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Introduction

T

he Styrene Information and Research Center
(SIRC) is pleased to present this 10th volume of
its journal, The SIRC Review. Since producing
our first issue in 1990, SIRC has periodically published
The SIRC Review to serve as a compendium of recent
research on styrene, bringing together the best science on
the chemical. The readership of The SIRC Review includes
persons with interests in styrene from many sectors – regulators, scientists, industry, academia, and communications. It is SIRC’s hope that this journal continues to aid
these people in assessing the potential health and environmental effects of styrene.
Since our last issue, SIRC has continued its active
research program on the health effects of styrene, and this
new volume reflects SIRC’s ongoing mission to expand
styrene’s already substantial scientific database.
Following our past efforts to assemble commonlythemed reports, Volume 10 focuses on two key areas of
research – reproductive and developmental toxicity in
section one, and neurobehavioral effects in section two.
Of particular note in the first section is the executive
summary of an important monograph from the National
Toxicology Program’s Center for the Evaluation of Risks to
Human Reproduction (CERHR). The CERHR recently
issued its final report on an expert panel review it sponsored on the potential reproductive and developmental
toxicity effects of styrene. The CERHR review, which SIRC
followed with great interest, provided a thorough assessment of the available data on styrene, and offers a sound,
independent conclusion on its potential to cause human
reproductive effects. The report’s summary conclusion,
with which SIRC concurs, noted that “NTP judges the total
scientific evidence sufficient to conclude that it is unlikely
that styrene exposures to the general population or to
styrene-exposed workers in the United States will adversely affect human development or reproduction.”
We have included the NTP report summary as a preface to two articles, both originally published in Birth
Defects Research, on which much of the CERHR’s deliberations were based: “Developmental Neurotoxicity Study

of Styrene by Inhalation in Crl-CD Rats” and “Two
Generation Reproduction Study of Styrene by Inhalation
in Crl-CD Rats,” both by Cruzan et al. These two studies,
conducted by WIL Laboratories of Ashland, Ohio, represent the most sophisticated data to date on styrene reproductive and developmental toxicity effects. The developmental neurotoxicity study concluded that there is no
specific effect on nervous system development observable at styrene exposures up to 500 ppm. The reproductive study confirmed previous observations of slight
body weight effects of styrene exposure at 500 ppm or
greater in rats and further demonstrated a lack of styrene
effects on gonadal function, reproductive performance,
and offspring survival. This enhanced the conclusions of
an earlier 3-generation reproduction study of styrene in
drinking water. SIRC provided funding for these studies,
along with the Styrenics Steering Committee in Europe
and the Japan Styrene Industry Association.
In the second section are two articles reprinted from
the American Journal of Industrial Medicine: “Olfactory
Function in Workers Exposed to Styrene in the
Reinforced-Plastics Industry” by Dalton et al., and
“Exposure Assessment for Study of Olfactory Function in
Workers Exposed to Styrene in the Reinforced-Plastics
Industry” by Lees et al. These studies addressed previous
data that suggested a potential for styrene exposure to
affect the sense of smell. Working with a cohort in the
comparatively highly-exposed reinforced plastics industry, Dalton et al concluded that there was no evidence to
suggest that styrene is an olfactory toxicant in humans.
In addition to the reprinted articles, the second section
also includes three original articles that are being published for the first time in The SIRC Review. These articles
reflect SIRC’s efforts to better understand the potential
neurotoxicolgical effects of styrene, in particular on
workers exposed to styrene. Bagirzadeh et al.’s review of
the neuropsychological effects data updates earlier
reviews, including those published previously in this
journal. Drs. Good and Nichols of Ohio State University
have provided two articles on potential color vision
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effects. In the review article “The Effect of Styrene
Exposure on Color Vision,” Good concludes that exposure to styrene at high levels can be associated with color
vision deficiency but that the magnitude of such deficiencies is relatively minor, and that it is unlikely that the
level of defect would have much functional significance.
To further address this conclusion, Nichols and Good
assess “Quality of Life and Color Vision: The Significance
of Acquired Dyschromatopsias.” Noting that there currently is not an appropriate color vision-specific quality
of life survey instrument available, they suggest “that a
study that assessed the significance of styrene-induced
color vision deficiency might show little-to-no impairments in quality of life and functional ability.”
Volume 10 of The SIRC Review does represent one significant change from the several previous issues, in that
the journal’s editor of many years, Dr. Keith Johnson, formerly with The Dow Chemical Company, has retired and
relinquished his oversight of this publication. Dr.
Johnson served as editor for five of the ten volumes of
this journal, beginning in 1997, and was an invaluable
asset to SIRC, its members, and the scientific community.
I would like to thank Dr. Johnson for his dedicated service to SIRC, and to The SIRC Review, and wish him well
in his future endeavors.

6

Lastly, I also would like to acknowledge SIRC’s
administrative manager, Matt Howe, who serves as production coordinator for The SIRC Review, for his able
assistance in managing the generation of this publication
from start to finish. His help at all stages of the production of this journal greatly simplifies my job as editor, and
his efforts are appreciated by both members and staff.
As in-coming editor, I offer this 10th volume of The
SIRC Review for your review and reference, and trust that
it continues SIRC’s mission to identify the most current
and scientifically-sound data on styrene.
Maria J. Tort, PhD, DABT
Editor

Maria J. Tort has been a corporate toxicologist for the Chevron
Phillips Chemical Company since April 2001. Reflecting her
dual interests and education in toxicology and business
management, she recently took on the role of Styrenics
Business Analyst in CP Chem’s Styrenics business unit. Dr.
Tort is the chairperson of SIRC’s Science and Technology Task
Group, of which she has been a member since 2001, and as
such serves as the editor of THE SIRC REVIEW.

National Toxicology Program (NTP)
Center for the Evaluation of Risks to Human Reproduction (CERHR)

Monograph on the Potential
Human Reproduction and
Developmental Effects of Styrene
The NTP concurs with

NTP BRIEF

the CERhR Styrene
Expert Panel that there

WhAT IS STYRENE?
Styrene is an aromatic
hydrocarbon with a molFIGURE 1
ecular formula of C 8 H 8
and
molecular weight of
Chemical
104.16.
The structure is
structure of
shown
in
Figure 1.
styrene
Styrene is principally
CH used in the production of
polystyrene and copolymers that may contain
trace levels of styrene
monomer. Polystyrene,
the polymerized form of
styrene, has a variety of
uses including food containers, boat building and
repair, construction materials, automobile parts, and backing for
carpets and upholstery. Styrene is present
in the environment as a result of direct
releases from industrial sources and automobile exhaust and indirectly from products or applications involving polystyrene.
The public can also be exposed to styrene
by ingesting food or drink that has been in
contact with styrene polymers or through
inhalation of polluted air and cigarette
February 2006
NIH Publication No. 06-4475
Full Publication available at
http://cerhr.niehs.nih.gov

is negligible concern for
adverse developmental
and reproductive effects
in humans exposed to
styrene, including
exposures to the general
population and
exposures in the
workplace.
This conclusion is based
on the low levels of
estimated human
exposures to styrene in
the general population
and in the workplace.
No clear evidence of
developmental or
reproductive toxicity
effects in experimental
animals has been
reported, even at
comparatively high
doses of styrene.
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smoke. It is estimated that 30% of styrene
in the air originates from motor vehicle
exhaust, 40% from composite materials and
boat building industries, and 30% from all
other sources.
Styrene is manufactured from ethylbenzene primarily by two methods. In the
most common method, ethylbenzene is
dehydrogenated using steam and an
iron/zinc/magnesium oxide catalyst. The
resulting styrene is purified using vacuum
distillation. In the second method, ethylbenzene is oxidized to ethylbenzene
hydroperoxide, which is reacted with
propylene to yield propylene oxide and
methyl phenyl carbinol.
The carbinol is dehydrated to styrene
using an acid catalyst.
Styrene production in the United States
was reported at 10.58 billion pounds in
1999 and 10.79 billion pounds in 2000. The
volume of styrene imported to the United
States was 1.038 million pounds in 1999
and 1.265 million pounds in 2000. The
amount exported from the United States
was 2.552 billion pounds in 1999 and 2.730
billion pounds in 2000.
Styrene can be released into the environment directly or as a result of applications
using polystyrene. According to the EPA’s
Toxics Release Inventory database, total
environmental release of styrene in 2002
was 47.7 million pounds, with releases of
47.3 million pounds to air, 6000 pounds to
water, 160,000 pounds to underground
injection, and 207,000 pounds to land.
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ARE PEOPLE EXPOSED TO STYRENE?*

Occupational exposure is primarily by breathing styrene
vapor. Occupa tional exposure through the skin is
believed to be minimal.

