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

Each profile includes the following:

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

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

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

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

/ e »//5/‘

Thomas R. Frieden, M. D M.P.H.
Administrator

Agency for Toxic Substances and
Disease Registry




*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 Fxposures;, Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.


mailto:cdcinfo@cdc.gov
http:http://www.atsdr.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 (ToxI’AQs) 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,
mjury, 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
discases 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:
AQEC, 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.


mailto:AOEC@AOEC.ORG
http:http://www.aoec.org
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PEER REVIEW

A peer review panel was assembled for styrene. The panel consisted of the following members:
Draft for Public Comment:
1. George Cruzan, Ph.D., DABT, ToxWorks, Bridgeton, New Jersey;

2. Teresa Leavens, Ph.D., Research Assistant Professor, Center for Chemical Toxicology Research
and Pharmacokinetics, North Carolina State University, Raleigh, North Carolina; and

3. Jean Rabovsky, Ph.D_, Retired Toxicologist, El Cerrito, California.

These experts collectively have knowledge of styrene’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 liecs with the ATSDR.
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STYRENE 1

1. PUBLIC HEALTH STATEMENT

This public health statement tells you about styrene 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. Styrene has been found in at least 251 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 styrene 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 be harmful.

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,

cating, or drinking the substance, or by skin contact.

If you are exposed to styrene, 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.

1.1 WHAT IS STYRENE?

Description Styrene is a colorless liquid that evaporates easily.

In its pure form, styrene has a sweet smell. Manufactured styrene may
contain aldehydes, which give it a sharp, unpleasant odor.
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Uses
* Manufacturing

e Consumer
products

1. PUBLIC HEALTH STATEMENT

Large amounts of styrene are produced in the United States. Small amounts
are produced naturally by plants, bacteria, and fungi. Styrene is also present
in combustion products such as cigarette smoke and automobile exhaust.

Styrene is widely used to make plastics and rubber. Consumer products
containing styrene include:

packaging materials

insulation for electrical uses (i.e., wiring and appliances)
insulation for homes and other buildings

fiberglass, plastic pipes, automobile parts

drinking cups and other "food-use" items

carpet backing

These products mainly contain styrene linked together in long chains
(polystyrene). However, most of these products also contain a small amount
of unlinked styrene.

For more information on the

use, sece Chapters 4 and 5.

physical and chemical properties of styrene, and its production, disposal, and

1.2 WHAT HAPPENS TO STYRENE WHEN IT ENTERS THE ENVIRONMENT?

Sources

Break down
e Air

* Water and soil

Styrene can be found in air, soil, and water after release from the
manufacture, use, and disposal of styrene-based products.

Styrene is quickly broken down in the air, usually within 1-2 days.

Styrene evaporates from shallow soils and surface water. Styrene that
remains in soil or water may be broken down by bacteria or other
microorganisms.

For more information on styrene in the environment, see Chapter 6.
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1. PUBLIC HEALTH STATEMENT

1.3 HOW MIGHT | BE EXPOSED TO STYRENE?

Air The primary way you can be exposed to styrene is by breathing air
containing it. Releases of styrene into the air occur from:

industries using or manufacturing styrene
automobile exhaust

cigarette smoke, and

use of photocopiers

Rural or suburban air generally contains lower concentrations of styrene
than urban air. Indoor air often contains higher levels of styrene than
outdoor air.

¢ 0.06—4.6 parts per billion (ppb) in outdoor air
e 0.07-11.5 ppb in indoor air

Water and soil Styrene is occasionally detected in groundwater, drinking water, or soil
samples. Drinking water containing styrene or bathing in water containing
styrene may expose you to low levels of this chemical.

Workplace air A large number of workers are potentially exposed to styrene. The highest
potential exposure occurs in the reinforced-plastics industry, where workers
may be exposed to high air concentrations and also have dermal exposure
to liquid styrene or resins.

Workers involved in styrene polymerization, rubber manufacturing, and
styrene-polyester resin facilities and workers at photocopy centers may also
be exposed to styrene.

Food Low levels of styrene occur naturally in a variety of foods, such as fruits,
vegetables, nuts, beverages, and meats. Small amounts of styrene can be
transferred to food from styrene-based packaging material.

For more information on human exposure to styrene, see Chapter 6.
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1. PUBLIC HEALTH STATEMENT

1.4 HOW CAN STYRENE ENTER AND LEAVE MY BODY?

Enter your body
¢ Inhalation

* Ingestion

¢ Dermal contact

Leave your body

When you breathe air containing styrene, most of the styrene will rapidly
enter your body through your lungs.

Styrene in food or water may also rapidly enter your body through the
digestive tract.

A very small amount may enter through your skin when you come into
contact with liquids containing styrene.

Once in your body, styrene is broken down into other chemicals. Most of
these other chemicals leave your body in the urine within few days.

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

1.5 HOW CAN STYRENE AFFECT MY HEALTH?

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

Workers
¢ Inhalation

Laboratory
animals
¢ Inhalation

Health Effects

The most common health problems in workers exposed to styrene involve
the nervous system. These health effects include changes in color vision,
tiredness, feeling drunk, slowed reaction time, concentration problems, and
balance problems.

The styrene concentrations that cause these effects are more than
1,000 times higher than the levels normally found in the environment.

Hearing loss has been observed in animals exposed to very high
concentrations of styrene.

Animal studies have shown that inhalation of styrene can result in changes
in the lining of the nose and damage to the liver; however, animals may be
more sensitive than humans to the nose and liver effects.
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Laboratory
animals
¢ Oral

Cancer

1. PUBLIC HEALTH STATEMENT

Impaired learning has been observed in rats exposed to high doses of
styrene.

Sperm damage has also been observed in rats exposed to high doses of
styrene.

The International Agency for Research on Cancer has determined that
styrene is a possible carcinogen.

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

Chapters 2 and 3.

1.6 HOW CAN STYRENE 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 ' There are no studies evaluating the effect of styrene exposure on children

Birth defects

Breast milk

or immature animals. It is likely that children would have the same health
effects as adults. We do not know whether children would be more
sensitive than adults to the effects of styrene.

Studies in workers have examined whether styrene can cause birth defects
or low birth weight; however, the results are inconclusive. No birth defects
were observed in animal studies.

Nursing infants can be exposed to styrene from breast milk.

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

Tobacco smoke

Copier

Styrene is a component of tobacco smoke. Avoid smoking in enclosed
spaces like inside the home or car in order to limit exposure to children and
other family members.

Styrene is released during the use of home copiers. Families should use a
copier only when needed and turn it off when finished. Itis also important to
keep the room with the copier well ventilated.
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1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN EXPOSED TO

STYRENE?
Detecting Styrene can be measured in blood, urine, and body tissues for a short time
exposure following exposure to moderate-to-high levels.
Measuring The presence of styrene breakdown products (metabolites) in urine might
exposure indicate that you were exposed to styrene; however, these metabolites can

also form when you are exposed to other substances.

Measuring styrene metabolites in urine within 1 day of exposure allows
medical personnel to estimate actual exposure level.

The detection of these metabolites in your urine cannot be used to predict
the kind of health effects that might develop from that exposure.

Information about tests for detecting styrene 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. These are levels of a toxic
substance in air, water, soil, or food that do not exceed a critical value. This critical value 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.

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.
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Some regulations and recommendations for styrene include the following:

Drinking water The EPA has determined that exposure to styrene in drinking water at
concentrations of 20 ppm for 1 day or 2 ppm for 10 days is not expected to
cause any adverse effects in a child.

The EPA has determined that lifetime exposure to 0.1 ppm styrene in
drinking water is not expected to cause any adverse effects.

Bottled water The FDA has determined that the styrene concentration in bottled drinking
water should not exceed 0.1 ppm.

Workplace air OSHA set a legal limit of 100 ppm styrene 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 Environmental Medicine
1600 Clifton Road NE

Mailstop F-62

Atlanta, GA 30333

Fax: 1-770-488-4178


http:www.atsdr.cdc.gov
mailto:cdcinfo@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/


http:http://www.ntis.gov
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21 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO STYRENE IN THE UNITED
STATES

Styrene is a high production chemical; the production capacity for styrene in the United States was over
12 billion pounds in 2008. Small amounts of styrene are naturally present in foods such as legumes, beef,
clams, eggs, nectarines, and spices. It can also be present in packaged foods by migration from
polystyrene food containers and packaging materials. Styrene is a combustion product of cigarette smoke
and automobile exhaust. Manufactured styrene is primarily used in the production of polystyrene plastics
and resins used principally for insulation or in the fabrication of fiberglass boats; production of
copolymers such as styrene-acrylonitrile and acrylonitrile-butadiene-styrene, which are used to
manufacture piping, automotive components, and plastic drinking glasses; production of styrene-
butadiene rubber used to manufacture car tires, hoses for industrial purposes, and shoes; or formulated
with unsaturated polyester resins used as fiberglass reinforcement materials. Styrene copolymers are also

frequently used in liquid toner for photocopiers and printers.

Median styrene concentrations in urban and rural/suburban air samples are 0.07-4.6 ppb and 0.06—
0.1 ppb. The median styrene concentration in indoor air samples ranged from 0.07 to 11.5 ppb; the
primary sources of styrene in indoor air are cigarette smoke and photocopiers. Styrene is rarely detected

in drinking water samples and is rarely detected in soil samples.

General population exposure to styrene in air and food has been estimated to be 18-54 and 0.2—
1.2 pg/person/day, respectively, with a total daily exposure of 18.2-55.2 pg/day or 0.0003—
0.0008 mg/kg/day (assuming a 70-kg reference body weight).

2.2 SUMMARY OF HEALTH EFFECTS

Styrene-induced neurotoxicity has been reported in workers since the 1970s. Studies over the last

15 years have firmly established the central nervous system as the critical target of toxicity. Both short-
and long-term exposures to styrene can result in neurological effects. Acute exposure data are limited to
the finding of impaired performance on tests of vestibular function in test subjects exposed to 87—

376 ppm for 1-3 hours and studies finding no alterations in performance of neurobehavioral tests
(reaction time, color discrimination, and tests of memory or attention) in subjects exposed to 20 or

49 ppm. A variety of neurological effects have been observed in chronically exposed styrene workers;
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these effects include decreased color discrimination, vestibular effects, hearing impairment, symptoms of
neurotoxicity, particularly “feeling drunk™ and tiredness, delays in reaction time, impaired performance
on tests measuring attention and memory, increased vibration perception thresholds, impaired nerve
conduction velocity, and EEG alterations. The LOAELs for these effects range from about 10 ppm to

93 ppm. In most of the occupational exposure studies, neurological function tests were conducted in the
morning before work, suggesting that the deficits were not acute effects. Results of a meta-analysis
suggest that the severity of the some of the neurological symptoms increases with exposure duration. For
example, 8, 15, 25, and 35% increases in reaction time were observed in workers exposed to 100 ppm for
2, 4, 6, and 8 work-years, respectively. However, this may also be reflective of higher exposure levels in
the past rather than a duration-related increase in severity. The existing data are inadequate to determine
whether chronic styrene exposure results in permanent damage. Mixed results have been found in studies
examining workers before and after an extended period without styrene exposure. Neurotoxicity studies

in animals have primarily focused on effects on hearing and damage to the organ of Corti.

Other effects that have been observed in animal studies include damage to the nasal olfactory epithelium
and liver necrosis; testicular damage and developmental effects have also been reported, but the weight of
evidence does not support concluding that these are sensitive targets. Damage to the nasal olfactory
epithelium was observed in mice after 3 days of exposure. The severity of the lesion progressed from
single cell necrosis to atrophy and respiratory metaplasia with increasing exposure duration. The lowest-
observed-adverse-effect levels (LOAELSs) for these lesions are 80, 50, and 20 ppm for acute, intermediate,
and chronic exposure, respectively. Rats do not appear to be as sensitive as mice to the nasal olfactory
epithelial damage; an intermediate-duration study identified a no-observed-adverse-effect level (NOAEL)
and LOAEL of 500 and 1,000 ppm for focal hyperplasia and a chronic study identified a LOAEL of

50 ppm for atrophy and degeneration. The observed species differences may be due to differences in
styrene metabolism in the nasal cavity. In particular, rats have a higher capacity to detoxify styrene oxide
with epoxide hydrolases and glutathione S-transferase. Humans are not likely sensitive to the nasal
toxicity of styrene because styrene oxide has not been detected and high levels of epoxide hydrolases

have been found in in vitro assays of human nasal tissue.

Unlike the nasal lesions, the severity of hepatic lesions decreases with increased exposure durations.
Severe hepatocellular necrosis was observed in mice exposed to 250 ppm for 3 days; however, continued
exposure at this concentration resulted in focal necrosis and an increase in pigmented macrophages.
Centrilobular aggregates of siderophages were observed in mice exposed to 200 ppm for 13 weeks; no

liver effects were observed at 160 ppm after 2 years of exposure. Rats are less sensitive than mice to liver
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toxicity; no liver effects were observed in an intermediate-duration study in which rats were exposed to a
styrene concentration 10-fold higher than the concentration eliciting hepatic effects in mice. No
alterations in serum markers of liver damage were observed in styrene workers exposed to 40 ppm for
approximately 5 years. Liver effects have not been observed in rats orally exposed to 35 mg/kg/day for
105 weeks. Some hepatic alterations (increases in liver weight and small areas of focal necrosis) have
been reported in rats exposed to 400 mg/kg for an intermediate duration; however, the studies are poorly
reported and lack statistical comparisons with controls. No studies examined systemic end points

following acute exposure.

