This suggests that impaired sexual function in men may be one of the earliest clinical manifestations of
manganism, but no dose-response information was presented so it is not possible to define a threshold for
this effect. Jiang et al. (1996b) performed a reproductive epidemiological study on 314 men in a
manganese plant. The men, from six different factories, performed milling, smeltering, and sintering
duties for up to 35 years. The geometric mean airborne manganese concentration (assumed to be total
dust) was 0.145 mg/m’ as manganese dioxide. The researchers found no significant differences in
reproductive outcomes between exposed and control workers (controls were matched for several factors,
including age, smoking, personal hygiene, living habits, and cultural background). The incidences of
sexual dysfunction were evaluated through researchers’ questions and judged by the occurrence of two
positive responses to three potential conditions: impotence, abnormal ejaculation (early ejaculation or
nonejaculation), and lack of sexual desire. Impotence and lack of sexual desire were higher in the
exposed group than in the controls (Jiang et al. 1996b). Wu et al. (1996) reported increased semen
liquefaction time and decreased sperm count and viability in three groups of men occupationally exposed
to manganese: 63 miners or ore processors, 38 electric welders in mechanical fields, and 110 electric
welders in shipbuilding. Matched controls consisted of 99 men who were employed in the same
occupation and from the same area, but were not exposed to manganese or other reproductive toxins. The
men had been exposed to manganese for >1 year. Geometric means of total manganese dust (as
manganese dioxide) ranged from 0.14 mg/m’ for mining operations to 5.5 mg/m’ for manganese powder
processing. Manganese fume concentrations varied; the mechanical welders were exposed to a
concentration of 0.25 mg/m’ (geometric mean), while the shipbuilding area concentrations ranged from
geometric means of 6.5-82.3 mg/m’, depending on the location within the ship. The miners had a
significant percentage (14.3%; p<0.01) of samples with increased liquefaction time, decreased sperm
count (34.9%; p<0.01), and decreased percentage of total viable sperm (33.3% had abnormal counts;
p<0.01) compared to controls. Welders in shipbuilding had decreased sperm viability levels that were
significantly different from controls (p<0.01). Manganese concentrations in semen were significantly
increased compared to controls in the mechanical welders; copper, nickel, chromium, and iron
concentrations were also elevated in semen in welders in both mechanical and shipbuilding careers.
Further, stepwise regression analysis of the impact of these other metals on the measured reproductive
parameters indicated that the higher the nickel concentration, the lesser the semen volume and the greater
the number of deformed sperm. Copper in the seminal fluid was also positively linked with the viable
sperm percentage, sperm viability and number of sperm. Although this study indicates that manganese

exposure can cause sperm toxicity, the presence of other metals prevents any conclusive statements
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concerning its importance. Gennart et al. (1992) performed a reproductive study on 70 male workers
exposed to manganese dioxide at a median concentration of 0.71 mg manganese/m’ in total dust for an
average of 6.2 years in a dry alkaline battery plant. Results from a questionnaire answered by the workers
and controls in the study and from analysis of birthrates of exposed and control workers revealed no

difference in birthrates between the groups.

These results in human studies reveal conflicting evidence for whether occupational exposure to
manganese causes adverse reproductive effects. Effects reported may occur as a secondary result of
neurotoxicity but do not provide information on any direct effect manganese may have on the

reproductive organs. No information was found regarding reproductive effects in women.

Intratracheal instillation studies in rabbits indicate that single high doses of manganese (158 mg/kg, as
manganese dioxide) can cause severe degenerative changes in the seminiferous tubules and lead to
sterility (Chandra et al. 1973; Seth et al. 1973). This effect did not occur immediately, but developed
slowly over the course of 48 months following the exposure. Direct damage to the testes has not been
reported in humans occupationally exposed for longer periods, suggesting that this effect may not be of
concern under these exposure circumstances. However, it is unclear if specific studies to investigate

possible testicular damage have been performed.

None of the studies located reported adverse effects in female animals following inhalation exposure to
manganese. In a study with female mice (Lown et al. 1984), the average number of pups born to exposed
females was increased when dams were exposed to manganese dioxide before conception through
gestation. In a report of a study of tissue manganese concentrations in lactating rats and their offspring
following exposure to manganese sulfate aerosols at 0, 0.05, 0.5, or | mg manganese/m’ starting 28 days
prior to breeding through PND 18, no mention was made of reproductive performance variables such as

the percentage of dams that delivered or the number of pups per litter (Dorman et al. 2005a).

The highest NOAEL values and all LOAEL values from each reliable study for reproductive effects in

each species and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

No studies were located concerning reproductive effects following inhalation exposure to organic

manganese compounds in humans or animals.
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3.2.1.6 Developmental Effects

Very little information is available on the developmental effects of inorganic manganese from inhalation
exposure. The incidences of neurological disorders, birth defects, and stillbirths were elevated in a small
population of people living on an island where there were rich manganese deposits (Kilburn 1987).
However, no conclusions could be reached on the causes of either the neurological effects or the
increased incidence of birth defects and stillbirths because there were insufficient exposure data. Control
data were not provided, and the study population was too small for meaningful statistical analysis.