Yes. People are exposed to styrene by breathing cigarette
smoke and outdoor or indoor air, eating food that contains styrene as an additive or a contaminant, using conCAN STYRENE AFFECT hUMAN DEVELOPMENT
sumer products that contain styrene, and by occupational
OR REPRODUCTION?
exposure to styrene vapors. Sources of styrene in the air
are industrial releases and exhaust from gasoline-powProbably Not. Results from studies in experimental aniered motor vehicles. The primary source of styrene expomals indicate little or no potential for styrene exposure to
sure to the general public is indoor air. Cigarette smoke
produce developmental or reproductive toxicity. Some
and release of styrene from household products such as
developmental delays and growth effects were observed
carpet glues, construction adhesives, and polyester-conin styrene-exposed rat pups before and after birth. These
taining flooring materials contribute to styrene in indoor
effects occurred at styrene doses that also caused the
air. In the general population, exposure of non-smokers
pregnant dams to eat less food resulting in lower body
to styrene is estimated to be less than 0.3 µg/kg body
weights than unexposed dams. Because the developmenweight/day; smokers are exposed to about 3 µg/kg body
tal effects observed in pups were consistent with the
weight/day. These exposures are 1 million-fold and
effects observed in the dams, the expert panel could not
100,000-fold less, respectively, than doses that show no
determine if the effects observed in the offspring were
adverse reproductive or developmental effect in laboratodue directly to their styrene exposure or due indirectly to
ry animals. Styrene may
be present in food as a
natural component of the
FIGURE 2
food, as a food additive,
or from contact with
A. The weight of evidence that styrene causes adverse developmental or reproductive
styrene-containing mateeffects in laboratory animals
rials. Average dietary
intake of styrene is estiClear evidence of adverse effects
mated to be equal to or
Some evidence of adverse effects
less than 0.2 µg/kg body
Limited evidence of adverse effects
weight/day. Styrene is
not usually found in
drinking water and
reported levels are less
than 1 µg/L or are not
detectable. Occupational
exposures to styrene are
considerably higher than
exposures of the general
public. Average occupational exposures are estimated to range from
1,400—52,000 µg/kg body
weight/day with an
upper estimate of 90,000
µg/kg body weight/day.

Insufficient evidence for a conclusion
Limited evidence of no adverse effects
Developmental Toxicity

Some evidence of no adverse effects

Reproductive Toxicity

Clear evidence of no adverse effects

B. The weight of evidence that styrene causes adverse developmental or reproductive
effects in humans
Clear evidence of adverse effects
Some evidence of adverse effects
Limited evidence of adverse effects
Developmental and Reproductive Toxicity

Limited evidence of no adverse effects

* Answers to this and
subsequent questions
may be: Yes, Probably
Possibly, Probably Not,
No or Unknown
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Insufficient evidence for a conclusion

Some evidence of no adverse effects
Clear evidence of no adverse effects
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toxic effects of styrene on the dams. Multi-generation
reproductive toxicity studies in rats exposed to styrene
throughout their lifetimes showed no evidence of reproductive toxicity.
Scientific decisions concerning health risks are generally based on what is known as the “weight-of-evidence”
approach. In the case of styrene, no convincing evidence
of adverse developmental effects were observed in laboratory animal studies (see Figure 2a). Further, no evidence of reproductive toxicity was observed in multigeneration reproductive toxicity studies in rodents.
Evidence from studies in humans exposed to styrene
were not sufficient to reach conclusions regarding possible developmental or reproductive effects (see Figure 2b).
The NTP judges the total scientific evidence sufficient to
conclude that it is unlikely that styrene exposures to the
general population or to styrene-exposed workers in the
United States will adversely affect human development
or reproduction.
SUPPORTING EVIDENCE
As presented in the NTP-CERHR Expert Panel Report on
the Reproductive and Developmental Toxicity of Styrene
(see Appendix II for details and literature citations, available at http://cerhr.niehs.nih.gov), the expert panel concluded that styrene does not cause developmental or
reproductive toxicity in experimental animals. Key studies considered by the expert panel are summarized here.
In developmental toxicity studies in rats and rabbits,
the highest exposure concentrations tested (600 ppm by
inhalation or 300 mg/kg body weight/ day by oral dosing to rats) showed no observable adverse effects on
fetuses. Effects of exposure to styrene on reproduction
and post-natal development were assessed in two multigeneration studies in rats. Neither study showed an effect
of styrene on reproduction, even at the highest dose tested. However, one study noted decreased birth weight
and delays in postnatal development in the pups of parents exposed by inhalation to 500 ppm styrene. This dose
of styrene also caused a significantly reduced body
weight gain in the dams. Therefore, the expert panel concluded that it was not possible to separate the observed
effects in the offspring from the effects on maternal
weight. No adverse effects were observed for developmental neurotoxicity at this dose. In the second study,
styrene was delivered in drinking water at concentrations
up to 250 ppm (estimated intake 18 mg/kg body
weight/day for males and 23 mg/kg body weight/ day
for females). There were no treatment-related effects on

maternal food consumption or weight gain and no significant developmental effects on the pups. The expert panel
judged these data relevant for the assessment of potential
human hazard.
The expert panel noted that there was insufficient
information available to reach conclusions on reproductive and developmental outcomes from studies of
humans exposed to styrene. Evidence from studies conducted in occupational settings suggest that exposure of
women to styrene is associated with slightly increased
levels of prolactin in blood serum and possible depletion
of peripheral blood dopamine metabolizing enzyme
activities when compared to levels in women not occupationally exposed to styrene. However, the clinical relevance of these effects is uncertain because: (1) the average
elevation in prolactin concentrations in blood serum was
small and within the normal range of blood serum values
and (2) menstrual function and other reproductive endpoints were not evaluated in these studies. The Styrene
Information and Research Center submitted written comments and proposed that these findings are of no relevance to human health (see Public Comments in
Appendix III, available at http://cerhr.niehs.nih.gov).
Two studies in rats failed to find any effect of exposure to
styrene on prolactin concentrations in serum. Maximum
exposure levels of styrene used in the rat studies were
1500 ppm by inhalation for 5 days and 200 mg/kg body
weight/day injected subcutaneously for 7 days.
Studies show that styrene oxide, a metabolite of
styrene, binds to DNA in blood cells of humans and
experimental animals. In workers exposed to styrene,
studies have reported both DNA adducts and breaks in
strands of DNA in blood cells, most likely caused by
styrene oxide. Three papers on DNA damage in styreneexposed workers that were not considered by the expert
panel report are summarized here.
Migliore et al. (2002) reported a significant increase in
DNA strand breaks in sperm from styrene-exposed workers. However, they found no association between the
extent of DNA damage and either years of styrene exposure or concentration of styrene metabolites in urine. In
another study, Vodicka et al. (2004) assessed chromosomal damage, DNA strand breaks, and DNA repair capacity in lymphocytes from styrene-exposed lamination
workers. They found no clear relationship between chromosome abnormalities and styrene exposure. DNA single
strand breaks in the lymphocytes were significantly
lower in styrene-exposed workers and DNA repair capacity was increased when compared to workers not
exposed to styrene. Although these measurements indi-
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cate that exposure to styrene can cause some types of
DNA damage, it is uncertain whether genetic mutations
are induced. In a recent review of the effects of styrene on
DNA, Henderson and Speit (2005) concluded that there is
no clear evidence that gene mutations result from worker
exposures to styrene. Therefore, it is unlikely that occupational styrene exposures would lead to infertility or
genetic disorders in subsequent generations.
ARE CURRENT STYRENE EXPOSURES IN ThE U.S.
GENERAL POPULATION hIGh ENOUGh TO
CAUSE CONCERN?
Probably Not. It is estimated that styrene exposure in nonsmokers is less than 0.3 µg/kg body weight/day.
Smokers are estimated to be exposed to 3 µg/kg body
weight/day. These exposures are approximately 1 million-fold and 100,000-fold less, respectively, than doses
that showed no adverse reproductive or developmental
effects in laboratory animals.
ARE CURRENT U.S. OCCUPATIONAL EXPOSURES
TO STYRENE hIGh ENOUGh TO CAUSE
CONCERN?
Probably Not. Occupational exposures to styrene can be
considerably higher than exposures to the general population. However, in animal studies, doses of 600 ppm by
inhalation or 300 mg/kg body weight/day by oral gav-

age did not result in developmental toxicity. In reproductive studies, doses of 500 ppm by inhalation or 250 ppm
in drinking water did not result in reproductive toxicity.
These styrene doses are approximately 6-fold to 200-fold
greater than the averages for occupational exposures in
the United States.
The NTP reached the following conclusions based on
estimates of general population exposure, information on
occupational exposures, and studies in laboratory animals (Figure 3).
The NTP concurs with the CERHR Styrene Expert
Panel that there is negligible concern for adverse developmental and reproductive effects in humans exposed to
styrene, including exposures to the general population
and exposures in the workplace.
This conclusion is based on the low levels of estimated
human exposures to styrene in the general population
and in the workplace. No clear evidence of developmental or reproductive toxicity effects in experimental animals has been reported, even at comparatively high
doses of styrene. Further, there have been no reports of an
association between styrene exposures and developmental or reproductive toxicity in humans.
These conclusions are based on the information available at the time this brief was prepared. As new information on toxicity and exposure accumulate, it may
form the basis for either lowering or raising the levels
of concern expressed in the conclusions.

FIGURE 3
NTP conclusions regarding the possibilities that human development or reproduction
might he adversely affected by exposure to styrene
Serious concern for adverse effects
Concern for adverse effects
Some concern for adverse effects
Minimal concern for adverse effects
Developmental and Reproductive Toxicity

Negligible concern for adverse effects
Insufficient hazard and/or exposure data
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APPENDIX I
NTP-CERhR STYRENE EXPERT PANEL
A 10-member panel of scientists covering disciplines such as toxicology, occupational exposure, and epidemiology,
was recommended by the Core Committee and approved by the Associate Director of the National Toxicology
Program. Prior to the expert panel meeting, the panelists critically reviewed articles from the scientific literature, as
well as a variety of other relevant documents. Based on this material they identified key studies and issues for
panel discussions. At a public meeting held June 1-3, 2005, the expert panel discussed these studies, the adequacy
of available data, and identified data needed to improve future assessments. The expert panel reached conclusions
on whether estimated exposures to styrene might result in adverse effects on human reproduction or development.
Panel conclusions were based on the scientific evidence available at the time of the meeting. The expert panel
report was made available for public comment on July 18, 2005, and the deadline for public comments was
September 1, 2005 (Federal Register Vol. 70, Number 139, pp 42064-42065). The Expert Panel Report on Styrene is
provided in Appendix II and the public comments received on the report are in Appendix III. Input from the public
and interested groups throughout the panel’s deliberations was invaluable in helping to ensure completeness and
accuracy of the report. The Expert Panel Report on Styrene is available on the CERhR website
<http://cerhr.niehs.nih.gov>.