Occupational exposure studies have not found significant increases in the occurrence of stillbirth, infant
death, malformations, or low birth weight. An increase in fetal deaths were observed in hamsters exposed
to very high concentrations (1,000 ppm on gestation days 6—18) and in rats exposed to 300 ppm on
gestation days 6-20. However, most single and multigeneration inhalation and oral exposure animal
studies did not find significant alterations in fetus/pup survival, growth, or incidence of abnormalities in
rats, mice, rabbits, and hamsters exposed to styrene. Two studies have examined neurodevelopmental
effects in rats; one study found some minor effects (slight delays in some developmental landmarks). The
other, higher-quality study did not find any significant alterations in a number of neurodevelopmental end
points. The National Toxicology Program (NTP) Expert Panel examining the developmental potential of
styrene concluded that the human data are not sufficient to evaluate the potential developmental toxicity

of styrene in humans and that there was no convincing evidence of developmental toxicity in animals.

Although several epidemiology studies have examined potential reproductive effects in male and female
styrene workers, adequate analysis of the data is limited by the lack of exposure information and
concomitant exposure to other compounds. Mixed results have been found for increased occurrence of
spontaneous abortions and oligomenorrhea. In male workers, sperm abnormalities have been reported
(Kolstad et al. 1999a), but not alterations in time-to-pregnancy or fertility rates. No adverse reproductive
effects were observed in inhalation and oral multigeneration studies in rats. A series of studies found
decreases in spermatozoa counts in rats exposed as adults, as neonates, and through lactation. However,
as noted by the NTP Expert Panel, this finding is not consistent with the lack of reproductive effects
found in the inhalation two-generation study. The NOAEL identified in the two-generation inhalation
study was 500 ppm (6 hours/day), which is roughly equivalent to 230 mg/day using a reference inhalation
rate of 0.42 m’/day. The LOAEL for spermatozoa effects in adult rats was 400 mg/kg (6 days/week),
which is roughly equivalent to 158 mg/day using a reference body weight of 0.462 kg.
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There are several epidemiologic studies of workers at styrene manufacturing and polymerization facilities
and reinforced plastics facilities that suggest an association between occupational exposure and an
increased incidence of cancer of the lymphatic and hematopoictic tissues in styrene. However, the
reported studies are inconclusive due to exposure to multiple chemicals (including benzene) and the small
size of the cohorts. Other studies have reported negative results. More consistent results for increases in
the risk of lymphatic and hematopoietic cancers have been observed among workers at styrene-butadiene
manufacturing facilitics. There is suggestive evidence that these increased risks may be due to exposure
to 1,3-butadiene rather styrene exposure; however, it is difficult to separate the risks for styrene and
1,3-butadiene because the exposure is highly correlated. There are no reports of cancer resulting from
styrene exposure by the oral or dermal routes in humans. Species differences in styrene carcinogenicity
have been detected in animal studies. Inhalation and oral exposure studies in rats have not found
significant increases in neoplastic lesions. However, increases in lung tumors have been found in mice
following inhalation and oral exposure. The increased production of styrene 7,8-oxide in lung Clara cells
and the higher ratio of styrene oxide R- to S-enantiomers likely resulted in the increased sensitivity of
mice. Overall, human and animal studies suggest that styrene may be a weak human carcinogen. The
International Agency for Research on Cancer (IARC) has assigned styrene to Group 2B, possibly
carcinogenic to humans. EPA and DHHS have not evaluated the carcinogenic potential of styrene. One
study lists a cancer classification of A4, not classifiable as a human carcinogen based on a 1996

evaluation of the available data.

2.3 MINIMAL RISK LEVELS (MRLs)

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for styrene. 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
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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.

Inhalation MRLs
Acute-Duration Inhalation MRL

An MRL of 5 ppm has been derived for acute-duration inhalation exposure (14 days or less) to
styrene.

The acute-duration inhalation toxicity database for styrene consists of several human experimental studies
primarily examining neurotoxicity (Odkvist et al. 1982; Seeber et al. 2004; Ska et al. 2003; Stewart et al.
1968), systemic toxicity studies in mice (Cruzan et al. 1997, 2001; Morgan et al. 1993a, 1993b, 1993¢),
neurotoxicity studies in rats (Campo et al. 2001; Crofton et al. 1994; Lataye et al. 2003), mice (Cruzan et
al. 1997; DeCeaurriz et al. 1983), and guinea pigs (Lataye et al. 2003), a reproductive toxicity study in
mice (Salomaa et al. 1985), and developmental toxicity studies in rats (Murray et al. 1978), mice
(Kankaanpéai et al. 1980), hamsters (Kankaanpai et al. 1980), and rabbits (Murray et al. 1978). Eye
irritation was reported in humans exposed to 99 ppm for 7 hours or 376 ppm for 1 hour (Stewart et al.
1968); nasal irritation was also reported at 376 ppm. A significant inhibition of the vestibular-oculomotor
system was observed in subjects exposed to 87 ppm for 1 hour (Odkvist et al. 1982). Studies by (Stewart
ct al. 1968) found alterations in tests of balance or coordination in subjects exposed to 376 ppm for
1 hour, but not after exposure to 99 ppm for 7 hours or 216 ppm for 1 hour; the test used in the Stewart et
al. (1968) studies is probably less sensitive than those used by Odkvist et al. (1982). No significant
alterations in performance on tests of reaction time were observed in subjects exposed to 20 ppm for
3 hours (Seeber et al. 2004) or 49 ppm for 6 hours with or without four 15-minute peak exposures to
98 ppm) (Ska et al. 2003). Additionally, no significant alterations in color discrimination, olfactory
threshold, or performance on neurobehavioral tests of memory or attention were observed in subjects
exposed to 49 ppm for 6 hours with or without four 15-minute peak exposures to 98 ppm (Ska et al.

2003).

In mice, the most sensitive target of styrene toxicity appears to be the nasal olfactory epithelium; single
cell necrosis was observed following exposure to 80 ppm 6 hours/day for 3 days (Cruzan et al. 2001). At
250 ppm, hepatocellular necrosis and degeneration have been observed (Cruzan et al. 1997; Morgan et al.
1993a, 1993b, 1993¢). The severity of this lesion appears to be inversely related to the duration of

exposure, with more severe damage observed in mice killed within 3 days of exposure (Morgan et al.
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1993a, 1993b, 1993¢) compared to animals killed after 2 weeks of exposure (Cruzan et al. 1997; Morgan
et al. 1993a). Exposure to 250 ppm 6 hours/day, 5 days/week for 2 weeks also resulted in lethargy and
unsteady gait in mice (Cruzan et al. 1997). Impaired performance on a swimming test was observed in
mice exposed to 610 ppm for 4 hours, but not in animals exposed to 413 ppm (DeCeaurriz et al. 1983).
Exposure of rats to high concentrations (1,000 or 1,600 ppm) 6—8 hours/day for 5-14 days resulted in
auditory threshold shifts (indicative of hearing loss) and loss of outer hair cells (OHC) in the organ of
Corti (Campo et al. 2001; Crofton et al. 1994; Lataye et al. 2003). No alterations in sperm morphology
were observed in mice exposed to 300 ppm styrene 5 hours/day for 5 days (Salomaa et al. 1985) and no
developmental effects were observed in rats or rabbits exposed to 600 ppm 7 hours/day on gestational
days 6-15 or 6-18, respectively, (Murray et al. 1978) or mice exposed to 250 ppm 6 hours/day on
gestational days 6-16 (Kankaanpai et al. 1980). An increase in fetal deaths or resorptions was observed

in hamsters exposed to 1,000 ppm 6 hours/day on gestational days 6—18 (Kankaanpéi et al. 1980).

These data suggest that the nervous system is the most sensitive target of styrene toxicity in humans
following acute-duration inhalation exposure. The lowest LOAEL for a relevant end point in humans is
87 ppm for vestibular impairment in subjects exposed to styrene for 1 hour (Odkvist et al. 1982). A
similar LOAEL (80 ppm) was identified for nasal effects in mice exposed to styrene for 3 days (Cruzan et
al. 2001). Although nasal irritation has been observed in humans exposed to 376 ppm for 1 hour (Stewart
et al. 1968) and focal hyperplasia in the nasal olfactory epithelium was observed in rats exposed to

1,000 ppm (NOAEL of 500 ppm) for 13 weeks (Cruzan et al. 1997), mice appears to be unusually
susceptible to this effect. As discussed in Section 2.2, mice appear to have a greater capacity than
humans to generate the reactive metabolite, styrene oxide, in the nasal cavity and a lower capacity to
detoxify styrene oxide (Green et al. 2001a). Thus, nasal lesions in mice were not considered suitable as
the basis of an MRL. The identification of the nervous system as the critical target of toxicity for styrene
is supported by a large number of occupational exposure studies. Delays in reaction time have been
observed in workers exposed to 21.9-92 ppm (Cherry et al. 1980; Fallas et al. 1992; Gamberale ¢t al.
1976; Jegaden et al. 1993; Mutti et al. 1984a; Tsai and Chen 1996) and vestibular effects have been
observed at 18-36 ppm (Calabrese et al. 1996; Moller et al. 1990; Toppila et al. 2006).

The Odkvist et al. (1982) study did not identify a NOAEL for vestibular effects; however, a NOAEL of
49 ppm for performance on several tests of reaction time, memory, attention, color discrimination, and
olfactory threshold was identified by Ska et al. (2003) in subjects exposed to styrene for 6 hours.

Although there is some uncertainty whether deriving an MRL based on a 6-hour exposure study would be
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protective of continuous exposure to styrene for 2 weeks, the Ska et al. (2003) study was selected as the

basis of an acute duration inhalation MRL for styrene.

In this study (Ska et al. 2003), groups of 24 healthy men (aged 20-50 years) were exposed to 1 ppm
(control exposure), 24 ppm, and 24 ppm with four 15-minute exposures to peak concentrations of 49 ppm,
49 ppm, or 49 ppm with four 15-minute exposures to peak concentrations of 98 ppm for 6 hours. The
subjects were exposed to each concentration with a 2-week period between each session. The subjects
did not have a history of styrene exposure. At the end of the exposure session the subjects were tested for
color discrimination (using the Lanthony D-15 desaturated panel), vision contrast, olfactory threshold,
simple reaction time, color word stress (response time), symbol digit matching, digit span memory, and
continuous tracking. The subjects were also given a questionnaire to assess mood and symptoms. No
significant styrene-related alterations in performance on color discrimination, olfactory threshold,

neurobehavioral tests, mood, or subjective symptoms were found.

The NOAEL of 49 ppm was selected as the point of departure for the MRL; it was not adjusted for
intermittent exposure because the study involved a single exposure for 6 hours. The NOAEL of 49 ppm
from the Ska et al. (2003) study was divided by an uncertainty factor of 10 to account for human

variability resulting in an acute-duration inhalation MRL of 5 ppm.

Intermediate-Duration Inhalation MRL

No human intermediate-duration studies were identified. Animal studies examining systemic,
neurological, reproductive, and developmental toxicity have identified the respiratory tract as the most
sensitive target of toxicity. Atrophy of the olfactory epithelium, hypertrophy/hyperplasia of Bowman’s
gland has been observed in mice exposed to 50 ppm 6 hours/day, 5 days/week for 13 weeks (Cruzan et al.
1997), decreased nasal cilia activity has been observed in rats exposed to 150 ppm 4 hours/day,

5 days/week for 21 days (Ohashi et al. 1986), and focal hyperplasia has been observed in rats exposed to
1,000 ppm 6 hours/day, 5 days/week for 13 weeks (Cruzan et al. 1997). As discussed previously, the
mouse does not appear to be a good model for nasal effects in humans due to metabolic differences.
Other systemic effects that have been observed include eye irritation in rats exposed to 200 ppm

6 hours/day, 5 days/week for 13 weeks (Cruzan et al. 1997) and centrilobular aggregates of siderophages
in the livers of mice exposed to 200 ppm 6 hours/day, 5 days/week for 13 weeks (Cruzan et al. 1997).