Although inhalation exposure was not ruled out, the route of exposure was assumed to be primarily oral.

As discussed in Section 3.2.1.4, two studies reported statistically significant inverse relationships between
an index of exposure to manganese in air (manganese concentration in hair) and intellectual function in
children living in communities near manganese industries (Menezes-Filho et al. 2011; Riojas-Rodriguez
et al. 2010). Additionally, Herndndez-Bonilla et al. (2011) reported that children living in a manganese
mining area had higher manganese hair concentrations than children from a non-mining area, but did not
show clear performance deficits on several tests of motor skills (grooved pegboard, finger tapping, and
Santa Ana test), compared with the control group of children. No statistically significant associations
were found for increasing performance deficits with increasing hair concentrations, but a statistically
significant association was found for finger tapping deficits with increasing manganese blood
concentrations. The results provide suggestive evidence of an association between environmental
exposure of children to manganese and impaired cognitive abilities, but are inadequate to establish causal
relationships due to the cross-sectional design and inability to control for possible confounding factors.
The study of motor function did not find clear and consistent evidence for motor function deficits in these

children.

Lown et al. (1984) evaluated the developmental effects of inhaled manganese in mice. The study
involved exposing dams and non-pregnant female mice to either filtered air or manganese at an average
concentration of 61 mg/m’ (as manganese dioxide) 7 hours/day, 5 days/week, for 16 weeks prior to
conception. The authors then exposed the mice to either air or manganese post-conception, irrespective
of preconception exposure. Once delivered, six pups (three of each sex) were distributed to foster
mothers and then nursed in the absence of exposure to manganese. The pups were then evaluated on
postpartum day 7 for weight gain and gross locomotor activity and on day 45 for different behavioral
parameters and learning performance. The authors observed that pups raised by foster mothers that had

been exposed to manganese preconception and filtered air postconception had reduced weights compared
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to pups raised by foster mothers exposed only to filtered air. The activity data indicated that there were
no observable differences in activity between pups who had been exposed to manganese in utero and
those that had not. Therefore, the data did not provide evidence that manganese exposure resulted in

adverse neurological developmental effects.

No studies were located concerning developmental effects in humans or animals following inhalation

exposure to organic manganese.

3.2.1.7 Cancer

No studies were located regarding carcinogenic effects in humans or animals after inhalation exposure to

inorganic or organic manganese.

3.2.2 Oral Exposure

Although humans are often exposed to significant quantities of inorganic manganese compounds in food
and water (see Sections 6.4 and 6.5), reports of adverse effects in humans from ingestion of excess
manganese are limited. Most information on the effects of oral exposure to inorganic manganese is
derived from studies in animals. These studies are summarized in Table 3-2 and Figure 3-2, and the

findings are discussed below. All doses are expressed as mg manganese/kg/day.

Health effects following oral exposure to the organic manganese compound, MMT, were observed in
animals. Studies involving oral exposure of animals to MMT are summarized in Table 3-3 and

Figure 3-3. As discussed previously, because inhalation, oral, and dermal pathways are not a concern
regarding exposure to mangafodipir, this compound’s studies are not presented in an LSE table or figure;

instead, they are discussed in Section 3.2.4.

3.2.2.1 Death

Three studies have been located in which death in humans may have been caused by the ingestion of
manganese-contaminated water (Hafeman et al. 2007; Kawamura et al. 1941; Spangler and Spangler
2009). Kawamura et al. (1941) reported death from "emaciation" in two adults who ingested drinking
water contaminated with high levels of manganese. Hafeman et al. (2007) reported high mortality among
infants <1 year of age in a Bangladesh population where the drinking water supplied by certain local

wells contained high levels of manganese. As discussed in detail in Sections 3.2.2.4 (Kawamura et al.



Table 3-2 Levels of Significant Exposure to Inorganic Manganese - Oral

Exposure/ LOAEL
Duration/
Key te Species F?;%uuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mglkg/day) (mgl/kg/day) (mgl/kg/day) Chemical Form Comments

ACUTE EXPOSURE
Death

1 Rat once
(Sprague- (GW)
Dawley)

2 Rat once
(albino) (GW)

3 Rat once
(Wistar) (GW)

4 Rat once
(Swiss albino) (G)

5 Rat once
(Swiss albino) (G)

6 Rat once
(Wistar) (GW)

412 M (LD50)

351 M (LD50)

342 M (LD50)

331F (LD50)

275

(LD50 - pups)

642 M (LD50)

782 M (LD50)

1082

(LD50)

Holbrook et al. 1975
MnCI2

Kostial et al. 1978
MnCI2

Kostial et al. 1989
MnCI2

Singh and Junnarkar 1991
MnCI2

Singh and Junnarkar 1991
MnSO4

Smyth et al. 1969
MnOAc

S103443 H1TV3IH '€

3ISANVONVIN

66



Table 3-2 Levels of Significant Exposure to Inorganic Manganese - Oral

(continued)