CERhR STYRENE EXPERT PANEL:
Ulrike Luderer, PhD, MD, MPH, Chair

University of California-Irvine

Thomas F.X. Collins, PhD

US Food and Drug Administration

George P. Daston, PhD

The Procter & Gamble Company

Lawrence J. Fischer, PhD

Michigan State University

Ronald H. Gray, MD

Johns Hopkins University

Franklin E. Mirer, PhD, CIH

International Union, United Auto Workers

Andrew F. Olshan, PhD

University of North Carolina

R. Woodrow Setzer, PhD

US Environmental Protection Agency

Kimberley A. Treinen, PhD

Schering-Plough Research Institute

Roel Vermeulen, PhD

National Cancer Institute

With the Support of CERHR Staff:
NTP/NIEhS
Michael Shelby, PhD

Director, CERHR

Christopher Portier, PhD

Associate Director, National Toxicology Program

Sciences International, Inc.
Anthony Scialli, MD

Principal Scientist

Annette Iannucci, MS

Toxicologist

Gloria Jahnke, DVM

Toxicologist

Jessie Poulin

Analyst
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Two Generation Reproduction Study of
Styrene by Inhalation in Crl-CD rats
George Cruzan1 *, Willem D. Faber2, Keith A. Johnson3, Linda S. Roberts4, Juergen Hellwig5,
Ed Carney3, John T. Yarrington6, Donald G. Stump6

This study was conducted to evaluate the
potential adverse effects of styrene on
reproductive capability from whole-body
inhalation exposure of F0 and F1 parental
animals. Assessments included gonadal
function, estrous cyclicity, mating behavior, conception rate, gestation, parturition,
lactation, and weaning in the F0 and F1 generations, and F 1 generation offspring
growth and development. Four groups of
male and female Crl:CD(SD)IGS BR rats
(25/sex/group) were exposed to 0, 50, 150,
and 500 ppm styrene for 6 hr daily for at
ToxWorks, Bridgeton, New Jersey
Willem Faber Consulting, Victor, New
York
3
The Dow Chemical Company, Midland,
Michigan
4
ChevronTexaco on behalf of Chevron
Phillips Chemical Company LP,
Richmond, California
5
BASF Aktiengesellschaft, Ludwigshafen,
Germany
6
WIL Research Laboratories, LLC, Ashland,
Ohio
1

Reproductive
performance and
offspring postnatal
survival prior to
weaning were not

2

Reprinted with permission from Birth
Defects Research (Part B) 74:221-232

adversely affected
by styrene exposure.
Pre-weaning pup
weights were unaffected
by styrene exposure for
the F1 generation.

*Correspondence to George Cruzan,
ToxWorks, 1153 Roadstown Road,
Bridgeton, New Jersey 08302
Funded by: Styrene Information and
Research Center (SIRC), Arlington, VA
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least 70 consecutive days prior to mating
for the F0 and F1 generations. Inhalation
exposure for the F0 and F1 females continued throughout mating and gestation
through gestation day 20. Inhalation exposure of the F0 and F1 females was suspended from gestation day 21 through lactation
day 4. On lactation days 1 through 4, the F0
and F1 females received styrene in virgin
olive oil via oral gavage at dose levels of 66,
117, and 300 mg/kg/day (divided into
three equal doses, approximately 2 hr
apart). These oral dosages were calculated
to provide similar maternal blood peak
concentrations as provided by the inhalation exposures. Inhalation exposure of the
F0 and F1 females was re-initiated on lactation day 5. Styrene exposure did not affect
survival or clinical observations. Rats in
the 150- and 500-ppm groups in both
parental generations gained weight more
slowly than the controls. There were no
indications of adverse effects on reproductive performance in either the F0 or F1 generation. Male and female mating and fertility indices, pre-coital intervals,
spermatogenic endpoints, reproductive
organ weights, lengths of estrous cycle and
gestation, live litter size and postnatal survival were similar in all exposure groups.
Additionally, ovarian follicle counts and
corpora lutea counts for the F1 females in
the high-exposure group were similar to
the control values. No adverse exposurerelated macroscopic pathology was noted
at any exposure level in the F0 and F1 generations. A previously characterized pattern
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of degeneration of the olfactory epithelium that lines the
dorsal septum and dorsal and medial aspects of the nasal
turbinates occurred in the F0 and F1 generation animals
from the 500-ppm group. In the 500-ppm group, F2 birthweights were reduced compared to the control and F2 offspring from both the 150- and 500-ppm exposure groups
gained weight more slowly than the controls. Based on
the results of this study, an exposure level of 50 ppm was
considered to be the NOAEL for F0 and F1 parental systemic toxicity; the NOAEL for F0 and F1 reproductive toxicity was 500 ppm or greater. Birth Defects Res B 74:211220, 2005 ©2005 Wiley-Liss, Inc.
INTRODUCTION
Styrene (CAS no. 100-42-5) is a commercially important
monomer, which is used in the manufacture of polystyrene products (packaging, insulation, etc.), acrylonitrile-butadiene-styrene (ABS) products (appliance cases,
automotive parts, etc.), synthetic rubber, and reinforced
plastics. Exposure to the general population occurs at levels of micrograms per day from ambient air and intake of
food (IARC, 2002).
The reproductive and developmental effects of styrene
have been extensively reviewed by Brown et al. (2000).
Reports of styrene-related effects on human reproduction
are limited and conflicting. A large study of US women
concluded that styrene exposure did not affect menstrual
cycle (Lemasters et al., 1985); however, Cho et al. (2001)
concluded that exposure to styrene increased the risk of
menstrual cycles longer than 35 days. One study (Jelnes,
1988) suggested increased sperm abnormalities in workers exposed to high levels of styrene in the reinforced
plastics industry. A later study of 23 workers (Kolstad et
al., 1999) found no effect on sperm abnormalities, but
reported a decrease in sperm density during the first 6
months of exposure to styrene in the reinforced plastics
industry. In a study of 220 male reinforced plastics workers exposed to high levels of styrene, there was no relationship between exposure and time to pregnancy of their
partners (Kolstad et al., 2000). A study of female reinforced plastics workers reported a possible decrease (4%)
in birth weight of offspring of mothers exposed to styrene
above 80 ppm and other solvents (Lemasters, 1989). Birth
weights were taken from mothers’ memory, not birth
records, and the difference was not statistically significant.
No effects on fertility or reproduction were found in
three generations of male and female Sprague-Dawley
rats exposed to 125 or 250 ppm styrene in their drinking
water (Beliles et al., 1985). The concentration was limited
by the solubility of styrene in water (approximately 300
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ppm). Water consumption was significantly reduced in
both groups compared to controls, indicating taste aversion. While this study demonstrated no effects on fertility,
gestation, or reproduction, its value for risk assessment is
limited due to the low doses achieved (<25 mg/kg/day).
No effects on ovarian or testicular pathology have
been reported in several of the subchronic or chronic toxicity studies in rats (500 to 2,000 mg/kg/day gavage, 501,500 ppm inhalation) and mice (150-300 mg/kg/day
gavage, 20 to 200 ppm inhalation) (NCI, 1979; Cruzan et
al., 1997, 1998, 2001; Roycroft et al., 1995). On the other
hand, testicular pathology and decreases in sperm count
were reported in rats treated with 400 mg/kg/day
styrene by gavage for 60 days (Srivastava et al., 1989).
Decreased free testosterone in plasma was reported in
pre-pubertal male C57BL/6 mice exposed to 50 mg/l
styrene in drinking water for 4 weeks (12 mg/kg/day).
There were no effects on body weight, testis weight, plasma cortisone, or plasma luteinizing hormone (Takao et
al., 2000).
Because data on the reproductive effects of styrene
were limited, a two-generation reproduction study was
conducted via whole-body inhalation according to current regulatory guidelines. Developmental neurotoxicity
evaluation of selected offspring from the second generation are reported in an accompanying article (Cruzan et
al., 2005, this issue). In most reproduction studies conducted by inhalation, exposure is stopped on day 20 of
gestation and reinstated on lactation day 5 to minimize
stress on the offspring from the more than 6-hr separation
that would occur during inhalation exposure of the dam.
Because high concentrations of styrene may cause central
nervous system (CNS) depression and significant development of the CNS occurs during the first few days after
birth in rats, F0 and F1 dams were treated orally during
lactation days 1-4 at doses estimated by physiologically
based pharmacokinetic (PBPK) modeling to mimic a 6-hr
inhalation exposure.
MATERIALS AND METHODS
Study Design
Four groups of male and female Crl:CD rats
(25/sex/group) were exposed to vapor atmospheres of
styrene at 0, 50, 150, or 500 ppm for 6 hr daily for at least
70 consecutive days prior to mating. Daily vaginal
smears were performed for assessment of estrous cyclicity, beginning 21 days prior to pairing. Females were
paired with males on a 1:1 basis for 14 days or until evidence of mating was observed. The F0 and F1 females continued inhalation exposure throughout mating and gesta-
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tion through gestation day 20. On lactation days 1
through 4, the F0 and F1 females received styrene in virgin
olive oil via oral gavage at dose levels of 66, 117, and 300
mg/kg/day (divided into three equal doses, approximately 2 hr apart) at a dose volume of 1 ml/kg/dose. The
doses were calculated to mimic the peak maternal blood
level of styrene during a 6-hr inhalation exposure at the
target concentration based on the PBPK model of
Sarangapani et al. (2002). Inhalation exposure of the F0
and F1 females was re-initiated on lactation day 5 and
continued through the day prior to euthanasia. Offspring
were weaned on lactation day 21; exposure of F1 pups
began on postnatal day (PND) 22. Inhalation exposure of
the F0 and F1 males continued throughout mating, and
through the day prior to euthanasia. Spermatogenic endpoints were recorded for all F0 and F1 males. Ovarian primordial follicle counts and the corpora lutea counts were
recorded for all F1 females in both the control and highexposure groups and for F1 females in the other exposure
groups that did not mate or produce offspring.