A number of studies in rats have reported outer hair cell loss in the organ of Corti in rats exposed to 600—

650 ppm for 4 weeks (Loquet et al. 2000, Makitie et al. 2002; Pouyatos et al. 2002) and hearing loss at
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750-1,000 ppm for 3—-4 weeks (Campo et al. 2001; Lataye et al. 2000, 2001; Loquet et al. 1999, 2000;
Pouyatos et al. 2002). A NOAEL of hearing effects of 300 ppm was identified in rats exposed for

12 hours/day, 5 days/week for 4 weeks (Makitie et al. 2002). Other neurological effects include
alterations in astroglial cells in rats continuously exposed to 320 ppm for 3 months (Rosengren and
Haglid 1989) and decreased sensory nerve conduction velocity in rats exposed to 2,000 ppm 8 hours/day,
5 days/week for 32 weeks (Yamamoto et al. 1997). No reproductive, developmental, or neurodevelop-
mental effects were observed in a two-generation study (Cruzan et al. 2005a, 2005b); the NOAEL was
500 ppm. In contrast, an increase in neonatal deaths, developmental landmark delays, and alterations in
neurochemical levels were observed in the offspring of rats exposed to 300 ppm 6 hours/day on

gestational days 6-20 (Katakura et al. 1999, 2001).

Chronic-duration studies suggest that the most sensitive target of styrene toxicity is the nervous system.
It is likely that this would also be the most sensitive effect following intermediate-duration exposure. In
the absence of human neurotoxicity data, an intermediate-duration inhalation MRL is not recommended at

this time.

Chronic-Duration Inhalation MRL

An MRL of 0.2 ppm has been derived for chronic-duration inhalation exposure (greater than
365 days) to styrene.

A large number of occupational exposure studies have examined the toxicity of styrene; however, most of
these studies have focused on the potential neurotoxicity of styrene, which appears to be the most
sensitive effect. Two common limitations of the occupational exposure studies are: (1) the range of
current styrene levels for the workers is typically large and it is difficult to ascribe the observed effects to
the mean or median exposure level and (2) historical exposure to higher styrene levels are not adequately
taken into consideration. The use of urinary levels of mandelic acid, phenylglyoxylic acid, or mandelic
acid plus phenylglyoxvlic acid levels as biomarkers for styrene exposure eliminates another common
limitation of styrene occupational exposure studies, which is poor characterization of styrene exposure

levels due to the lack of personal air samples and the workers” use of respirators with or without canisters.

A variety of neurological effects have been reported in workers at reinforced plastic manufacturing
facilities, including decreased color discrimination, slowed reaction time, impaired performance on other
neurobehavioral tests, permanent hearing threshold shifts, vestibular effects, altered nerve conduction
velocity, and increases in subjective symptoms. A summary of the results of studies for some of these

neurological effects is presented in Table 2-1. An alteration in color discrimination is on¢ of the more
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consistently found neurological effects; it may also be one of the more sensitive effects. Color
discrimination was typically measured using the Lanthony desaturated panel D-15 test in which the
subjects were asked to arrange 15 painted caps in a line with definite chromatic sequence; the total color
distance score (TCDS) and color confusion index (CCI) are used to quantitatively analyze the results.
LOAEL values of 6 to 93 ppm have been identified; however, these LOAELSs often reflect the mean
exposure level or the lower end of the range of exposure levels. Other neurological effects that have been
frequently found include alterations in performance on neurobehavioral tests, particularly reaction time, in
workers exposed to >21 ppm; vestibular alterations at >18 ppm; and increased frequency of clinical
symptoms (e.g., tiredness and headaches in workers exposed to >6 ppm). Hearing loss and alterations in
nerve conduction velocity have also been reported in some studies, but the finding is not consistent across

studies.

Non-neurological effects observed in styrene workers include obstructive lung effects (Chmielewski and
Renke 1975), mild hematological alterations (Checkoway and Williams 1982; Stengel et al. 1990; Thiess
and Friedheim 1978), and impaired immune response to concanavalin (Somorowska et al. 1999; Tulinska
et al. 2000). Although exposure levels were not reported in all of these studies, effects were typically
observed at styrene concentrations of >20 ppm. Clinical chemistry studies did not find alterations
indicative of impaired liver (Harkonen et al. 1984; Hotz et al. 1980; Lorimer et al. 1978; Thiess and
Friedheim 1978) or kidney (Verplanke and Herber 1998; Viau et al. 1987; Vyskocil et al. 1989) function

in workers exposed to >24 ppm.

Chronic-duration studies in laboratory animals identify the nasal olfactory epithelium as the most
sensitive end point. Atrophic and/or degenerative changes were observed in rats exposed to 50 ppm
styrene 6 hours/day, 5 days/week for 104 weeks (Cruzan et al. 1998) and respiratory metaplasia in the
nasal olfactory epithelium were observed in mice exposed to 20 ppm 6 hours/day, 5 days/week for 98—
104 weeks (Cruzan et al. 2001). As noted previously, mice do not appear to be a good model for potential

respiratory effects in humans.

Alterations in color discrimination and reaction time are two neurological effects consistently found in
styrene workers. Benignus et al. (2005) conducted a meta-analysis using color discrimination impairment
data from the Campagna et al. (1996), Eguchi et al. (1995), Gobba et al. (1991), Gong et al. (2002), and
Kishi et al. (2001) studies and choice reaction time data from the Jegaden et al. (1993), Mutti et al.
(1984a), Triebig et al. (1989), and Tsai and Chen (1996) studies. Average styrene exposure
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Table 2-1. Results of Selected Human Neurotoxicity Studies

18

Result Reference NOAEL ppm LOAEL ppm
Decreased color discrimination Chia et al. 1994 6
Kishi et al. 2001 4 10
Gong et al. 2002 10
Gobba et al. 1991 16
Triebig et al. 2001 20
Iregren et al. 2005 22
Fallas et al. 1992 243
Campagna et al. 1996 26
Eguchi et al. 1995 8 93
Neurological symptoms Flodin et al. 1989 6
Edling et al. 1993 8.6
Checkoway et al. 1992 10.8 18.9
Cherry et al. 1980 92
Vestibular effects Moller et al. 1990 18
Toppila et al. 2006 24.8
Calabrese et al. 1996 36
Reaction time Edling et al. 1993 8.6
Tsai and Chen 1996 21.9
Jegaden et al. 1993 22.68
Fallas et al. 1992 243
Mutti et al. 1984a 25
Gamberale et al. 1976 47
Cherry et al. 1980 92
Hearing Morata et al. 2002 3.68
Sliwinska-Kowalska et al. 2003 15.6
Morioka et al. 1999 16
Moller et al. 1990 18
Calabrese et al. 1996 36
Triebig et al. 2009 40 50
Nerve conduction velocity Seppéldinen and Harkdonen 1976 30
Stétkarova et al. 1993 50
Triebig et al. 1985 100
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concentrations were estimated from individual data reported in the papers; for studies reporting individual
data as urinary mandelic acid levels, standardized methods for converting to styrene exposure levels were
used. Cumulative styrene exposure was estimated by multiplying exposure level by length of
employment. A common metric of effect magnitude (percentage of baseline) was calculated for the
different neurological effects. The analysis found a significant linear relationship between choice reaction
time and cumulative styrene exposure; cumulative exposure accounted for 91% of the variance in reaction
time. Similarly, a significant relationship between CCI and cumulative styrene exposure was found, with
cumulative exposure accounting for 35% of the variance in CCI. Using the regression equations for these
two effects, Benignus et al. (2005) estimated that exposure to 150 ppm for 8 work-years would result in a
50% increase in choice reaction time and a 17% increase in CCI score; exposure to 20 ppm for 8 work-
years would result in a 6.5% increase in choice reaction time and a 2.23% increase in CCl score. As
discussed in Benignus et al. (2005), a 7% decrease in reaction time would prevent 58,000-70,000 injuries
per year from automobile accidents. The investigators also noted that CCI increases with age, and the
rate of increase is about 10% per 13 years of age; thus, a 2.23% decrease in color perception would be
roughly equivalent to 2.9 additional years of age. Based on this analysis, 20 ppm is considered a LOAEL

for neurological effects.

In addition to the studies included in the Benignus et al. (2005) meta-analysis, a LOAEL of 20 ppm is
supported by a color discrimination study conducted by Triebig et al. (2001). In this study, significant
increases in CCI values were observed in styrene workers with urinary mandelic acid plus
phenylglyoxylic acid levels of >472 mg/g creatinine (approximately 20 ppm air styrene concentration),
when compared to >95" percentile age-dependent reference CCI values. An advantage of the Triebig et
al. (2001) study is that individual exposure and CCI data were reported, which diminishes the problem of
ascribing an observed effect to the mean or median concentration and the study addresses the issue of
biological relevance because the CCI scores were compared to the 95™ percentile of age-dependent

reference values rather than values in the control group.

In comparisons between styrene workers and a control group employed at the same facility without
styrene exposure, Triebig et al. (2001) found no significant differences in CCI scores between workers
and controls when the tests were conducted on a Monday moming, but CCI scores were significantly
different when measured on a Thursday afternoon. Within the styrene-exposed workers, CCI scores on
Monday moming and Thursday afternoon were not significantly different. After a 4-week nonexposure
period, the CCI scores were significantly reduced in the styrene workers. After styrene exposure levels

were lowered, no difference between workers and controls was observed on Monday morning or
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Thursday afternoon. However, among styrene workers, there were significant differences between
Monday moming and Thursday afternoon measurements and between Monday morning and post-
vacation levels. These findings provide suggestive evidence that the alterations in color discrimination

were reversible.

The LOAEL of 20 ppm identified in the Benignus et al. (2005) meta-analysis was selected as the point of
departure for the chronic-duration inhalation MRL. The LOAEL was adjusted for intermittent exposure
(8 hours/day, 5 days/week) and divided by an uncertainty factor of 30 (3 for use of a minimal LOAEL and
10 for human variability), resulting in a chronic-duration inhalation MRL of 0.2 ppm. The LOAEL was
classified as a minimal LOAEL based on the findings of Triebig et al. (2001) that alterations in color

vision were reversible and the workers were not aware of any changes in color vision.

Oral MRLs

Acute-Duration Oral MRL

An MRL of 0.1 mg/kg/day has been derived for acute-duration oral exposure (14 days or less) to
styrene.

A limited number of studies have examined the acute toxicity of orally administered styrene; these studies
have examined potential neurotoxicity and developmental toxicity. No developmental effects were
observed in rats administered a single dose of 300 mg/kg on gestational day 11 (Daston et al. 1991) or
administered 300 mg/kg/day (administered as two daily doses of 150 mg/kg) on gestational days 6—

15 (Murray et al. 1978). Impaired learning was observed in rats administered via gavage 100 or

200 mg/kg/day for 14 days; increases in serotonin levels were observed in the hypothalamus,
hippocampus, and midbrain (Husain et al. 1985). In another study, increases in dopamine receptor

binding was observed in rats administered a single gavage dose of 200 mg/kg (Agrawal et al. 1982).

Although a limited number of toxicity end points have been examined following acute-duration oral
exposure, longer-term oral studies examining systemic and reproductive end points have identified
LOAELSs that were higher than the 100 mg/kg/day LOAEL identified for neurotoxicity in the Husain et al.
(1985) study. The lowest LOAEL identified for a systemic effect is 400 mg/kg/day for Heinz body
formation in dogs administered styrene by gavage for 561 days (Quast et al. 1979); the NOAEL was

200 mg/kg/day. Decreased spermatozoa counts were observed in adult rats administered 400 mg/kg

6 days/week for 60 days (Srivastava et al. 1989), young rats exposed via lactation on postnatal days 1—
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21 (maternal dose of 400 mg/kg/day) (Srivastava et al. 1992a), and young rats administered 200 mg/kg

6 days/week on postnatal days 1-61 (Srivastava et al. 1992b); the NOAELSs identified in these three
studies were 200, 200, and 100 mg/kg, respectively. Marked degeneration of the seminiferous tubules
was also observed in the adult rats administered 400 mg/kg (Srivastava et al. 1989). Impaired learning
observed in rats administered 500 mg/kg 5 days/week for 8 weeks (no NOAEL identified) (Bushnell
1994) also supports the identification of neurotoxicity as a sensitive end point following oral exposure.
Additionally, the extensive inhalation toxicity database for styrene supports the selection of neurotoxicity
as the most sensitive target of toxicity; both the acute- and chronic-duration inhalation MRLs are based on
neurological effects in humans. Neurological effects observed in chronically exposed styrene workers
include decreased color discrimination, slowed reaction time, increased prevalence of neurological

symptoms, and ototoxicity (hearing and vestibular effects).

The Husain et al. (1985) study was selected as the basis of the acute-duration oral MRL. In this study,
groups of 15 male Wistar rats were administered by gavage 0, 100, or 200 mg/kg/day styrene in ground
nut oil for 14 consecutive days. Spontancous motor activity with or without amphetamine induction was
observed 1 day after the last dose. Two days after exposure termination, the rats underwent acquisition
training for 4 days. Learning was assessed by measuring the number of times the rat climbed the pole
after the conditioned stimulus to avoid the foot-shock unconditioned stimulus. Noradrenaline, dopamine,
and serotonin levels were measured in seven regions of the brain in six rats/group sacrificed after the
acquisition training. No overt signs of toxicity were observed. No significant alterations in locomotor
activity were observed with or without amphetamine induction. Significantly greater increases in percent
avoidance response in the conditioned avoidance response test (indicative of impaired learning) were
observed at 100 and 200 mg/kg/day; no difference was found between the two styrene groups. The
effects were observed on test day 3 and 4. Significant increases in the level of serotonin in the
hypothalamus (70%), hippocampus (51%), and midbrain (29%) were observed at 200 mg/kg/day.