Exposure/ LOAEL
Duration/
Key te Species F?;‘Luu‘i:;’y NOAEL Less Serious Serious Reference
Figure (Strain) System (mglkg/day) (mgl/kg/day) (mgl/kg/day) Chemical Form Comments
Systemic
7 Rat 14d Resp 1300 NTP 1993
(F344/N) (F) MnSO4
Cardio 1300
Hemato 650 M 1300 M (decreased leukocyte
and neutrophil counts)
1300 F
Hepatic 650 M 1300 M (reduced liver weight)
1300 F
Renal 1300
Endocr 1300
Bd Wt 650 1300 (57% decreased body

weight in males; 20% in
females)

S103443 H1TV3IH '€

3ISANVONVIN

00l



Table 3-2 Levels of Significant Exposure to Inorganic Manganese - Oral

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Frequency NOAEL Less Serious Reference
Figure (Strain) (Route) 3 i
ystem  (mg/kg/day) (mg/kg/day) Chemical Form Comments
8 Mouse 14d Resp 2600 M NTP 1993
(B6C3F1) (F) MnSO4
3900 F
Cardio 2600 M
3900 F
Hemato 2600 M
3900 F
Hepatic 2600 M
3900 F
Renal 2600 M
3900 F
Endocr 2600 M
3900 F
Neurological
9 RaF 6d 22 M (increase in Desole et al. 1994
(Wistar) (Gw) dihydroxyphenylacetic MnCI2
acid and uric acid in
striatum)
10 RaF é Z/d 8.8 M (decrased concentrations Desole et al. 1997
(Wistar) 1x(d7) of dopamine in MnCI2
brainstem; glutathione
(Gw) depletion potentiated Mn

effects on dopamine as
well as concentrations of
DOPAC and HVA)
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Table 3-2 Levels of Significant Exposure to Inorganic Manganese - Oral

(continued)

Exposure/ LOAEL
Duration/
Keyto Species F?;%uuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mglkg/day) (mgl/kg/day) (mgl/kg/day) Chemical Form Comments
11 Rat 14d 1300 NTP 1993
(F344/N) (F) MnSO4
12 Rat 1d 13.9  (decreased acquisition of Shukakidze et al. 2003
(albino) (GW) an avoidance reaction) MnCI2*4H20
13 ?QZOUSI;EL/GN) I13r)1(</1d20-34 4.4 M (increased novelty Moreno et al. 2009 No ?iffereglce ip the
ST king behavior i * total number o
(G) ?i:%)lng ehavior in open (MnCi2*4H20) movements, total
distance traveled, or in
rearing frequency in
open field
14 Mouse }13r)1(</jd20-34 4.4 13.1  (increased dopamine, Moreno et al. 2009
(C57BL/6N) decreased dopamine (MnCI2*4H20)
(©) metabolite DOPAC, and
increased serotonin
metabolite 5HIAA in
striatum)
Reproductive
15 Rat Gd 6-17 2200 F Grant et al. 1997a
(Sprague-  (GW) MnCI2
Dawley)
16 Rat 14 d 1300 M NTP 1993
(Fischer- 344) (F) MnSO4
Developmental
17 Rat Gd 6-17 2200 Grant et al. 1997a
(Sprague-  (GW) MnCI2
Dawley)

S103443 H1TV3IH '€

3ISANVONVIN

col



Table 3-2 Levels of Significant Exposure to Inorganic Manganese - Oral (continued)

Exposure/ LOAEL
Duration/
Key to Species F?;%uuet:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mglkg/day) (mgl/kg/day) (mgl/kg/day) Chemical Form Comments
INTERMEDIATE EXPOSURE
Death
18 Rat 21d 225  (LD50 - 21 days) Rehnberg et al. 1980
(Long- Evans) (GW) Mn304
Systemic
19 RaF 33 ?sys Hepatic 1730 Avila et al 2008
(Wistar) adli (MnCI2)
(W)
Renal 1730
Bd Wt 760  (50% decrease in body
weight gain)
20  Rat 224d Hemato 180 M Carter et al. 1980
(Long- Evans) (F) Mn304
2 Rat ;é(/éj Bd Wt 6 M (rats gained only 44% of ~Exon and Koller 1975
(Wistar) amount gained by control pMn304
(F) rats with normal food
consumption)
22 I(?Sat 83)1 -pnd 24 Bd Wt 910 F (30% decrease in Molina et al. 2011 Effect dosfe is ar:t d
prague- maternal weight . average of reporte
Dawley) ght) (MnCI2°4H20) daily Mn intake during
gestation (565
mg/kg/day) and
lactation (1256
mg/kg/day).
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Table 3-2 Levels of Significant Exposure to Inorganic Manganese - Oral

(continued)

Ex