uled necropsy of the parental generations, and the
females were transferred to plastic maternity cages with
nesting material (Bed-O’Cobs ® ; The Andersons,
Industrial Products Division, Maumee, Ohio). The dams
were housed in these cages until weaning on lactation
day 21. Animals were housed in accordance with the
Guide for the Care and Use of Laboratory Animals. The
animal care program including animal facilities are
accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International
(AAALAC International).
Animals were fed PMI Nutrition International, Inc.,
Certified Rodent LabDiet® 5002 ad libitum. Municipal
water was reverse-osmosis-treated (on-site) and delivered by an automatic watering system to individual cages
ad libitum, except by water bottles when water consumption was measured during gestation and lactation. No
water was available during inhalation exposure. Animals
were housed throughout the acclimation period and during the study in an environmentally controlled room.

Test Material
Styrene monomer (inhibited from self-reaction by 10 ppm
t-butylcatechol), CAS No. 100-42-5, was provided by
Chevron Phillips Chemical Company LLP, St. James, LA.
The purity and stability of the styrene were verified by
gas chromotography with flame ionization detection.
When present in the chromatograms, the percentage of
benzene, ethylbenzene, styrene oxide, and styrene dimers
was also determined. Results obtained indicated the
styrene was at least 99.9% pure.

Parental Observations
All animals were observed twice daily (at least 7 hr apart)
for moribundity and mortality, appearance, behavior, and
pharmacotoxic signs (prior to exposure/gavage dosing
for the F0 and F1 animals). During inhalation exposures,
approximately 50% of the F0 and F1 animals in each group
were visible through the chamber windows; the visible
animals were observed for appearance and behavior at
the mid-point of exposure. The F0 and F1 animals were
also observed within 1 hr following exposure/gavage dosing. Detailed physical examinations were recorded weekly for all F0 and F1 parental animals throughout the study
period. F0 and F1 females expected to deliver were also
observed twice daily during the period of expected parturition and at parturition for dystocia or other difficulties.
Individual F0 and F1 male body weights were recorded
weekly throughout the study and prior to the scheduled
necropsy. Individual F0 and F1 female body weights were
recorded weekly until evidence of copulation was
observed. Once evidence of mating was observed, female
body weights were recorded on gestation days 0, 4, 7, 11,
14, and 20 and on lactation days 1, 4, 5 (pre-exposure), 7,
14, and 21.
Individual F0 and F1 male food consumption was measured on a weekly basis (except during the mating period) until the scheduled necropsy. Individual F0 and F1
female food consumption was measured on a weekly
basis until the start of the mating period. Female food
consumption was recorded on gestation days 0, 4, 7, 11,
14, and 20 and lactation days 1, 4, 5, 7, 14, and 21. Water

Animals and Animal Husbandry
One hundred fifteen male and 116 female
Crl:CD®(SD)IGS BR rats from different colonies (to avoid
sibling matings) were received from Charles River
Laboratories, Inc. (Raleigh, NC) on July 24, 2001. The animals were 37 and 38 days old upon receipt, respectively.
At the conclusion of the acclimation period, all available
F 0 animals were weighed and examined in detail for
physical abnormalities. Animals judged to be in good
health and meeting acceptable body weight requirements
were randomized into treatment groups by a computerized program to ensure homogeneity of treatment
groups.
Until pairing, all F0 and F1 parental test animals were
individually housed in clean, wire-mesh cages suspended above cage-board. During cohabitation, the animals
were paired for mating in the home cage of the male.
Following positive evidence of mating, the males were
housed in suspended wire-mesh cages until the sched-
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consumption was recorded daily during gestation and
lactation for the F0 and F1 females.
Assessment of Reproductive Performance
Vaginal smears were prepared daily to determine the
stage of estrus for each female, beginning 21 days prior to
pairing and continuing until evidence of mating was
observed. For females with no evidence of mating,
smearing was continued until termination of the mating
period. The average cycle length was calculated for complete estrous cycles.
After a minimum of 70 days of exposure, each female
was housed overnight in the home cage of a randomly
chosen male from the same exposure group, avoiding sibling matings. Each mating pair was examined daily for
the presence of a copulatory plug or the presence of
sperm in a vaginal smear. The day when evidence of mating was identified was termed day 0 of gestation. The
animals were then separated and the female was housed
in an individual plastic cage with nesting material. When
evidence of mating was not apparent after 14 days, the
female was placed for an additional 7 days with another
male of the same exposure group that had successfully
mated. If no evidence of copulation was obtained after 21
days, the animals were separated without further opportunity for mating, and the female was placed in a plastic
cage containing nesting material. Following the second
mating period, the females were euthanized on gestation
day 15 (females that mated with the second male) or postcohabitation day 15 (females that did not mate with the
second male). Pre-coital intervals were calculated according to the number of 12-hr dark cycles prior to evidence
of mating.
All females were allowed to deliver naturally and rear
their young to weaning (PND 21). During the period of
expected parturition, the females were observed twice
daily for initiation and completion of parturition and for
signs of dystocia. On the day parturition was judged
complete (PND 0), the sex of each pup was determined
and each was examined for gross malformations; the
numbers of stillborn and live pups were recorded.
Individual gestation lengths were calculated using the
date delivery started.
Offspring Evaluations
All pups were individually identified by application of
tattoo markings on the digits on PND 0. Each litter was
examined twice daily for survival and signs of toxicity.
Intact offspring dying from PND 0 to 4 were necropsied
using a fresh dissection technique (Stuckhardt and
Poppe, 1984). A detailed gross necropsy was performed
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on any pup dying after postnatal day 4 and prior to
weaning and for all F1 pups dying between PND 22 and 28.
To reduce variability among litter size, 10 F1 and F2
pups from each litter were randomly selected of equal sex
distribution, if possible, on PND 4. The remaining F1 and
F2 offspring were weighed, euthanized by intraperitoneal
injection of sodium pentobarbital, and discarded on PND 4.
Pups were individually sexed on PND 0, 4, 7, 14, and
21. F1 pups were individually weighed on PND 1, 4, 7, 14,
and 21; F2 pups were individually weighed on PND 1, 4,
7, 11, 13, 17, and 21. The following investigations were
used to assess the maturation of the selected F1 and F2
pups: pinna detachment, surface righting response, hair
growth, incisor eruption, eye opening, balanopreputial
separation, and vaginal patency. Individual pups were
weighed on the day of sexual maturation. These data are
presented in the companion developmental neurotoxicity
study (Cruzan et al., 2005, this issue).
Weaning and Selection for F1
Each F 0 dam and its litter remained housed together
(except during inhalation exposures of the dams 6
hr/day on lactation days 5-20) until weaning on lactation
day 21. On PND 21, a computerized randomization procedure was used to select two F1 male and two F1 female
weanlings per litter. These pups were exposed to the test
article for 6 hr per day beginning on PND 22. Between
PND 22 and 28, 6 male and 6 female control pups died; 0
from the 50-ppm group; 1 male and 2 females from the
150-ppm group, and 1 male and 2 females from the 500ppm group died. One male and one female from each litter, when available, were randomly selected on PND 28
to comprise the F1 generation (16, 23, 23, and 22 males
and females for 0, 50, 150, and 500 ppm, respectively).
Additional rats (9, 2, 2, and 3 males and females for 0, 50,
150, and 500 ppm) were randomly chosen from the
remaining male and female from each litter to make 25
male and 25 female in each F1 exposure group (0, 50, 150,
and 500 ppm). The remaining pups were euthanized on
PND 28.
Ovarian and Spermatogenic Endpoint Evaluations
A bilateral evaluation of one section of each ovary was
performed for F0 females. A quantitative histologic evaluation of five sections (at least 100 µm apart) from the
inner third of each ovary was conducted on all F1 females
in the control and high-dose group. This examination
included enumeration of the total number of primordial
follicles and corpora lutea according to the methods of
Bolon et al. (1997) and Bucci et al. (1997). The primordial
follicles were defined as small oocyte with a nucleus sur-