Styrene exposure did not affect brain noradrenaline and dopamine levels.

The LOAEL of 100 mg/kg/day was divided by an uncertainty factor of 1,000 (10 for use of a LOAEL,

10 for extrapolation from animals to humans, and 10 for human variability).

Intermediate-Duration Oral MRL

The systemic toxicity of styrene has not been investigated in intermediate-duration oral exposure studies.

Neurotoxicity studies have identified a LOAEL of 200 mg/kg/day for increased dopamine receptor
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binding in rats (Agrawal et al. 1982), a LOAEL of 500 mg/kg (5 days/week) for impaired learning in rats
(Bushnell 1994), and a LOAEL of 906 mg/kg/day for alterations in serotonin and noradrenaline levels in
rats (Husain et al. 1980); none of these studies identified a NOAEL for neurological effects. An increase
in dopamine receptor binding was also observed in the offspring of rats administered 200 mg/kg/day
during gestation, lactation, or both (Zaidi et al. 1985). Reproductive and immunological effects were
reported in the other intermediate-duration oral studies. Decreases in spermatozoa counts were observed
in rats exposed as 400 mg/kg (6 days/week) as adults, 200 mg/kg (6 days/week) as neonates, or during
lactation (maternal dose of 400 mg/kg/day) (Srivastava et al. 1989, 1992a, 1992b). Impaired immune
function was observed in mice exposed to 30 mg/kg/day and in rats exposed to 294 mg/kg/day (Dogra et
al. 1992); the NOAELs were 23 and 196 mg/kg/day.

Dogra et al. (1992) identified the lowest LOAEL following intermediate-duration oral exposure to
styrene; however, there are limited data to support the identification of the immune system as a sensitive,
relevant target for humans. Although, the sensitivity of the nervous system has been firmly established
following inhalation and oral exposure, the LOAELSs identified in the intermediate-duration studies are
higher than the lowest LOAEL for neurotoxicity identified in an acute-duration study (Husain et al.
1985). An MRL based on the Dogra et al. (1992) study would be higher than the acute-duration oral

MRL; thus, an intermediate-duration MRL is not recommended at this time.

Chronic-Duration Oral MRL

The available data on the chronic toxicity of styrene comes from three systemic toxicity studies. No
adverse effects were observed in rats exposed to 35 mg/kg/day styrene in drinking water for 2 years
(Beliles et al. 1985) and no liver or kidney alterations were observed in rats administered 500 mg/kg

1 day/week for 120 weeks (Ponomarkov and Tomatis 1978). Increase in Heinz body formation was
observed in dogs administered 400 mg/kg/day for 561 days (Quast et al. 1979); the NOAEL for this effect
is 200 mg/kg/day.

The chronic-duration inhalation database provides strong evidence that neurotoxicity is the most sensitive
target of styrene toxicity. It is not known if this would also be true for chronic-duration oral exposure; the
acute-toxicity oral database provides suggestive evidence that it would be a sensitive target. In the
absence of a long-term oral study examining neurological end points, a chronic-duration oral MRL is not

recommended.



STYRENE 23

3. HEALTH EFFECTS

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 styrene. 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.

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
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
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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 concermned 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 (NOAELSs) 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

Most information on the effects of inhalation exposure to styrene in humans comes from studies of
workers exposed to styrene vapors in the production and use of plastics and resins, especially polyester
resins dissolved in styrene. In most cases, the studies involve workplace exposures such as fiberglass
boat building factories where the actual levels of styrene are reported as a range of styrene air
concentrations. However, there are a few human clinical studies in which exposures are better quantified.
A common limitation of many of the occupational exposure studies is the phenomenon of the healthy
worker effect. The selection of healthy individuals for employment and the likelihood that more
susceptible workers are more likely to leave the workforce can result in workers who are healthier than
the general population. This type of bias typically affects comparisons with the general population and is
less likely to influence comparisons with other groups of workers. Provided below are descriptions of the

known effects of inhalation exposure of humans and animals to styrene.

3.21.1 Death

There have been no reports of deaths in humans directly associated with exposure to styrene in the

workplace (EPA 1985a; Gosselin et al. 1984; NIOSH 1983).

In animals, inhalation studies indicate that the acute toxicity of styrene is low to moderate. An LCs of
2,770 ppm after 2 hours of exposure was reported in rats, and the LCs, for mice after exposure for 4 hours

was 4,940 ppm (Shugaev 1969). All rats and guinea pigs survived after exposure to 1,300 ppm styrene
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for 30 hours and 16 hours, respectively (Spencer et al. 1942). However, all animals died after 40 hours of
exposure. Gender differences in mortality were observed in repeated-exposure studies (6 hours/day,

5 days/week for 2 weeks) (Cruzan et al. 1997). Increases in mortality were observed in female CD-1 and
B6C3F1 female mice exposed to 250 ppm; no deaths were observed at 500 ppm. In the CD-1 and
B6C3F1 males, very few deaths were observed at 250 ppm, but increases in deaths were observed at

500 ppm. A similar finding was reported by Morgan et al. (1993a): increases in mortality were observed
in female B6C3F1 mice exposed to 250 ppm and no deaths were observed at 500 ppm; in males, deaths
were observed at 250 and 500 ppm. In contrast to these findings, no deaths were observed in Sprague
Dawley rats exposed to concentrations as high as 1,500 ppm 6 hours/day, 5 days/week for 13 weeks

(Cruzan et al. 1997).

All reliable LOAEL values and LCs, values for lethality in each species and duration category are
recorded in Table 3-1 and plotted in Figure 3-1.

3.2.1.2 Systemic Effects

No studies were located regarding dermal or metabolic effects in humans or animals after inhalation

exposure to styrenc.

For the following systemic effects resulting from inhalation exposure to styrene, the highest NOAEL
values and all reliable LOAEL values in each species and duration category are recorded in Table 3-1 and

plotted in Figure 3-1.

Respiratory Effects. Scveral human studies have examined the respiratory effects caused by
inhalation exposure to styrene. The most commonly reported general symptom is mucous membrane
irritation. Irritation of the upper respiratory tract (i.¢., nose and throat) has been reported by volunteers
(Carpenter et al. 1944; Stewart ¢t al. 1968) and workers (NIOSH 1983). Throat irritation and increased
nasal secretion occurred following exposure of two male subjects to 800 ppm for 4 hours (Carpenter et al.
1944). Nasal irritation was observed in all volunteers after exposure to 376 ppm styrene for 60 minutes
(Stewart et al. 1968). Obstructive lung changes were observed in 4 of 21 workers exposed to styrene for
about 10 years (Chmiclewski and Renke 1975). However, exposure levels were not defined. No
histological alterations were observed in nasal biopsies from styrene workers exposed to 50-60 ppm

styrene for 7 years (Odkvist et al. 1985).



Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

Exposure/ LOAEL
Duration/
Key tg Species Fr((;‘ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) {(ppm) Chemical Form Comments
ACUTE EXPOSURE
Death
1 Rat 3-40 hr 1300  (100% mortality after >40 Spencer etal. 1942
hours exposure) Styrene
2 I(VCIZODu-jeand g g/r\/,?k 250 (increased mortality) :truzan etal. 1997
BBC3F1) 2wk yrene
3 Mouse 6 hr/d 250 M (44% mortality) Morgan et al. 1993a
(B6C3F1)  14d Styrene
4 Gn Pig 3-40 hr 1300  (100% mortality after 40  Spencer et al. 1942
hours exposure) Styrene
Systemic
5 Human 7hr Ocular 99 M (mild, transient eye Stewart et al. 1968
irritation) Styrene
6 Human Torzhr Resp 216M 376 M (nasal irritation) Stewart etal. 1968
Styrene
Ocular 216 M 376 M (eye irritation)
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation (continued)

INIHALS

Exposure/ LOAEL
Duration/
Key to Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
7 Mouse 6 hr/d .
Res 250 shallow breathin Cruzan et al. 1997
(CD-1and  5diwk P ( 9) o
B6C3F1) 2wk yrene
Hepatic 60 250 (increased liver weight

and centrilobular
hepatocyte necrosis)

8 Mouse g gr/d Resp 80 M (single cell necrosis in Cruzan et al. 2001
(CD-1) nasal olfactory Styrene
epithelium)
9 Mouse g gr/d Resp 40 M 160 M (moderate to marked Green et al. 2001a
(CD-1) degenerative changes in Styrene

olfactory epithelium)

10 Mouse ?Igd Hepatic 125 250 M (pigmented macrophages Morgan et al. 1993a
(B6C3F1) and focal necrosis) Styrene
Renal 500
Bd Wt 500
" Mouse 6 hrid Hepatic 250 M (mild to marked necrosis) Morgan et al. 1993a

1-3d
(B6C3F1) Styrene

S103443 HLIVIH €
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
12 Mouse g gr/d Hepatic 125 250 (severe hepatocellular ~ Morgan et al. 1993b
(B6C3F1) degeneration/necrosis)  gtyrene
13 Mouse Sgr/d Hepatic 125 250 (marked degeneration ~ Morgan et al. 1993c
and/or coagulative Styrene
necrosis of centrilobular
hepatocytes)
Immuno/ Lymphoret
14 Mouse Sgr/d 100 F (exacerbated Ban et al. 2006
(BALB/c) inflammatory reaction Styrene
after ovalbumin
challenge)
Neurological
15 Human 1 hr 87 (inhibition of Odkvist et al. 1982
vestibular-oculomotor Styrene
system)
16 Human 3or4hr 20 Seeber et al. 2004
Styrene
17 Human 6h a8 M Ska et al. 2003

Styrene

S103443 HLIVIH €
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
18 Human tor2hr 216 M 376 M (impaired performance Stewart et al. 1968
on balance and Styrene
coordination tests)
19 Human 7hr 99 M Stewart et al. 1968
Styrene
20 Rat g g/r/dk 1000 M (hearing loss and loss of Campo et al. 2001
(Long- Evans)© 9/W OHC)
1 or2wk Styrene
21 Fiat - S 1600 M (hearing loss at 8 and 16 Crofton et al. 1994
(Long- Evans) kHz) Styrene
22 R;_at . g gr/d 1000 M (hearing loss, loss of Lataye et al. 2003
(Long- Evans) OHC) Styrene
23 Mouse g g/r/dk 60 250 (lethargy and unsteady ~ Cruzan et al. 1997
(CD-1 and W it
B6C3F1) 2wk gait) Styrene
24 MOL!se 4hr 413 M 610 M (impaired performance De Ceaurriz et al. 1983
(Swiss OF1) on a swimming test)

Styrene

S103443 HLIVIH €
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) Chemical Form Comments
25 Gn Pig g gr/d 1000 M Lataye et al. 2003
(NS) Styrene
Reproductive
26 Mouse g gr/d 300 M Salomaa et al. 1985
Styrene
Developmental
27 ?Satra . égréc_i15 600 F Murray et al. 1978
Da?/vlegy) Styrene
28 Mouse 6 hr/d
250 F Kankaanpaa et al. 1980
Gd 6-16
(BMR/T6T6) Styrene
29 Hamster g QréC_i18 750 F 1000 F (fetal deaths or Kankaanpaa et al. 1980
(Chinese) resorptions) Styrene
30 ?Na:\,tit Z;Qre/;c.jm 600 F Murray et al. 1978
Zealand) Styrene
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
INTERMEDIATE EXPOSURE
Systemic
31 Rat S Resp 500 1000  (focal hyperplasia in Cruzan et al. 1997
(Sprague- 13 wk nasal olfactory Styrene
Dawley) epithelium)
Hemato 1500
Hepatic 1500
Renal 1500
Ocular 200  (eye irritation)
Bd Wt 1000 M 1500 M (10% decrease in body
weight gain)
32 Rat 6 hr/d Hepatic 750 M Loquet et al. 2000 Urinary markers of
(Long- Evans) S diwk st renal toxicity and
4wk yrene serum markers of liver

Renal 750 M
33 Rat §1d?wk Resp 150 M (decreased nasal cilia 1000 M (disabled nasal cilia
4 hrid activity) activity)
(Sprague- S d/wk Renal 133
Dawley) 7 hrid

toxicity.