The SIRC Review November 2006

TwO gENERATION REPRODUCTION STUDy OF STyRENE by INHALATION IN CRL-CD RATS

rounded by a partial or unbroken single layer of flattened
to cuboidal follicular/granulosa cells. Due to the size of
corpora lutea (much larger than primordial follicles),
each corpus luteum was possibly sectioned and counted
multiple times, resulting in a value that was larger than
would be expected.
Spermatogenic endpoints were evaluated using the
methods described by Nemec et al. (2004). Immediately
upon euthanasia, the right epididymis of each F0 and F1
male was exposed, excised, and weighed. Sperm motility
was assessed using the Hamilton-Thorne HTM-IVOS
Version 10 (Beverly, MA) computer-assisted sperm analysis (CASA) system. Sperm morphology was evaluated by
light microscopy via a modification of the wet-mount
evaluation technique (Linder et al., 1992).
The left testis and cauda epididymis from all F0 and F1
males from all exposure groups were weighed and stored
frozen (approximately -20°C). These tissues from the control and 500-ppm groups were then thawed, homogenized, and a sample was evaluated for determination of
homogenization-resistant spermatid count and sperm
production rate (Blazak et al., 1985).
Pathology
All F0 and F1 adult animals were euthanized by isoflurane
inhalation and exsanguination. Vaginal smears were performed on all females on the day of euthanasia to determine the stage of estrous cycle. All surviving males were
euthanized approximately 3 weeks following completion
of the parturition period. All surviving females that
delivered were euthanized between 6 and 10 days after
weaning of their litters. Females that mated but did not
give birth were euthanized on presumed gestation day
25. Females that experienced total litter loss were euthanized within 24 hr. All surviving F1 weanlings not selected for styrene exposure were euthanized on PND 21. All
F1 weanlings exposed to styrene PND 22-27 but not chosen to become F1 parents, were euthanized on PND 28.
All F2 weanlings not selected for behavioral evaluation
were euthanized on PND 21. A complete necropsy was
conducted, selected organs were weighed, and selective
histopathologic examination was performed.
Statistical Methods
Analyses were conducted using two-tailed tests (except
as noted otherwise) for a minimum significance level of
5%, comparing each test article-treated group to the differences. Parental mating and fertility indices were analyzed using the Chi-square test with Yates’ correction factor (Hollander and Wolfe, 1999). Mean parental (weekly,
gestation and lactation) and F2 offspring body weight

data, food consumption and food efficiency data, organ
weight data, maternal estrous cycle data, pre-coital intervals, gestation lengths, implantation sites, unaccounted
sites, ovarian primordial follicle counts, mean number of
pups born, live litter size, epididymal and testicular
sperm numbers, and sperm production rates were analyzed for heterogeneity of variance (Levene, 1960) and
normality (Royston, 1982). If the data were homogeneous
and normal, a parametric one-way analysis of variance
(ANOVA) was used to determine intergroup differences
(Snedecor and Cochran, 1980). If the results of the
ANOVA were significant (p<0.05), Dunnett’s (1964) test
was applied to compare the control group versus all
treatment groups. If the data were not homogeneous and
normal, the data were analyzed by the Kruskal-Wallis
(1952) nonparametric ANOVA test to determine the intergroup differences. If the ANOVA revealed statistical significance (p<0.05), the Mann-Whitney U-test (Kruskal
and Wallis, 1952) was used to compare the test articletreated groups to the control group. Pup weights through
weaning were analyzed separately by sex by a nested
analysis of covariance (ANCOVA). The number of pups
born was used as the covariate. The following assumptions were made regarding the ANCOVA: homogeneity
of regression slopes, linear relationship between the pup
weights and number of pups born, and additive group
and regression effects. Histopathologic findings in the
test article-treated groups were compared to the control
group using a two-tailed Fisher’s Exact test (Steel and
Torrie, 1980).
RESULTS
Exposures
Gas chromatographic analyses of chamber atmospheres
demonstrated mean daily styrene exposure concentrations of 0, 50, 151, and 499 ppm for F0 generation and 0,
50, 153, and 501 ppm for F1 generation. Standard deviation/mean concentration never exceeded 3.5%. Low levels of styrene oxide were detected in exposure chambers
on nearly 50% of analyses. Except for 5 occasions, the
styrene oxide level was less than 1 ppm, was never
greater than 2.3 ppm, and was not proportional to the
chamber styrene concentration. Styrene dimer was
detected in chamber atmospheres of ~20% of the samples
tested; levels were less than 2 ppm.
Analyses of the oral dosing formulations used during
lactation days 1-4 showed homogeneity and stability;
analyzed concentrations were within 12% of target.

The SIRC Review November 2006

17

TwO gENERATION REPRODUCTION STUDy OF STyRENE by INHALATION IN CRL-CD RATS

TAbLE 1
Mean Body Weights (g) of F0 and F1 Rats During Premating, Gestation, and Lactation

F0
Week
0
1
3
5
7
10

Exposure conc. (ppm)
Males
0
50

150

500

Females
0

50

150

500

266
305
378
437
483
530

264
295
359
413
454*
503

263
287
353*
404*
443*
494

190
215
251
273
290
306

190
210
246
269
288
303

190
208
243
262
279
296

189
203
231*
252*
269*
282*

302
330
362
427

300
323
354
424

298
325
357
428

285
312
346
418

97
141
196
240
267
293

104
147
199
242
268
293

93
135
187
227
253
278

90
133
187
224*
249*
269*

296
325
356
428

295
324
354
431

279
308
340
410

274*
307
334*
402

263
301
347
419
455
503

F0 gestation
Day
0
7
14
20
F1 males
Week
0
1
3
5
7
10

110
173
292
375
429
481

112
173
285
369
421
468

103
162
272*
349*
399*
448

97
151*
262*
336*
393*
443*

F1 gestation
Day
0
7
4
20
* Statistically significantly different from control, p<0.05.

Parental Evaluations
No exposure-related clinical findings were noted at the
weekly detailed physical examinations or at the observations made prior to, at the midpoint, or 1 hr following
exposure in either F0 or F1 animals. Findings noted in the
treated groups occurred infrequently, at similar frequencies in the control group, and/or in a manner that was
not exposure-related.
Body weight gain was slightly reduced in F0 males and
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females at 500 ppm as evidenced by decreased mean
body weights during premating weeks 3-10 (Table 1). In
F0 males exposed at 150 ppm, mean weight gain was
reduced during the first week (31 vs. 39 g in the control
group); body weight was significantly reduced at week 7.
Body weights of F1 males and females at 150 and 500 ppm
were reduced compared to controls after exposure on
PND 22-27 and remained reduced through the F1 exposure period (Table 1). There was no effect on bodyweight
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FIgURE 1
Mean water consumption of F0 (A) and F1 (B) females during gestation.
A.

b.

100

120

0 PPM

Water Consumption (g/animal/day)

Water Consumption (g/animal/day)

120

50 PPM
150 PPM

80

500 PPM

60
40
20
0
0-4

4-7

7-11
Interval (days)

11-14

14-20

or bodyweight gain at 50 ppm in either the F0 or F1 exposure periods.
Only very minor differences in food consumption
between exposed and control groups were reported (data
not shown).
Gestation
Styrene exposure had no effect on body weight gain or
food consumption during gestation in either the F0 or F1
dams (Table 1). Mean body weight reductions observed
in the 500-ppm group F1 females during gestation were
attributed to the reduced body weight gain observed during the pre-mating period. At 500 ppm, water consumption during gestation was increased slightly, but statistically significantly, in both F0 and F1 dams (Fig. 1). There
was no effect at 150 or 50 ppm.
The mean lengths of gestation were unaffected by test
article exposure in the F0 (Table 2) and F1 (Table 3) treated rats.
No signs of dystocia were noted at any exposure level.
Lactation
There was no effect of styrene exposure on body weight
gain or food consumption during lactation in either the F0
or F 1 dams (data not shown). Water consumption
increased during lactation days 5-14 in F0 dams exposed
to 150 or 500 ppm, but not in F1 dams. No effect was
noted in F0 or F1 dams at 50 ppm.

100

0 PPM
50 PPM
150 PPM

80

500 PPM

60
40
20
0
1-4

4-5

5-7
Interval (days)

7-14

14-21

Reproductive Performance
Exposure of F0 females had no effect on mean estrous
cycle length (Table 2). The means for all treated groups
(4.2 to 5.1 days) were within the historical range (4.1 to
5.1 days), while the mean for the control females (5.8
days) was abnormally high due to 3 control females with
abnormally long estrous cycles. Exposure of F1 females
had no effect on mean estrous cycle length (Table 3). No
effects from exposure of F0 or F1 rats were observed on the
mean numbers of days between pairing and coitus.
Styrene exposure had no effects on F0 or F1 spermatogenic
endpoints (Table 4). Exposure to styrene did not affect F0
or F1 male or female mating index, male or female fertility
index, mean number of pups born, the number of former
implantation sites, or the number of unaccounted sites
(Tables 2, 3).
Pathology
At the scheduled F0 and F1 male and female necropsies,
no macroscopic findings attributed to styrene were
observed. Increases in relative (to final body weight) liver
weights were observed in the 150- and 500-ppm group F0
and F 1 males (data not shown). Other organ weights
(absolute and relative to final body weight) were unaffected by the test article at all exposure levels.
Microscopic evaluations were performed only on tissues from all F0 and F1 parental animals in the 0- and 500ppm groups and for those adult animals in the 50- and
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TAbLE 2
Reproductive and Offspring Parameters for F0 Generation Rats Exposed to Styrene
Parental exposure level (ppm)
Reproduction parameters (mean±SD)
No. F0 males/females assigned
Males/females died
Males/females euthanizeda
Males/females completing study
Estrous cycle length (days)
Male mating index (%)b
Female mating index (%)b
Pre-coital interval (days)
Male fertility index (%)c
Female fertility index (%)c
Fertility determined via 2nd male
Females delivering litters
Gestation length (days)
Implantation sites
Number born/litter
Live litter size
Live birth index (%)d
Females with surviving
pups at weaning (PND 21)
F1 offspring parameters (mean±SD)
Sex distribution at birth (% Males)
Survival (%)
Birth to PND 4 (pre-culling)
PND 4-21 (post-culling)
Body weight gain (g)
Males PND 1-4 (pre-culling)
Females PND 1-4 (pre-culling)
PND 21 body weight (g)
Males
Females

0

50

150

500

25/25
0/0
0/7
25/18
5.8 ± 3.1
23/25 (92)
25/25 (100)
3.8 ± 3.9
21/25 (84)
22/25 (88)
2
20
21.9 ± 0.3
15.2 ± 1.8
14.5 ± 1.9
14.3 ± 1.8
99.0 ± 2.5
18

25/25
0/0
0/2
25/23
5.1 ± 2.0
25/25 (100)
25/25 (100)
2.0 ± 1.0
24/25 (96)
24/25 (96)
0
23
21.9 ± 0.5
14.8 ± 3.6
13.8 ± 3.2
13.5 ± 3.3
97.6 ± 4.5
23

25/25
0/0
0/2
25/23
5.1 ± 2.2
25/25 (100)
25/25 (100)
2.5±1.3
24/25 (96)
24/25 (96)
0
24
21.8 ± 0.6
15.8 ± 1.8
14.9 ± 1.8
14.3 ± 2.0
96.1 ± 6.2
23

25/25
0/0
0/3
25/22
4.2 ± 0.5*
23/25 (92)
25/25 (100)
3.6 ± 3.5
23/25 (92)
25/25 (100)
2
23
22.0 ± 0.3
15.3 ± 1.8
14.3 ± 1.6
14.1 ± 1.6
98.2 ± 3.5
22

46.6 ± 14.9

51.0 ± 11.6

46.8 ± 12.1

48.9 ± 11.8

98.7 ± 2.8
91.1 ± 23.6

96.1 ± 5.9
98.6 ± 4.7

94.5 ± 8.2
98.3 ± 5.8

92.7 ± 17.1
93.5 ± 20.8

2.6 ± 0.6
2.5 ± 0.6

3.0 ± 1.1
3.0 ± 1.3

2.9 ± 0.6
2.7 ± 0.8

2.7 ± 1.1
2.5 ± 1.0

38.4 ± 6.3
37.6 ± 5.8

41.4 ± 5.5
40.7 ± 7.1

39.1 ± 5.2
37.1 ± 5.4

38.5 ± 3.8
37.3 ± 3.9

One female each from the control and 150-ppm groups were euthanized in extremis after the mating trial; one female
each from the control and 500-ppm groups were euthanized during lactation due to total litter loss; all others were
euthanized for pregnancy determination after no evidence of mating.
b
Mating Index: Proportion of males/females showing evidence of mating relative to the number cohabited x 100;
positive evidence of mating included vaginal sperm, copulatory plug, and or/pregnancy.
c
Fertility Index: Proportion of pregnancies relative to the number showing evidence of mating x 100; males were
considered to have sired a litter if the paired female was gravid, regardless of delivery status. Females that did not show
evidence of mating during cohabitation with the first male were paired with a second male; these outcome data were
used only for calculating fertility indices.
d
Live Birth Index: Number born live relative to the total number born x 100.
*Dunnett’s Test, significantly different from control, p≤0.05. No other significantly different effects.
a
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TAbLE 3
Reproductive and Offspring Parameters for F1 Generation Rats Exposed to Styrene

Reproduction parameters (mean±SD)
F1 Males/females assigned (PND28)
Males/females died
Males/females euthanizeda
Males/females completing study
Estrous cycle length (days)
Male mating index (%)b
Female mating index (%)b
Pre-coital interval (days)
Male fertility index (%)c
Female fertility index (%)c
Fertility determined via 2nd male
Females delivering litters
Gestation length (days)
Implantation sites/litter
Number born/litter
Live litter size
Live birth index (%)d
Females with surviving pups
pups at weaning (PND 21)
F2 Offspring parameters (mean±SD)
Sex distribution at birth (% males)
Survival (%)
Birth to PND 4 (pre-culling)
PND 4-21 (post-culling)
Body weight gain (g)
Males PND 1-4 (pre-culling)
Females PND 1-4 (pre-culling)
PND 21 body weight (g)
Males
Females

Parental exposure level (ppm)
0
50

150

500

25/25
0/1
0/3
25/21
4.9 ± 1.1
23/25 (92)
24/25 (96)
4.7 ± 3.3
23/25 (92)
23/25 (92)
2
23
22.0 ± 0.6
14.3 ± 2.6
13.6 ± 2.5
12.7 ± 3.6
93.3 ± 21.3
21

25/25
0/0
0/1
25/24
4.9 ± 1.4
25/25 (100)
25/25 (100)
3.4 ± 1.7
24/25 (96)
24/25 (96)
0
24
22.0 ± 0.4
14.6 ± 2.2
14.1 ± 2.4
13.7 ± 2.5
97.1 ± 5.9
24

25/25
0/0
0/4
25/21
4.8 ± 1.4
22/25 (88)
24/25 (96)
4.6 ± 4.2
21/25 (84)
23/25 (92)
3
21
22.1 ± 0.2
14.8 ± 2.3
13.8 ± 2.2
13.8 ± 2.2
99.7 ± 1.4
21

25/25
0/0
0/3
25/22
4.5 ± 0.8
24/25 (96)
25/25 (100)
3.3 ± 3.5
24/25 (96)
25/25 (100)
1
24
21.9 ± 0.5
14.3 ± 4.4
13.4 ± 4.7
13.1 ± 5.0
95.0 ± 20.4
22

47.1 ± 14.5

51.2 ± 12.2

47.9 ± 15.6

55.2 ± 13.8

92.7 ± 21.5
99.5 ± 2.2

91.2 ± 16.0
96.9 ± 6.2

96.9 ± 7.7
99.5 ± 2.2

89.2 ± 28.0
97.7 ± 5.3

3.3 ± 0.9
3.0 ± 0.9

3.0 ± 1.0
2.9 ± 0.8

3.3 ± 0.7
3.1 ± 0.7

2.9 ± 1.0
2.6 ± 0.7

42.6 ± 5.3
40.5 ± 4.7

40.3 ± 5.2
39.1 ± 5.0

38.2 ± 5.1*
37.4 ± 4.8

38.0 ± 6.2*
35.4 ± 5.7*

One female from the control group and two females from the 500-ppm group were euthanized during the lactation
period due to total litter loss; all others were euthanized for pregnancy determination after no evidence of mating.
b
Mating Index: Proportion of males/females showing evidence of mating relative to the number cohabited x 100;
positive evidence of mating included vaginal sperm, copulatory plug and or/pregnancy.
c
Fertility Index: Proportion of pregnancies relative to the number showing evidence of mating x 100; males were
considered to have sired a litter if the paired female was gravid, regardless of delivery status. Females that did not show
evidence of mating during cohabitation with the first male were paired with a second male; these outcome data were
used only for calculating fertility indices.
d
Live Birth Index: Number born live relative to the total number born x 100.
*Dunnett’s Test: significantly different from control; p≤0.05. No other significantly different effects.
a
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TAbLE 4
Spermatogenic Endpoints of F0 and F1 Malesa
Group (ppm)
F0 males
Sperm number (millions/g tissue)
Left testis
Left cauda epididymis
Motile sperm (%)
Progressive motile sperm (%)
Sperm morphology (%)
Normal
Normal head separated from flagellum
Head absent, normal flagellum
F1 males
Sperm number (millions/g tissue)
Left testis
Left cauda epididymis
Motile sperm (%)
Progressive motile sperm (%)
Sperm morphology (%)
Normal
Normal head separated from flagellum
Head absent, normal flagellum

0

50

150

500

79.1 ± 17.0
739 ± 148
88.6 ± 7.5
75.6 ± 9.9

ND
ND
87.6 ± 8.1
72.4 ± 11.3

ND
ND
87.5 ± 9.0
74.8 ± 12.1

78.6 ± 11.2
727 ± 157
91.5 ± 4.1
78.4 ± 5.7

99.5
0.3
0.2

99.1
0.6
0.3

98.5
1.0
0.5

99.6
0.3
0.1

96.6 ± 42.9
619 ± 148
84.3 ± 12.7
73.0 ± 15.9

ND
ND
80.6 ± 19.9
69.4 ± 20.5

ND
ND
76.7 ± 25.8
65.9 ± 23.2

106.9 ± 39.9
639 ± 171
86.4 ± 8.7
75.0 ± 10.7

99.3
0.4
0.2

98.3
1.1
0.6

98.0
1.4
0.6

98.7
0.6
0.6

ND=Not determined. No values were statistically significantly different from control.