Ohashi et al. 1986
Styrene

Viau et al. 1987
Styrene
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
35 Fi/"’\‘[t t 2 gxsk Bd Wt 200M 2000 M (>15% decrease in body Yamamoto et al. 1997
(Wistar) 32 wk weight gain) Styrene
36 RF"’_“ er. 344 ;‘me Bd Wt 800 M (10-13.5% decrease in Yano etal. 1992
(Fischer- ):3 wk body weight) Styrene
37 Mouse g g/r\/,?k Resp 50 (atrophy of olfactory Cruzan et al. 1997
(CD-1) 13 wk epithelium, dilatation, Styrene
hypertrophy, hyperplasia
of Bowman's gland;
decreased eosinophilia of
bronchiolar epithelial
cells)
Hemato 200
Hepatic 100 F 150 F (centrilobular aggregates
of siderphages)
Bd Wt 150 M 200 M (decreased body weight
gain)
38  Pig g \év/svk Hemato 360 Johnston et al. 1983
6 hr/d Styrene
Neurological
39 Rat 6 hr/d

(Long- Evans)g diwk

or 4 wk

1000 M (hearing loss, loss of
OHC in organ of Corti)

Campo et al. 2001
Styrene
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
40 R;_at . g g/r\/Sk 750 M (hearing loss and loss of Lataye et al. 2000
(Long- Evans) 2wk OHC) Styrene
41 Rat S 1000 M (loss of OHC and spiral  Lataye et al. 2001
(Long- Evans) 2 wi ganglion cell density in  styrene
organ of Corti)
42 Fiat . S 650 M (OHC loss) 850 M (hearing loss and loss of ~Loquet et al. 1999
(Long- vans)4 wk OHC) Styrene
43 R;_at . g g/r\/,?k 750 M (hearing loss and loss of Loquet et al. 2000
(Long- Evans) AWk OHC) Styrene
44 Fi/"’\‘[t t ézdmf 300 M 600 M (hearing impairment and Makitie et al. 2002
(Wistar) 2 wi loss of OHC) Styrene
45 Rat 6 hr/d

Long- Evans)© d/wk
(Long )4Wk

46  Rat 3wk
(Fischer- 344) 14 hr/d

650 M (OHC loss)

750 M (hearing loss and OHC ~ Pouyatos et al. 2002

loss) Styrene
800 M (hearing loss) Pryor et al. 1987
Styrene

S103443 HLIVIH €
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
47 Rat 3 mo 90M 320 M (astroglial alterations) Rosengren and Haglid 1989
(Sprague- continuous 9
Dawley) Styrene
48 Rat g g/r\/,?k 200 M 2000 M (decreased sensory Yamamoto et al. 1997
(Wistar) 32 wk nerve conduction Styrene
velocity)
49 Rat ;‘L?V\r//lg 800 M (hearing loss and loss of Yano etal. 1992
(Fischer- 344) 3 wi OHC in organ of Corti) Styrene
80  Mouse ohie 50 100 (atrophy of olfactory 200 F (transient lethargy, cold ~ Cruzan et al. 1997
(CD-1) 73wk nerve fibers) to touch, and slow Styrene
respiration)
Reproductive
51 Rat 6 hr/d Cruzan et al. 2005a, 2005b
(CD) 70 pmd 500 . ’
14 d mating Styrene
Gd 0-21
Ld 5-21
Developmental
52 Rat 6 hr/d Cruzan et al. 2005a, 2005b
(CD) 70 pmd 500 ’
14 d mating Styrene
Gd 0-21
Ld 5-21

S103443 HLIVIH €
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
53 Rat 6 hrid 300 (increased neonatal Katakura et al. 1999, 2001
(Wistar) Gd 6-20 e
deaths, delays in righting  styrene
reflex and incisor
eruption, alterations in
neurochemical levels)
CHRONIC EXPOSURE
Systemic
54 Human 5.1yr Hepatic 40F Harkonen et al. 1984
(Oceup) Styrene
55 Human 7yr .
(Oceup) Resp 46 M Odkvist et al. 1985
Styrene
56 Human 12.6yr Renal 26 Verplanke et al. 1998
(Occup)

Styrene
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
57 Rat g g/r\/,?k Resp 50 (atrophic and/or Cruzan et al. 1998
(Sprague- 104 wk degenerative changes in Styrene
Dawley) nasal olfactory
epithelium)
Cardio 1000
Gastro 1000
Hemato 1000
Hepatic 1000
Renal 1000
Ocular 1000
Bd Wt 200 F 500 F (decreased body weight

gain)
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation (continued)

INIHALS

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
58 Mouse g g/r\/,?k Resp 20 (respiratory metaplasia in Cruzan et al. 2001
(CD-1) 95104 wk nasal olfactory Styrene

epithelium, bronchiolar
epithelial hyperplasia)

Cardio 160
Gastro 160
Hemato 160
Hepatic 160
Renal 160
Ocular 160
Bd Wt 80 M 160 M (11% decrease in body
weight gain)
Immuno/ Lymphoret
59 Human 7yr 30 (alterations in lymphocyte Bergamaschi et al. 1995b
(Occup) subsets) Styrene
60 Human 13 yr 26  (impaired immune Tulinska et al. 2000
(Occup) response to concanavalin Styrene
A)
Neurological
c .
61 Human (Occup) 20 (decreased color Benignus et al. 2005
discrimination and Styrene

reaction time)
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Keyto Species Fr(?ouui:;:y NOAEL Less Serious Reference
Figure (Strain) System (ppm) (ppm) Chemical Form Comments
62 Human 76yr 36 (altered performance Calabrese et al. 1996
(Occup) vestibular tests) Styrene
63 Human 62.50r 79.3 mo 26 (decreased color Campagna et al. 1996
(Occup) discrimination) Styrene
64 Human 4-6.4yr 10.8 189 (increased prevalence of Checkoway et al. 1992
(Occup) neurological symptoms) Styrene
65 Human (Occup) 92 M (tiredness, slow reaction Cherry etal. 1980
times, mood changes) Styrene
66 Human 18.8 yr Chia et al. 1994

6 M (decreased color
(Oceup) discrimination and
performance on
neurobehavioral tests)

67 Human 12.5yr 246
(Occup)
68 Human (goycrcup) 8.6 M (increased symptoms of

neurotoxicity)

Styrene

Dalton et al. 2003
Styrene

Edling et al. 1993
Styrene
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation (continued)

INIHALS

Exposure/ LOAEL
Duration/
Key td Species  Frequency NOAEL Less Serious Serious Reference
Figure (Strain (Route) .
] ( ) System (ppm) (ppm) {(ppm) Chemical Form Comments
69 Human 7.0yr 8M 93 M (decreased color Eguchietal. 1995
(Occup) discrimination) Styrene
70 Human 6.5yr 24.3 M (decreased color Fallas et al. 1992
(Occup) discrimination) Styrene
71 Human 2.7yr 47 M (slowed reaction time) Gamberale et al. 1976
(Occup) Styrene
72 Human (Oceup) 16 (decreased color Gobba et al. 1991
discrimination) Styrene
73 Human 76.6 mo 10 M (decreased color Gong et al. 2002
(Occup) discrimination) Styrene
74 Human 12.9-17.8 yr 22 M (decreased color Iregren et al. 2005
(Occup) discrimination) Styrene
75 Human Syr 2268 (impaired performance Jegaden et al. 1993
(Occup) on neurobehavioral tests Styrene
of visual reaction and
memory)
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key td Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain (Route) .
g ( ) System (ppm) (ppm) {(ppm) Chemical Form Comments
76 Human 6.2yr 4 10  (decreased color Kishi et al. 2001
(Occup) discrimination) Styrene
77 Human 4.9yr 75 M (impaired performance Lindstrom et al. 1976
(Occup) on visuomotor accuracy Styrene
and psychomotor
performance tests)
78 Human 10.8yr 18 M (impaired vestibular Moller et al. 1990
(Occup) function) Styrene
79 Human 17 yr 3.68 Morata et al. 2002
(Occup) Styrene
80 Human 9.4yr 16 M (reduction in upper limit Morioka et al. 1999
(Occup) of hearing) Styrene
81  Human Syr 22 M (slowed distribution of Murata et al. 1991
(Occup) nerve conduction Styrene
velocities and ECG R-R
interval)
82 Human 8.6yr 25  (decreased verbal Mutti et al. 1984a
(Occup) learning skills)

Styrene
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Keyto Species Fr(?ouui:;:y NOAEL Less Serious Reference
Figure (Strain) System (ppm) {(ppm) Chemical Form Comments
83 Human ?ﬁ?eﬁ?rs 15.9 M (increased vibration Sato et al. 2009
perception threshold) Styrene
84 Human Syr 30 M (EEG abnormalities) Seppalainen and Harkonen
(Occup) 1976
Styrene
85 Human (Occup) 156  (hearing loss) Sliwinska-Kowalska et al. 2003
Styrene
86 Human 1M1 yr 50 F (decreased peripheral Stetkarova et al. 1993
(Occup) nerve conduction velocity Styrene
and prolonged latency of
somatosensory evoked
potentials)
87 Human (Occup) 24.8 M (impaired postural Toppila et al. 2006
stability) Styrene
88 Human 4yr 100 M Triebig et al. 1985 Measured nerve
conduction velocity.
Styrene
89 Human ?OSCZES;S 20 M (impaired color vision) Triebig et al. 2001

Styrene
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Table 3-1 Levels of Significant Exposure to Styrene - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
90 Human ;neeaarg of5.7-6.3 50 M (increased hearing Triebig et al. 2009
threshold in workers Styrene
(Oceup) exposed to high y
concentrations for long
durations)
91 Human 83yr 21.9  (impaired performance Tsaiand Chen 1996
(Oceup) on neurobehavioral tests) Styrene
Developmental
92 Human >1yr
= dhwk 82 F Lemasters et al. 1989
8 hr/d Styrene
Cancer
93 “2051316 S 160 F (CEL: bronchioloalveolar Cruzan et al. 2001
(CD-1) 98.104 wk carcinoma) Styrene

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

b The acute-duration inhalation MRL of 5 ppm was calculated based on NOAEL of 49 ppm and divided by an uncertainty factor of 10 to account for human variability.

¢ The chronic-duration inhalation MRL of 0.2 ppm was calculated from a minimal LOAEL of 20 ppm identified in a meta-analysis of occupational exposure studies reporting significant
alterations in color discrimination and choice reaction time; the LOAEL was adjusted for intermittent exposure (8 hours/day, 5 days/week) and divided by an uncertainty factor of 30 (3

for use of a minimal LOAEL and 10 for human variability.

Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); ECG = electrocardiographic; F = Female; Gastro = gastrointestinal, Gd = gestational day; Gn pig

= guinea pig; Hemato = hematological; hr = hour(s); kHz = kilohertz; LOAEL = lowest-observed-adverse-effect level; M = male; min = minute(s); mo = month(s); NOAEL =

no-observed-adverse-effect level, NS = not specified; occup = occupational; OHC = outer hair cell(s); pmd = pre-mating day; ppm = parts per million; Resp = respiratory; x = time(s);

wk = week(s); yr = year(s)
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Figure 3-1 Levels of Significant Exposure to Styrene - Inhalation
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Figure 3-1 Levels of Significant Exposure to Styrene - Inhalation (Continued)

Intermediate (15-364 days)
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Figure 3-1 Levels of Significant Exposure to Styrene - Inhalation (Continued)

Chronic (=365 days)
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3. HEALTH EFFECTS

In rats exposed to 150 ppm styrene 4 hours/day, 5 days/week for 3 weeks a decrease in nasal ciliary
activity was observed; at 1,000 ppm, the nasal cilia activity was considered disabled (Ohashi et al. 1986).
Electron microscopic examination of the nasal cavity of rats exposed to 1,000 ppm revealed very few
ciliated cells and severe degeneration with marked vacuolization. Decreases in cilia activity were also
observed in the trachea at 150 and 1,000 ppm. After a 12-week recovery period, nasal and tracheal cilia
activity in the 150 ppm group was similar to controls; nasal cilia activity in the 1,000 ppm group was still
lower than controls but was increased compared to rats killed at the end of the exposure period (Ohashi et
al. 1986). In alonger-term study, focal hyperplasia was observed in the nasal olfactory epithelium of rats
exposed to 1,000 ppm for 13 weeks (Cruzan et al. 1997); at 500 ppm, no histological alterations were
observed in the respiratory tract. Chronic exposure to 50 ppm resulted in atrophic and/or degenerative

changes in the nasal olfactory epithelium (Cruzan et al. 1998).

Mice appear to be more sensitive than rats to the respiratory toxicity of styrene. Exposure to 50 ppm
styrene for 13 weeks resulted in atrophy of the nasal olfactory epithelium and dilatation, hypertrophy and
hyperplasia of Bowman’s gland (Cruzan et al. 1997). At 100 ppm, atrophy of the nasal olfactory nerve
fibers was observed; focal crowding of nonciliated epithelial cells in the bronchioles were observed at
150 ppm. Chronic exposure resulted in respiratory metaplasia of the nasal olfactory epithelium and
dilatation, respiratory metaplasia, epithelial hyperplasia of the Bowman’s gland in mice exposed to

>20 ppm for 2 years (Cruzan et al. 2001). Decreased eosinophilia of epithelial cells and bronchiolar

epithelial hyperplasia were observed in the lungs of mice exposed to >20 ppm.

A study by Spencer et al. (1942) also provides some information on species differences. Rats and guinea
pigs exposed 1,300 ppm for 7-8 hours/day, 5 days/week for 6 months showed nasal irritation, but rabbits
and monkeys did not (Spencer et al. 1942). Histopathological examinations revealed no changes between
test and control rats, but pronounced lung irritation was seen in guinea pigs that died after a few
exposures. The irritation, which included congestion, hemorrhages, edema, exudation, and a general
acute inflammatory reaction, was not seen in the guinea pigs, rabbits, and monkeys that survived the

6-month exposure period (Spencer et al. 1942).

Green et al. (2001a) suggest that the observed species differences between mice and rats are due to
differences in styrene metabolism in the nasal epithelium. The rates of metabolism of styrene by
cytochromes P-450 CYP2EI and CYP2F2 to styrene oxide was similar for the two species. However,
styrene oxide is more efficiently metabolized by epoxide hydrolases and glutathione S-transferases in rats

than in mice. Thus, the higher levels of the reactive epoxide styrene oxide in mice is the likely cause of



STYRENE 47

3. HEALTH EFFECTS

the increased sensitivity in this species. In iz vifro assays in fresh human nasal tissues, styrene oxide was
not detected and high levels of epoxide hydrolases were detected, suggesting that humans have limited
capacity to metabolize styrene in the nasal cavity and a high potential to detoxify styrene oxide. These

data suggest that rodents may not be a good model for nasal toxicity in humans.

These well-conducted human and animal studies demonstrate the characteristic irritant properties of

styrene on the upper respiratory tract.

Cardiovascular Effects. No studies were located regarding cardiovascular effects in humans after

inhalation exposure to styrene.

No cardiovascular effects were observed in rats or mice exposed to concentrations as high as 1,000 ppm

or 160 ppm, respectively, for 2 years (Cruzan et al. 1998, 2001).

Gastrointestinal Effects. Nausea was observed in humans exposed to 376 ppm styrene after 1 hour
of exposure (Stewart et al. 1968). This effect is probably secondary to effects on the central nervous
system, although mucociliary transport of styrene aerosol droplets from the upper respiratory tract to the
gastrointestinal tract might also contribute to gastrointestinal irritation. A Russian study (Basirov 1975)
reviewed by the World Health Organization (WHO 1983) investigated the effects of styrene on digestive
function by testing the secretory, excretory, motor, and pepsinogen-generating functions of the stomach in
20 unexposed and 80 exposed workers. The authors reported that some workers in the styrene-butadiene
synthetic rubber manufacture exposed to 60—130 mg/m’ (14-31 ppm) styrene had decreased digestive

function and decreased stomach acidity.

No histological alterations were observed in the stomach or intestines of rats exposed to 1,000 ppm

(Cruzan et al. 1998) or mice exposed to 160 ppm (Cruzan et al. 2001) styrene for 2 years.

Hematological Effects. Scveral studies indicate that inhalation exposure of humans to styrene cause
mild or no effects on the blood. In one study, the incidence of abnormal values for hematological
parameters including erythrocyte, leukocyte, and platelet counts, and hemoglobin levels for 84 styrene
workers generally exposed to <I ppm styrene for 1-36 years was investigated. However, these workers
were also exposed to intermittent high levels of styrene as well as to other chemicals. The percentages of
the exposed group with abnormally low hemoglobin and erythrocyte values or abnormally high leukocyte

values were less than those percentages in the 62-person control group. There were no abnormal
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thrombocyte values reported in either the exposed or control groups (Thiess and Friedheim 1978).
Findings from a group of 93 workers engaged in the manufacture of styrene polymers and exposed to
generally <1 ppm styrene for 1-38 years were also presented in this study; only the incidence of
abnormally low erythrocyte counts (in the group exposed to styrene) was found to be statistically
significant (p<0.05). However, because exposures could not be determined accurately and because there

were concomitant exposures to other chemicals, the results of these studies are difficult to interpret.

Lowered erythrocyte counts, hemoglobin, platelets, and neutrophils and slightly higher mean corpuscular
red cell volumes and neutrophil band counts were observed in workers in a styrene-butadiene rubber
manufacturing plant (Checkoway and Williams 1982). The highest mean styrene level was 13.67 ppm.
However, interpretation of this study is limited because multiple-chemical exposures were involved and
exposure and clinical signs were measured at the same time and only once. An earlier study of styrene
workers showed no definite pattern of hematological changes (Lorimer et al. 1978). In these studies,

exposure levels were uncertain and multiple chemicals were involved.

In rats exposed to 49 ppm styrene, erythrocyte-aminolevulinate dehydratase (ALA-D) was depressed
markedly. The decrease in enzyme activity was accompanied by a decrease in the enzyme content in
bone marrow cells (Fujita et al. 1987). The investigators suggested that the changes may have been a
result of styrene oxide reducing the enzyme protein is based on in vitro data. No hematological
alterations were observed in 2-year studies in rats (Cruzan et al. 1998) and mice (Cruzan et al. 2001)

exposed to concentrations as high as 1,000 or 160 ppm, respectively.

The well-conducted Thiess and Friedheim (1978) study as well as the more limited studies indicate that
few adverse hematological effects occurred in styrene-exposed workers. However, the full meaning of
the findings is not clear because of poor characterization of the exposure level and concurrent exposures

to other chemaicals.

Musculoskeletal Effects. No studics were located regarding musculoskeletal effects in humans after

inhalation exposure to styrene.

No histological alterations were observed in skeletal muscle or bone of rats exposed to 1,000 ppm

(Cruzan et al. 1998) or mice exposed to 160 ppm (Cruzan et al. 2001) for 2 years.
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Hepatic Effects. Human studies on the hepatic effects of styrene inhalation frequently used serum
levels of enzymes as indicators of liver dysfunction. In general, human studies have resulted in negative
or equivocal results (Hiarkonen et al. 1984; Hotz et al. 1980; Lorimer et al. 1978; Thiess and Friedheim
1978). No significant alterations in alanine aminotransferase, aspartate aminotransferase, or y-glutamyl
transferase levels were observed in workers exposed to generally <1 ppm for 1-36 years (Thiess and
Friedheim 1978) or 50-120 ppm for 5.1 years (Harkonen et al. 1984). A significant increase in
v-glutamyl transferase levels was observed in workers exposed to 5-20 ppm for up to 20 years; however,
no alterations in alanine aminotransferase, aspartate aminotransferase, or alkaline phosphatase levels were
observed (Lorimer et al. 1978). Another study of workers (Hotz et al. 1980) found significant
correlations between the exposure level (as measured by styrene metabolite concentrations in morning
urine) and ornithine carbamoyl transferase, alanine aminotransferase, and y-glutamyl transferase levels.
Among workers exposed to 50-100 ppm, the increases in these enzymes were modest, 67.8, 55, and

64.9% of reference levels.

Animal studies provide evidence that the liver is a target tissue for styrene; however, the hepatotoxicity of
styrene in mice is inversely related to the duration of exposure. Hepatic effects have been observed
following acute- and intermediate-duration exposure, but not after chronic exposure and the severity of
the effects decreases with continuing exposure. Exposure to 250 or 500 ppm for 1-4 days resulted in
marked to severe hepatocellular necrosis and degeneration in mice (Morgan et al. 1993a, 1993b, 1993¢).
The necrosis was characterized as centrilobular coagulative necrosis and was accompanied by pooling of
erythrocytes in dilated sinusoids (Morgan et al. 1993a). The necrosis was often observed after a single
exposure to 500 ppm or a 2-day exposure to 250 ppm and the severity did not increase with increasing
duration (Morgan et al. 1993a). However, continued exposure resulted in regeneration and repair of the
initial hepatic damage. After 14 days of exposure, minimal to mild focal necrosis was observed in female
mice exposed to 250 ppm and no hepatic effects were observed in male mice exposed to 250 ppm or male
and female mice exposed to 500 ppm (Morgan et al. 1993a). Similarly, a 13-week exposure to 200 ppm
resulted in focal loss of hepatocytes with siderosis and centrilobular aggregates of siderophages in female
mice (Cruzan et al. 1997). No histological alterations were observed in the livers of mice exposed to

160 ppm for 2 years (Cruzan et al. 2001). Strain differences have also been detected in mice. Morgan et
al. (1993c¢) found that B6C3F1 and C57BL/6 mice were more sensitive than DBA/2 mice, which were
more sensitive than Swiss mice. The severity scores for hepatocellular degeneration/necrosis following a
4-day exposure to 250 ppm were 3.2-3.5 in B6C3F1 mice, 3.6 in C37BL/6 mice, 2.4-2.9 in DBA/2 mice,

and 2.0 in Swiss mice.
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Rats appear to be less sensitive than mice to styrene-induced hepatotoxicity. No histological alterations
were observed in the livers of Sprague Dawley rats exposed to 1,000 ppm styrene for 13 weeks (Cruzan et
al. 1997) or 2 years (Cruzan et al. 1998; Jersey et al. 1978). Parenchymal hydropic degeneration,
steatosis, and congestion were observed in rats exposed to 300 ppm for 2 weeks (Vainio et al. 1979); the

lack of incidence data limits the interpretation of these results.

Renal Effects. Based on the results of occupational exposure studies and animal toxicity studies, the
kidney does not appear to be a sensitive target of styrene toxicity. Occupational exposure studies of
workers exposed to 24 ppm (Viau et al. 1987), 53 ppm (Vyskocil et al. 1989), or 26 ppm styrene
(Verplanke and Herber 1998) did not find significant alterations in urinary levels of B-microglobulin (not
examined in Verplanke and Herber 1998 study), retinol-binding protein, or albumin. The Vyskocil et al.
(1989) study also found no significant alterations in total protein, glucose, lysozyme, lactate
dehydrogenase, or f-N-acetyl-D-glucosaminidase levels and Verplanke and Herber (1998) did not find
alterations in B-galactosidase, N-acetyl-B-D-glucosaminidase, or alanine aminopeptidase. No histological
alterations were observed in the kidneys following acute exposure of rats to 300 ppm (Vainio et al. 1979)
or mice to 500 ppm (Morgan et al. 1993a), intermediate exposure of rats to 133—1,500 ppm (Cruzan et al.
1997, Spencer et al. 1942; Viau et al. 1987), or chronic exposure of rats to 1,000 ppm (Cruzan et al. 1998)
or mice to 160 ppm (Cruzan et al. 2001). Additionally, no alterations in urinary levels of N-acetyl-
D-glucosaminidase, y-glutamyl transpeptidase, protein, or urea were observed in rats exposed to 500 ppm

for 4 weeks (Loquet et al. 2000).

Endocrine Effects. Scveral occupational studies have examined potential endocrine effects in
reinforced plastics industry workers exposed to styrene. Significant increases in serum prolactin levels
were observed in male and female workers (Bergamaschi et al. 1996, 1997; Luderer et al. 2004; Mutti et
al. 1984b). The serum prolactin levels significantly correlated with urinary metabolite (mandelic acid
plus phenylglvoxylic acid) levels (Mutti et al. 1984b) and blood styrene levels (Luderer et al. 2004).
Based on a logistic regression model, Luderer et al. (2004) estimated that workers exposed to styrene
exposures >20 ppm would be more likely to have elevated serum prolactin levels than workers exposed to
lower levels; a 10-fold increase in blood styrene concentrations would result in a 2.06-fold increase in
serum prolactin levels. Similarly, Arfini et al. (1987) found that female styrene workers had an abnormal
response to an intravenous dose of thyrotropin-releasing hormone; the levels of serum prolactin were
significantly higher following exposure to thyrotropin-releasing hormone, as compared to referents. Two
of these workers were re-examined after a 3-month period without styrene exposure; the serum prolactin

response following thyrotrophin-releasing hormone exposure was similar to that in the referent group. No
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significant alterations in the levels of thyroid stimulating hormone, follicle stimulating hormone, or
luteinizing hormone were found in this study (Arfini et al. 1987). However, thyroid stimulating hormone
levels were significantly correlated with urinary metabolite (mandelic acid plus phenylglyoxylic acid)
levels. As noted in an editorial comment to this paper, the baseline levels of prolactin in the styrene
workers were within the normal range and a supraphysiological dose of thyrotropin-releasing hormone

level was used.

Significant increases in serum prolactin levels have also been observed in female rats exposed to

150 ppm, 8 hours/day for 10 days (Umemura et al. 2005). No significant alterations in serum prolactin
levels were observed in similarly exposed male rats (Umemura et al. 2005) or in male rats exposed to
approximately 150, 500, or 1,500 ppm 6 hours/day for 5 days (Jarry et al. 2002). Acute exposure to
styrene did not result in significant alterations in thyroid stimulating hormone levels in male or female

rats (Umemura et al. 2005).

Ocular Effects. Eye irritation in humans has been reported at high styrene concentrations (Carpenter
et al. 1944; Stewart et al. 1968). Immediate eye irritation was reported in two human subjects exposed to
800 ppm styrene for 4 hours (Carpenter et al. 1944). Eye irritation was also noted by Stewart et al. (1968)
in two of five volunteers exposed to 376 ppm styrene for 1 hour. Also, 345 styrenc-exposed workers 98%
male) were evaluated for ocular toxicity due to exposure to styrene (5-200 ppm) for 7-20 years. No
evidence of optic neuritis, central retinal vein occlusion, or retrobulbar neuritis was found. Conjunctival
irritation was a complaint of 22% of the 345 workers exposed to styrene levels above 50 ppm (Kohn

1978).