a

150-ppm exposure groups that were found dead or were
euthanized in extremis. In the 500-ppm males and
females, exposure-related microscopic findings were confined to the nasal cavity. Increased occurrences of minimal to mild degeneration of the olfactory epithelium that
lined the dorsal septum and dorsal medial aspects of the
dorsal turbinates (ethmoturbinates) primarily at nasal
levels II, III, and IV (Young, 1981) were found compared
to the control group. The olfactory epithelial degeneration was characterized by disorganization and generally
one or more of the following features: regenerative
hyperplasia, individual cell necrosis, atrophy, and
increased presence of Bowman’s glandular elements and
cysts within olfactory epithelium. Despite these olfactory
epithelial changes, the exposure-induced lesions did not
have any inflammatory response. The incidence of nasal
lesions was less in high-exposure F1 rats than in F0 rats.
No other exposure-related microscopic findings were
noted in the 500-ppm group.
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At the scheduled necropsy of the F1 females, mean
numbers of primordial follicles per section (Bolon et al.,
1997) were 5.0 and 5.1 for females in the control and 500ppm groups, respectively. The mean numbers of corpora
lutea per section (Bucci et al., 1997) were 9.2 and 10.1 for
females in the same respective groups. The mean numbers of primordial follicles and corpora lutea for all examined animals were unaffected by test article exposure.
In addition, reproductive tract organs for low- and
mid-exposure group adult animals that did not mate or
produce offspring were examined microscopically. No
treatment-related effects were found.
Offspring Evaluations (Tables 2, 3)
The mean number of F1 and F2 pups born, live litter size,
percentage of males per litter at birth, and postnatal survival between PND 0 (relative to number born), 0-1, 1-4
(pre-selection), PND 4 (post-selection) to 7, 7-14, 14-21,
and from birth to PND 4 (pre-selection) and PND 4 (post-
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FIgURE 2
Mean bodyweights of male (A) and female (B) F2 offspring through weaning.
A.

b.
50

Body Weight (g)

500 PPM

30
25
20
15

25
20
15
10
5

3

6

9
12
Postnatal Day

15

18

21

500 PPM

30

5
0

150 PPM

35

10
0

50 PPM

40

150 PPM

35

0 PPM

45

50 PPM

40
Body Weight (g)

50

0 PPM

45

0

0

3

6

9
12
Postnatal Day

15

18

21

selection) to PND 21 were unaffected by styrene exposure. The numbers of F1 and F2 pups found dead, euthanized in extremis, and/or missing, as well as the general
physical condition of all F1 pups in this study, were unaffected by styrene exposure.
Mean F 1 male and female pup body weights were
unaffected by parental exposure to styrene. Mean F2 pup
body weight gains and mean body weights in the 500ppm group were decreased (6.8-13.3%) throughout the
pre-weaning period (PND 0-21). The mean male and
female F 2 pup body weight changes in the 150-ppm
group were similar to the control group during PND 1-4,
but decreased PND 4-21 (only males significantly different from control). Mean body weights and mean body
weight gains in the 50-ppm group F2 males and females
were unaffected by maternal exposure to styrene (Fig. 2).

Because these pups had reduced body weight, compared
to controls, and the relative organ weights were not
reduced, the reductions in female pituitary, thymus, and
uterine weight were attributed to growth retardation, not
to direct effects on these organs. Similarly, a reduction in
absolute, but not relative, pituitary weight in F2 female
offspring of dams exposed to 150-ppm styrene was considered due to growth retardation. Statistically significant
(p<0.01) reductions in mean absolute and relative pituitary weight occurred in F 2 male offspring of dams
exposed to 500 ppm (Table 5). Because the relative pituitary weight was decreased in males, this was attributed
to a test article effect on the pituitary, not just growth
retardation.

Offspring Pathology
No macroscopic findings that could be attributed to
parental exposure with the test article were noted at the
scheduled necropsy of F1 or F2 pups euthanized on PND
21. Mean organ weights (absolute and relative to final
body weight) in the styrene-exposed F 1 males and
females examined at the PND 21 necropsy were similar to
the control group.
Statistically significant (p<0.01) reductions in mean
absolute pituitary, thymus, and uterine weight occurred
in F 2 female offspring of dams exposed to 500 ppm.

The parental systemic toxicity of styrene reported in this
study was similar to that previously reported in rats following long-term inhalation exposure (Cruzan et al.,
1997, 1998). Findings included degeneration of the olfactory epithelium that lines the dorsal septum and dorsal
and medial aspects of the nasal turbinates of F0 and F1
animals in the high-exposure group (500 ppm; nasal tissue was not examined in the low- and mid-exposure
groups), decreased mean body weights in the mid-exposure group (F0 and F1 males and F1 females) and highexposure group (F 0 and F 1 males and females), and

DISCUSSION
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TAbLE 5
Organ Weights of F2 Offspring Not Chosen for
Neurotoxicity Evaluationa
Group (ppm)
0
50

150

500

Males
Brain (g)
(g/100 g BW)
Spleen (g)
(g/100 g BW)
Testis, Right (g)
(g/100 g BW)
Testis, Left (g)
(g/100 g BW)
Thymus (g)
(g/100 g BW)
Pituitary (g)
(g/100 g BW)

1.441
3.427
0.180
0.418
0.093
0.220
0.094
0.221
0.193
0.452
0.0038
0.009

1.418
3.507
0.180
0.432
0.096
0.232
0.095
0.231
0.182
0.441
0.0037
0.009

1.376
3.557
0.169
0.426
0.086
0.230
0.088
0.226
0.163
0.411
0.0034
0.009

1.378
3.671
0.158
0.406
0.087
0.226
0.086
0.221
0.169
0.436
0.0025
0.007*

Females
Brain (g)
(g/100 g BW)
Spleen (g)
(g/100 g BW)
Uterus (g)
(g/100 g BW)
Thymus (g)
(g/100 g BW)
Pituitary (g)
(g/100 g BW)

1.393
3.461
0.173
0.419
0.057
0.140
0.197
0.480
0.0041
0.0109

1.365
3.568
0.176
0.440
0.050*
0.131
0.180
0.459
0.0039
0.010

1.360
3.660
0.165
0.427
0.050
0.133
0.172
0.452
0.0033*
0.009

1.331
3.863*
0.149
0.412
0.047*
0.134
0.161*
0.451
0.0031*
0.009

Terminated PND 21, litter as experimental unit.
*Significantly different from control, p<0.05
a