Eye and nasal irritation was observed in rats and guinea pigs exposed to 1,300 or 2,000 ppm styrene, 7—
8 hours/day, 5 days/week for durations ranging from 21 to 30 weeks (Wolf et al. 1956). Rabbits and

monkeys were exposed for up to 360 days with no effects.

3.2.1.3 Immunological and Lymphoreticular Effects

Two occupational studies have found significant alterations in lymphocyte subsets in styrene workers.
Increase in percentage of CD4+/CD3CD4 T-lymphocytes and decrease in CD35+CD+ peripheral
lymphocytes were observed in oil industry workers exposed to styrene, as compared to unexposed
controls (Bir6 et al. 2002). However, these results should be interpreted cautiously because there were

marked differences in smoking habits between the styrene workers and controls (80% styrene workers
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smoked compared to 20% of controls) and the two groups were not matched for gender. Bergamaschi et
al. (1995b) found an altered distribution of lymphocyte subsets in styrene workers exposed to an 8-hour
time-weighted average (TWA) of 10-50 ppm. Some of these alterations, particularly the reduction in
total T-lymphocytes (CD3+) and T-helper cells (CD4+), may be indicative of reduced cell-mediated
immunity. This is supported by the finding of an impaired response to concanavalin in styrene workers
exposed to a median styrene concentration of 26 ppm (Tulinska et al. 2000), 187-256 ppm (Somorovska
et al. 1999) or 54-56 ppm (Somorovska et al. 1999). No alterations in the response to pokeweed mitogen
were observed (Somorovska et al. 1999; Tulinska et al. 2000).

In patch-testing studies of cross-reactors to styrene, styrene 7.8-oxide was more sensitizing than styrene
itself (Sjoborg et al. 1984). The authors interpreted this as evidence that styrene requires metabolism by

skin aryl hydrocarbon hydroxylase to styrene epoxide for its sensitizing activity.

In animals, styrene exacerbated the inflammatory reaction in mice challenged with ovalbumin (Ban et al.
2006). Styrene-only exposure resulted in slight increases in Th2 cytokine (IL-4, IL-5, IL-13) and
Th1 cytokine (interferon-y) levels; however, the statistical significance of these alterations were not

reported.

3.2.1.4 Neurological Effects

The available human data suggest that the nervous system is the most sensitive target following chronic-
duration inhalation exposure. It is likely the most sensitive target following shorter-term durations, but
this has not been as extensively investigated. In studies examining the acute neurotoxicity of styrene,
impairment of the vestibular-oculomotor system was observed in experimental subjects exposed to

87 ppm for 1 hour (Odkvist et al. 1982) or 376 ppm for 1 hour (Stewart et al. 1968). No alterations in the
performance of balance tests were observed at 216 ppm for 1 hour (Stewart et al. 1968), 117 ppm for

2 hours (Stewart et al. 1968), or 99 ppm for 7 hours (Stewart et al. 1968). Although these NOAELSs are
higher than the LOAEL identified in the Odkvist et al. (1982) study, the studies are not comparable. The
Odkvist et al. (1982) study used sensitive tests of vestibular-oculomotor function compared to the
modified Romberg test (subjects stand on one foot with eyes closed, walk heel to toe, touch finger to
nose) used in the Stewart et al. (1968) studies. An increase in the reporting of “feeling incbriated” was
found in subjects exposed to 376 ppm for 1 hour (Stewart et al. 1968); no increases in subjective
symptoms were observed in subjects exposed to 20 ppm for 3—4 hours (Seeber et al. 2004), 49 ppm for

6 hours with or without four 15-minute peak exposures to 98 ppm (Ska et al. 2003), or 216 ppm for

I hour (Stewart et al. 1968). No alterations in reaction time were observed in subjects exposed to 20 ppm
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for 3 or 4 hours (Seeber et al. 2004), 49 ppm for 6 hours with or without four 15-minute peak exposures
to 98 ppm (Ska et al. 2003). Additionally, no alterations in color vision, olfactory threshold, or tests of
memory or attention were observed in subjects exposed to 49 ppm for 6 hours with or without four 15-
minute peak exposures to 98 ppm (Ska et al. 2003). No human studies examined neurotoxicity following

intermediate-duration exposure.

In an international cohort of styrene workers, a significant association between mortality from central
nervous system disease and cumulative styrene exposure was found (Welp et al. 1996¢). The rate ratio
was 3.29 (95% confidence interval [CI] of 0.48-22.65) for workers exposed to 25-49 ppm-years and
16.32 (95% CI 3.47-76.73) for those exposed for 200-349 ppm-years. A similar relationship was found
for shorter durations of styrene exposure. The rate ratio was 2.33 (95% CI 0.40-13.56) for workers
exposed for 611 months and 8.80 (95% CI 1.87-41.33) for workers exposed for 7-9 months. A
significant association between mortality from epilepsy and duration of styrene exposure was found; the
rate ratio in workers exposed for >10 years was 28.4 (95% CI 2.11-381.5). Time since first exposure was
also significantly associated with mortality from epilepsy. Significant associations between mental
disorders and duration of exposure and between suicide and duration of exposure were also found;
however, for both of these causes of death, the rate ratio decreased with increasing duration of exposure
and the investigators noted that lifestyle factors, rather than a direct effect of styrene, appear to be the

most likely cause of the higher mortality.

A variety of neurological effects have been reported in workers chronically exposed to styrene including
altered vestibular function, impaired hearing, decreased color discrimination, altered performance on
neurobehavioral tests, and increased clinical symptoms. In general, these occupational exposure studies
have several limitations. In most cases, the exposure levels reflect current exposure conditions and do not
take into consideration past exposure to higher styrene levels that may have resulted in permanent
damage. Some workers, particularly laminators, wore respiratory masks with or without canisters; many
investigators estimated exposure based on biomarker levels, particularly urinary mandelic acid levels,
while others did not. As discussed in greater detail in Sections 3.4.3, 3.4.3.1, and 3.8.1, urinary levels of
styrene metabolites mandelic acid and phenylglyoxylic acid have been shown to correlate with time-
weighted average styrene exposure levels and may be a more reliable biological indicator of styrene
exposure in workplaces with highly variable styrene exposure levels. Significant differences between
workers and referents were reported as LOAELs; however, the magnitude of the alteration may have been

subclinical. A summary of the neurological effects observed in styrene workers is presented in Table 3-2.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological

End Points

Mean
Number duration of

of exposure NOAEL LOAEL

Reference workers (years) (ppm)  (ppm)

Comments

Decreased color discrimination

Chiaetal. 21 18.8 6
1994 (range: 5-23)

Kishietal. 21-42 6.2 4 10
2001

Gongetal. 43 6.4 10
2002

Gobba et al. 41 16
1991

Triebig etal. 19 4.5 20
2001 (range: 1-21)

Styrene exposure was estimated from
mean urinary levels of MA (84.0 mg/g
creatinine; range of 1.3-504.1 mg/g
creatinine).

Significant decreases in color
discrimination, as expressed as total color
difference score; no concentration-
response relationship was found.

Workers divided into three groups based on
urinary MA levels. Significant differences in
CCI, compared to age-matched controls,
were found in the two highest groups.

Mean CClin 4, 10, and 46 ppm groups
(CCl levels in age-paired controls):

1.21 (1.17),1.23 (1.12), and 1.27 (1.13).
Significant difference in CCl also found in
analysis using 87 age-matched workers/
controls.

Workers divided into two groups based on
combined urinary MA and PGA level
dividing line of 0.24 g/g creatinine
(approximately 10 ppm); both groups were
significantly different from controls. Mean
CCI (mean of right and left eyes) in
controls, low exposure, and high exposure
groups: 1.02,1.09, and 1.14.

Significant differences found when
compared to age-matched controls

(41 workers/controls) and in older workers
(=40 years of age).

CClI was significantly different in workers
exposed to 250 ppm compared to workers
exposed to <50 ppm.

Significant increase in CCl in workers
(mean of 1.29), compared to controls (mean
of 1.10), when test conducted after work on
a Thursday; no difference when measured
before work on a Monday. Abnormal CCI
values (>95" percentile age-dependent
reference value) associated with urinary MA
plus PGA levels of approximately 500 mg/g
creatinine and higher.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological

End Points

Number
of
Reference workers

Mean

duration of

exposure NOAEL LOAEL
(years) (ppm)

(ppm) Comments

Iregren et al. 53-55
2005

Fallas etal. 60
1992

Campagna et 118
al. 1996

Eguchietal. 57
1995

Seeberetal. 242
2009b

12.9-17.9
(range: 2-39)

6.5

(range: >1-29)

520r6.6

7.0 8
(range: 0.2-
26.8)

Mean 5-8-6 .4

22

243

26

93

Lifetime weighted average exposure
calculated for each worker using historical
exposure data.

Total error score was significantly different
from workers in the low exposure group

(9 ppm).

Significant difference in the number of
subjects with error axis in the red-green or
blue-yellow ranges; no significant difference
in calculated error scores.

Mathematical threshold of impaired CCI
was 4 ppm; the upper limit of the Cl was
25.7 ppm.

Significant difference in CCl between age-
matched workers and controls. Workers
divided into two groups—significant
difference in CCI between high-
concentration workers (urinary MA level of
1.06 g/L [range: 0.46-3.98 g/L] equivalent
to 93 ppm) and age-matched controls. No
difference in low concentration workers
(urinary MA levels—mean of 0.02 g/L;
range of 0.04-0.41 g/L; equivalent to

8 ppm). CClI scores in low and high
exposure groups (CCl in age-matched
controls) of 1.173 (1.118) and 1.332
(1.125).

Workers divided into three groups (low,
medium, high) based on urinary MA and
PGA levels. No significant differences in
CCl score or visual contrast sensitivity were
observed between groups. No associations
were found when workers were divided into
groups with long-duration-high exposure
(air concentration of 27 ppm for over

15 years) and short duration-low exposure.
Interpretation of these results is limited by
the lack of a control group.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological

End Points

Reference

Number
of
workers

Mean
duration of

exposure NOAEL LOAEL

(years) (ppm)  (PPm)

Comments

Reaction time

Edling et al.
1993

Tsai and
Chen 1996

Jegaden et
al. 1993

Fallas et al.
1992

Mutti et al.
1984a

Gamberale
etal. 1976

Cherry et al.
1980

20

45

60

50

106

27

9 8.6
(range: 1-25)
8.3 21.9

5 22.68

6.5 243
(range: >1-29)

25

2.7 47
(range: 0.1-
11)

NR 92

Simple and choice reaction time (measured
before and after work).

Directly exposed workers compared to
workers without direct styrene exposure
(range of styrene levels was 0-6.4 ppm).
Complex reaction time (continuous
performance test): 532.8 and 495.6 ms in
directly and indirectly exposed groups.

Reaction times (measured in morning
before work) in workers and controls were
0.29 and 0.27 seconds for simple reaction
time and 0.37 and 0.32 seconds for
complex reaction time.

No significant difference in simple reaction
time (23.7 seconds versus 22.7 seconds in
controls).

Workers divided into four groups based on
combined levels of urinary MA and PGA of
<150, 150-299, 300-350, and

>450 mmole/mole creatinine;

150 mmole/mole creatinine equivalent to
25 ppm.

Complex reaction time in all workers and
controls: 623.6 and 488.3 ms; the percent
variations from matched controls were
120 and 165% in the 25 and 50 ppm
groups.

Mean styrene levels in each location were
16.6, 59.3, 41.6, and 101.4 ppm for resin
appliers and 13.6 and 49.3 ppm for
assemblers. The average styrene level for
the six sites was 47 ppm.

Simple reaction times (measured in
morning before work) were 274 ms in
workers and 260 ms in controls.

Simple reaction times (measured in
morning before work) were 252 and 230 ms
in workers and controls. A slower reaction
time was also observed during the
workshift.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological
End Points

Mean

Number duration of

of

exposure

Reference workers (years)

NOAEL LOAEL
(ppm)

(Ppm)

Comments

Seeberetal. 213
2009a

Mean: 5-8-6 .4

Other neurobehavioral tests

Chia et al. 21
1994

Edling etal. 20
1993

Sato et al. 67
2009

Jegadenet 30
al. 1993

18.8
(range: 5-23)

9

(range: 1-25)
Mean: 6.4
(range:0.08-
10.3)

8.6

15.9

22.68

Workers divided into three groups (low,
medium, high) based on urinary MA and
PGA levels. No significant differences in
choice reaction time were observed
between groups. No association were
found when workers were divided into
groups with long-duration-high exposure
(air concentration of 27 ppm for over

15 years) and short duration-low exposure.
Interpretation of these results is limited by
the lack of a control group.

Styrene exposure was estimated from
mean urinary levels of MA (84.0 mg/g
creatinine; range of 1.3-504.1 mg/g
creatinine).

Several tests of memory—Benton Visual
Retention test (score 6.0 in workers vs.

7.7 in controls), digit symbol test (26.3 in
workers vs. 38.0 in controls), and digit span
(11.7 in workers vs. 15.6 in controls) were
significantly affected. No significant
relations between test score and urinary MA
or PGA levels. No alteration in Santa Ana
dexterity test or pursuit aiming.

No effect on performance of symbol digit
test.

Significant increase in vibration perception
threshold in upper and lower limbs in
workers (mean urinary MA plus PGA level
of 0.42 g/g creatinine equivalent to

16.9 ppm styrene in air). Increased
vibration perception threshold in lower limbs
in workers with mean past maximum urinary
MA level of 0.30 g/g creatinine (equivalent
t0 15.9 ppm)

Significant impairment in performance on
digit span test.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological
End Points

Mean
Number duration of
of exposure NOAEL LOAEL
Reference workers (years) (ppm)  (ppm) Comments

Fallas etal. 60 6.5 24.3  Significant alteration in aiming test. No

1992 (range: >1-29) significant alteration in Santa Ana test of
dexterity, digit span, digit symbol, or Benton
visual retention tests. However, there were
significantly more workers with digit span
test scores differing by more than one
standard deviation from the mean,
particularly in workers exposed to styrene
for >10 years.

Muttietal. 50 25 Workers divided into four groups based on
1984a combined levels of urinary MA and PGA of
<150, 150-299, 300-350, and
>450 mmole/mole creatinine;
150 mmole/mole creatinine equivalent to
25 ppm.
Impaired performance on verbal learning
test; no significant relationship with test
scores in duration of exposure or exposure
level.

Clinical symptoms

Flodinetal. 8or9 11.6 6 High prevalence of clinical symptoms—

1989 (range: 6-21) abnormal tiredness (7/8 subjects) and short
memory (8/8 subjects) in workers exposed
to 6 ppm styrene; high prevalences of
problems concentrating (7/9 subjects) and
irritation (8/9 subjects) were also observed
in workers exposed to 12 ppm. Prevalence
was not compared to a referent group.

Edling etal. 20 9 8.6 Reported more acute symptoms than

1993 (range: 1-25) controls (mean of 2.9 in workers versus
1.8 in controls). More frequently responded
positively to the following questions: are
you abnormally tired, do you often have
painful tingling in some parts of your body,
do you have a headache at least once a
week.

Checkoway 16-27 3.4-4.1 10.8 18.9 Higher prevalence of headache, dizziness,
et al. 1992 light headedness, fatigue, irritability, feeling
"drunk" at work, and memory loss.

Cherry etal. 27 NR 92 At the end of the workshift, changes in self-

1980 reported physical and mental tiredness and
general health scores were correlated with
blood styrene concentrations.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological
End Points

Mean
Number duration of
of exposure NOAEL LOAEL
Reference workers (years) (ppm)  (ppm) Comments

Hearing

Triebig etal. 17 14.6 50 Average exposure was 30-50 ppm; in the

2009 (range: 10-26) past, workers were exposed to 80—
100 ppm. Workers exposed to >85 dBA
noise were excluded from analysis. Lower
hearing thresholds were observed at
1,000-1,500 and 8,000-12,500 Hz.
Significant improvement in hearing
following an exposure-free period.

Triebig et al. 31 6.3 40 No significant alterations in hearing

2009 (range: 1-26) threshold among workers with urinary MA
plus PGA levels of 970 mg/g creatinine
(approximately 40 ppm).

Morata et al. 65 17 3.68 Noise level 82 dBA.

2002 (range: 1-39) A higher prevalence of high frequency
hearing loss (47%) compared to controls
(33%), but difference was not statistically
significant. Significantly poorer thresholds
were observed at 2, 3, 4, 6, and 8 kHz in
the styrene group. The OR of 1.19 (95%
Cl, 1.11-1.28) times greater for each 1 year
of age was calculated and 2.44 times
greater (95% ClI, 1.01-5.89) for each
increment of 1 mmol MA/g creatinine in
urine.

Sliwinska- 194 NR 15.6  Current styrene concentrations ranged from

Kowalska et 0.05 to 46 ppm; average worklife mean

al. 2003 styrene concentration was 15.6 ppm.
Average noise level was 80.3 dBA.
Abnormal audiograms were found in 63.3%
of styrene workers, compared to 33.8% in
the unexposed controls. The OR of hearing
loss was 5.2 (95% ClI, 2.9-8.9). A positive
linear relationship between styrene working
life exposure levels and hearing thresholds.

Morioka et al. 93 94 16 Sound levels in the workplace ranged from

1999 53 to 95 dBA.
Significant correlation between individual
percentiles of the upper limit of hearing and
styrene concentrations in workers exposed
for 25 years; the prevalence rates below the
75th percentile were significantly higher
than 25% in workers exposed to >16 ppm.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological

End Points
Mean
Number duration of
of exposure NOAEL LOAEL
Reference workers (years) (ppm)  (ppm) Comments
Molleretal. 18 10.8 18 No styrene-related alterations in the pure-
1990 (range: 6-15) tone audiometry and speech discrimination
tests were found. Seven workers displayed
abnormal results in distorted speech and/or
cortical response audiometry tests.
Calabrese et 20 7.6 36 All workers had normal hearing thresholds

al. 1996

Vestibular

Moller etal. 18
1990

Toppila et al. 88
2006

Calabrese et 20
al. 1996

(range: 2-23)

10.8
(range: 6-15)

7.6
(range: 2-23)

18

248

36

and no abnormalities of stapedial reflex
were found. No significant effect on ABRs
(as compared to 10 control subjects) were
observed; additionally, when nine subjects
were re-tested after 3 weeks without
exposure, no significant difference between
pre- and postrecovery values were found.

Significantly higher sway with eyes open or
closed in the static posturography test,
increased latency in saccade test, a phase
lag and depressed gain in unpredictable
and predictable stimulation in the smooth
eye pursuit test, and impaired ability to
suppress vestibulo-ocular reflex in
sinusoidal and pseudorandomized tests.

Nonlaminators used as the comparison
group; 88 pairs of age-matched workers
were used for postural stability tests; the
mean styrene and MA PGA concentrations
for these pairs were 24.8 ppm and

1.4 mmol/L for the laminators and 4.8 ppm
and 0.3 mmol/L for the nonlaminators.
Poorer performance in dynamic tests on the
static platform. In the tilting platform and
virtual reality tests, sway velocity was
greater and workers became unstable and
displayed large correctional movements.

Abnormal results in the vestibulo-ocular
tests, these alterations persisted after the
3-week recovery period. No alterations in
visual suppression test or postural
performance were found.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological

End Points
Mean
Number duration of
of exposure NOAEL LOAEL
Reference workers (years) (ppm)  (ppm) Comments
Nerve conduction velocity

Seppaldinen 96 5 30 Styrene exposure was estimated using end-

and of-shift urinary MA levels collected weekly

Harkbnen for 5 consecutive weeks.

1976 No significant differences in median, ulnar,
deep peroneal, or posterior tibial nerve
motor or sensory conduction velocities were
observed, as compared to a referent group
with a similar age distribution.

Stétkarova et 15 11 50 Decreased peripheral conduction velocities

al. 1993 in median and tibial nerves were observed
in female styrene workers; prolonged
latencies of peripheral and cortical
somatosensory evoked potentials were also
observed in the female workers exposed to
styrene.

Triebig et al. 11 4 100 No significant alterations in maximum

1985 conduction velocity in the ulnar nerve or

distal conduction velocity of the sensory
fibers of the ulnar and median nerves.

ABR = auditory brainstem response; CCI = color confusion index; Cl = confidence interval, LOAEL = lowest-observed-
adverse-effect level; MA = mandelic acid; MS = millisecond; NOAEL = no-observed-adverse-effect level; NR = not
reported; OR = odds ratio; PGA = phenylglyoxylic acid
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Color vision appears to be one of the more sensitive targets of styrene toxicity, with many studics
reporting alterations. Color vision was typically measured using the Lanthony desaturated panel

D-15 test in which the subjects were asked to arrange 15 painted caps in a line with definite chromatic
sequence; the color confusion index (CCI) quantifies the number of types of mistake. A significant
correlation between CCI and urinary mandelic acid concentration (after correction for age) was observed
in workers at fiberglass reinforced plastic facilities (Kishi et al. 2001). When workers were divided into
three groups based on end-of-shift urinary mandelic acid levels, there were significant differences
between CCI in workers with a mean a mandelic acid level of 0.14 or 0.65 g/L. and age-matched referents;
no difference was found for the third group with a mean mandelic acid level of 0.05 g/L.. The
investigators estimated that these urinary mandelic acid levels were equivalent to styrene exposure levels
of 4, 10, and 46 ppm. Thus, this study identifies a NOAEL of 4 ppm and a LOAEL of 10 ppm for
decreased color discrimination. Similarly, Gong et al. (2002) found significantly higher CCI values in
workers at a fiberglass reinforced plastic boat facility with end-of-shift urinary mandelic acid and
phenylglyoxylic acid levels of >0.24 g/g creatinine or <0.24 g/g creatinine; a mandelic acid plus
phenylglyoxylic acid urine level of 0.24 g/g creatinine is equivalent to a styrene exposure level of

10 ppm. A significant increase in CCI was also observed in workers at fiberglass reinforced plastic
facilities as compared to age-matched controls (Gobba et al. 1991); although the mean styrene
concentration was 16 ppm for all workers (n=73), the mean for the subset of workers used for age-
matched analysis was not reported. When workers were stratified based on styrene air levels, workers
exposed to 49 ppm styrene had significantly higher CCI scores than workers exposed to lower levels. In
contrast to other studies, Gobba et al. (1991) did not find a significant relationship between end-of-shift
urinary mandelic acid levels and CCI; however, urinary styrene levels correlated with CCI values. CCI
values were significantly higher in laminators at a boat manufacturing facility with a median urinary
mandelic acid plus phenylglyoxylic acid levels of 472 mg/g creatinine compared to control subjects when
the test was administered on a Thursday after work (Triebig et al. 2001). Although CCI values were also
clevated on a Monday before work, the values were not significantly different from controls. Classifying
CCI values for the workers as normal or abnormal (exceeding the 95" percentile of the age reference
values) demonstrated that abnormal CCI values were typically associated with urinary mandelic acid plus
phenylglyoxylic acid levels of approximately 500 mg/g creatinine and higher (approximately 20 ppm
styrene in air for § hours). Significantly higher CCI values were observed in fiberglass reinforced
workers with a mean urinary mandelic acid levels of 1.06 g/L., which is roughly equivalent to a styrene
exposure level of 93 ppm (Eguchi et al. 1995). This study did not find significant alteration in workers
with a mean urinary mandelic acid level of 0.02 g/L, equivalent to 8 ppm. Another study of fiberglass

reinforced plastic workers (some of this cohort was examined by Gobba et al. 1991 and Campagna et al.
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1995) found a significant association between CCI and styrene exposure levels (Campagna et al. 1996).
The investigators concluded that color vision impairment could be detected at styrene levels of 4 ppm
with a 95% upper confidence limit of 26 ppm. Two other occupational exposure studies using different
measures of color vision impairment also found significant alterations. Chia et al. (1994) found
significantly poorer color discrimination, after adjusting for age, education, and alcohol consumption, in
21 workers at a fiber-reinforced plastic boat manufacturing facility; the styrene exposure level of 6 ppm
was estimated from a mean end-of-shift urinary mandelic acid level of 84.0 mg/g creatinine. No
relationship between the total color difference score and the urinary mandelic acid level was found. In
60 workers in the shipbuilding industry with a mean styrene exposure level of 24.3 ppm, a significantly
higher incidence of workers with errors in the blue-yellow or red-green ranges, compared to a referent
group, was found (Fallas et al. 1992). Total error score was significantly different in workers, with a
lifetime weighted average exposure level of 22 ppm styrene, as compared to workers in a low exposure
group (9 ppm) (Iregren et al. 2003). In contrast to these results, Seeber et al. (2009b) found no significant
association between CCI scores or visual contrast sensitivity among styrene workers with long-term
exposure to average styrene concentrations up to 27 ppm; identification of a NOAEL from this study is

limited by the lack of a control group.

Several studies found improvements in color vision following an extended period of no styrene exposure
or lower exposure. Triebig et al. (2001) reported a significant improvement in CCI scores following a
4-week period with no styrene exposure; in contrast, no improvement in CCI scores was found in another
group of styrene workers following a 1-month period without styrene exposure (Gobba et al. 1991). Two
studies found significant improvements in color vision (age-adjusted color confusion score or CCI score)
were observed in styrene workers following a decrease in styrene air level (Castillo et al. 2001; Triebig et
al. 2001). However, one study found no change in age-adjusted near visual contrast sensitivity following

a decrease in styrene exposure levels (Castillo et al. 2001).

A number of studies have found significant alterations in performance on a variety of neurobehavioral
tests; among these studies, reaction time appears to be the most frequently examined end point.
Significant increases in simple reaction time have been observed in styrene workers exposed to
concentrations of 21.9, 22.68, 47, or 92 ppm (Cherry et al. 1980; Gamberale et al. 1976; Jegaden et al.
1993; Tsai and Chen 1996); tests for reaction<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>