increased water consumption during gestation in the
high-exposure group (F0 and F1 females) and during lactation in the mid- and high-exposure groups (F0 females).
In the previous chronic study, nasal lesions increased in
incidence and severity with dose. A NOAEL was not
found, but effects at 50 ppm were slight and not all animals were affected even after 24 months. Decreased body
weight and increased water consumption were found at
500 and 1,000 ppm for 2 years.
Reproductive performance and offspring postnatal
survival prior to weaning were not adversely affected by
styrene exposure. Pre-weaning pup weights were unaffected by styrene exposure for the F 1 generation.
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Following direct exposure of the F1 weanlings on PND 22,
body weight reductions were observed in the 500-ppm
group that led to the reduced mean body weights in this
group throughout the generation. In contrast to the F1
generation, pre-weaning F2 pup weights were reduced in
both the 150- and 500-ppm groups (approximately 10 to
13% on PND 21). The weights of the F2 pups continued to
be reduced following weaning in the 150- and 500-ppm
groups selected for neurobehavioral evaluation in the
developmental neurotoxicity component (Cruzan et al.,
2005, this issue). In addition, there were slight delays
(generally not statistically significant) in the acquisition
of developmental landmarks (Cruzan et al., 2005, this
issue) that were suggestive of an overall pattern of slight
developmental delay in the 500-ppm group. These preweaning developmental endpoints are highly correlated
with pup body weight (Lochry, 1987) and are consistent
with the reduced body weights seen in this group. Effects
may have been greater in the F2 offspring than the F1
because exposure of the F 1 parents was started at a
younger age (PND 21 vs. PND 50) and pre-mating toxicity was more evident in F1 parents than F0 parents.
This study confirmed previous observations of slight
body weight effects of styrene exposure at 500 ppm or
greater in rats and degeneration of nasal olfactory epithelium (Cruzan et al., 1997, 1998). It further demonstrated a
lack of styrene effects on gonadal function, reproductive
performance, and offspring survival. This enhances the
conclusions of the previous 3-generation reproduction
study of styrene in drinking water (Beliles et al., 1985). In
addition, it supports the lack of effects on testes and
ovaries reported in the subchronic studies of styrene
(Cruzan et al., 1997, 1998, 2001; NCI, 1979; Roycroft et al.,
1992), and disagrees with testicular pathology and
decreased sperm counts reported by Srivastava et al.
(1989).
The No-Observed-Adverse-Effect Level (NOAEL) for
parental toxicity in this study was 50 ppm and the
NOAEL for reproductive toxicity was ≥ 500 ppm.
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This study was conducted to assess potential adverse functional and/or morphological effects of styrene on the neurological
system in the F2 offspring following F0 and
F1 generation whole-body inhalation expo-
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sures. Four groups of male and female
Crl:CD® (SD)IGS BR rats (25/sex/group)
were exposed to 0, 50, 150, and 500 ppm
styrene for 6 hr daily for at least 70 consecutive days prior to mating for the F0 and F1
generations. Inhalation exposure continued
for the F0 and F1 females throughout mating
and through gestation day 20. On lactation
days 1 through 4, the F 0 and F 1 females
received styrene in virgin olive oil via oral
gavage at dose levels of 66, 117, and 300
mg/kg/day (divided into three equal
doses, approximately 2 hr apart).
Inhalation exposure of the F0 and Fl females
was re-initiated on lactation day 5 and continued through weaning of the F 1 or F 2
pups on postnatal day (PND) 21.
Developmental landmarks were assessed
in F 1 and F 2 offspring. The neurological
development of randomly selected pups
from the F 2 generation was assessed by
functional observational battery, locomotor
activity, acoustic startle response, learning
and memory evaluations, brain weights
and dimension measurements, and brain
morphometric and histologic evaluation.
Styrene exposure did not affect survival or
the clinical condition of the animals. As
expected from previous studies, slight
body weight and histopathologic effects on
the nasal olfactory epithelium were found
in F0 and Fl rats exposed to 500 ppm and, to
a lesser extent, 150 ppm. There were no
indications of adverse effects on reproductive performance in either the F0 or F1 generation. There were exposure-related
reductions in mean body weights of the F1
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and F2 offspring from the mid and high-exposure groups
and an overall pattern of slightly delayed development
evident in the F2 offspring only from the 500-ppm group.
This developmental delay included reduced body weight
(which continued through day 70) and slightly delayed
acquisition of some physical landmarks of development.
Styrene exposure of the F0 and Fl animals had no effect on
survival, the clinical condition or necropsy findings of the
F2 animals. Functional observational battery evaluations
conducted for all F1 dams during the gestation and lactation periods and for the F2 offspring were unaffected by
styrene exposure. Swimming ability as determined by
straight channel escape times measured on PND 24 were
increased, and reduced grip strength values were evident
for both sexes on PND 45 and 60 in the 500-ppm group
compared to controls. There were no other parental exposure-related findings in the F2 pre-weaning and post-weaning functional observational battery assessments, the
PND 20 and PND 60 auditory startle habituation parameters, in endpoints of learning and memory performance
(escape times and errors) in the Biel water maze task at
either testing age, or in activity levels measured on PND
61 in the 500-ppm group. Taken together, the exposurerelated developmental and neuromotor changes identified in F2 pups from dams exposed to 500 ppm occurred
in endpoints known to be both age- and weight-sensitive
parameters, and were observed in the absence of any
other remarkable indicators of neurobehavioral toxicity.
Based on the results of this study, an exposure level of 50
ppm was considered to be the NOAEL for growth of F2
offspring; an exposure level of 500 ppm was considered
to be the NOAEL for F2 developmental neurotoxicity.
Birth Defects Res B 74:221-232, 2005. ©2005 Wiley-Liss, Inc.
INTRODUCTION
The reproductive and developmental effects of styrene
(CAS no. 100-42-5) have been extensively reviewed by
Brown et al. (2000). Although few details are provided,
Vergieva et al. (1979) reported no dose-related effects on
body weights or offspring behavior when rat dams were
exposed via inhalation to 163 ppm styrene 4 hr/day 5
days/week on gestational days 2–16 or to 47 ppm on gestational days 2–21. Zaidi et al. (1985) reported that gavage
treatment of rat dams with 200 mg/kg/day styrene
throughout gestation had no effect on the number of
pups born per litter, pup body weight, protein content of
the brain, or striatal dopamine receptors of pups. In contrast, Kishi and coworkers have conducted two studies
on the effects of prenatal styrene exposure. In the first
study (Kishi et al., 1992, 1995), pregnant Wistar rats were
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exposed via inhalation to 0 (14 litters), 60 (3 litters), or 293
ppm (7 litters) styrene 6 hr/day on gestation days 7 to 21.
There was no effect on gestation length or average litter
size, but pup weights in both styrene-exposed groups
were reduced compared to the controls. Neurobehavioral
evaluation was conducted on 5 control litters, 2 litters
exposed at 60 ppm and 5 litters exposed at 293 ppm. They
reported differences in a number of developmental landmarks, as well as differences in open field activity, rotarod activity, and operant conditioning response for some
but not all tested intervals. In the second study (Katakura
et al., 1999, 2001), pregnant female rats were exposed to 0
(ad libitum feed, 14 litters), 0 (pair-fed to 300 ppm group,
12 litters), 50 (9 litters), or 300 (14 litters) ppm styrene by a
static inhalation system. Compared to the pair-fed controls, exposure to 300 ppm styrene resulted in increased
neonatal death, decreased pup weight on PND 21,
increased time to lower, but not upper, incisor eruption,
an increased time to development of air righting reflex,
and decreased homovanillic acid in the cerebrum.
Effects on the nervous system have been reported for
workers in the reinforced plastics industry. Neither the
presence of effects nor the level at which the effects were
observed have been reported consistently. Effects reported in some studies include central nervous system (CNS)
depression, slower nerve conduction velocity, and
decreased color discrimination. Some studies report
effects at concentrations as low as 10 ppm, while others
claim no effects at concentrations as high as 100 ppm
(reviewed in IARC, 2002). In laboratory animals, CNS
depression was reported following single exposures to
1,300 ppm for 4 hr. Changes in dopamine and related
metabolites have been reported in the brain of rats
exposed to 750 ppm styrene for 3 days. Increases in glial
fibrillary acidic protein in the sensorimotor cortex and
hippocampus were reported in rats exposed via inhalation to 320 ppm styrene continuously for 3 months
(reviewed in IARC, 2002).
Because of the conflicting and limited animal data on
the effects of styrene on development of the neurological
system, a developmental neurotoxicity study was conducted via whole-body inhalation exposure using current
regulatory guidelines. This was accomplished by evaluating dams from the Fl generation and F2 offspring from a
two-generation reproduction study (Cruzan et al., 2005,
this issue). In most reproduction studies conducted by
the inhalation route, exposure is stopped on day 20 of
gestation and not reinstated until lactation day 5 to minimize stress on the offspring from the more than 6-hr separation that would occur during the inhalation exposure
of the dam. Because high concentrations of styrene affect
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the CNS and significant development of the CNS occurs
during the first few days after birth in rats, dams were
treated orally during lactation days 1–4 at doses estimated
by PBPK modeling to mimic a 6-hr inhalation exposure.
mATERIALS AND mEThODS
Study Design
Four groups of F0 and Fl male and female Crl:CD rats
(25/sex/group) were exposed to vapor atmospheres of
styrene at 0, 50, 150, or 500 ppm for 6 hr daily (7 days/
week) for at least 70 consecutive days prior to mating.
Females were paired with males on a 1:1 basis for 14 days
or until evidence of mating was observed. The F0 and Fl
females continued inhalation exposure throughout mating and gestation through gestation day 20. On lactation
days 1 through 4, the F0 and Fl females received styrene in
virgin olive oil via oral gavage at dose levels of 66, 117,
and 300 mg/kg/day (divided into three equal doses,
administered approximately 2 hr apart). The doses were
calculated to mimic the blood level of styrene at 2, 4, and
6 hr in a 6-hr inhalation exposure at the target concentration based on the PBPK model of Sarangapani et al.
(2002). Inhalation exposure of the F0 and F1 females was
re-initiated on lactation day 5 and continued through the
day prior to euthanasia. Offspring were weaned on lactation day 21; exposure of Fl pups began on PND 22. F2
pups were weaned on PND 21 and not directly exposed
to styrene. Neurobehavioral and neuropathological evaluations were conducted in F2 offspring through PND 72.
The details of the two-generation study have been published in the accompanying reproductive toxicity report
(Cruzan et al., 2005, this issue).
Test Material
Styrene monomer (inhibited), CAS No. 100-42-5, was provided by Chevron Phillips Chemical Company LLP, St.
James, LA. The purity and stability of the styrene were
verified by gas chromotography with flame ionization
detection. When present in the chromatograms, the percentage of benzene, ethylbenzene, styrene oxide, and
styrene dimers was also determined. Results obtained
indicated the styrene was at least 99.9% pure.
Exposures
Gas chromatographic analyses of chamber atmospheres
demonstrated average exposures of 0, 50, 151, and 499
ppm for F0 styrene concentrations and 0, 50, 153, and 501
ppm for F1 styrene concentrations.

Animals and Animal Husbandry
Male and female Crl:CD® (SD)IGS BR rats from different
barrier colonies were received from Charles River
Laboratories, Inc., Raleigh, North Carolina, on July 24,
2001. The methods for acclimation, assignment to treatment groups, animal husbandry, and animal welfare are
described in the accompanying two-generation reproductive toxicity study (Cruzan et al., 2005, this issue).
Reproduction Study
All animals were observed twice daily (at least 7 hr apart)
for moribundity and mortality, appearance, behavior, and
pharmacotoxic signs (prior to exposure/gavage dosing
for the F0 and Fl animals). Individual F0 and Fl male body
weights were recorded throughout the study. Further
details are provided in the two-generation study (Cruzan
et al., 2005, this issue). After a minimum of 70 days of
exposure, each female was housed overnight in the home
cage of a randomly chosen male for up to 14 days. After
mating, the animals were separated and the female was
housed in an individual plastic cage with nesting material. All females were allowed to deliver naturally and rear
their young to weaning (PND 21). To reduce variability
among litter size, 10 Fl and F2 pups of equal sex distribution, if possible, were randomly selected from each litter
on PND 4. Pups were individually sexed on PND 0, 4, 7,
14, and 21. Fl pups were individually weighed on PND 1,
4, 7, 14, and 21; F2 pups were individually weighed on
PND 1, 4, 7, 11, 13, 17, and 21. The following investigations were used to assess the maturation of the selected Fl
and F 2 pups: pinna detachment, surface righting
response, hair growth, incisor eruption, eye opening,
balanopreputial separation, and vaginal patency (Adams,
1986). After litter standardization, one F2 pup/sex/litter
(total of 20 pups/sex/group) was assigned to one of two
subsets (Subset A and B) for neurobehavioral and neuropathological assessments, and an additional one F 2
pup/litter (total of 10 pups/sex/group) was assigned to
Subset C for neuropathological assessment.
Neurobehavioral Testing
Functional Observational Battery (FOB) (Moser, 1991;
Irwin, 1968; Gad, 1982; Moser et al., 1988; Haggerty, 1989;
O’Donoghue, 1989) testing was performed on all Fl dams
on gestation days 6 and 12 and on lactation days 10 and
21; FOB testing was performed on 20 F2 pups/sex/group
(Subset A) on PND 4, 11, 22, 45, and 60. Testing (Table 1)
was performed by the same trained technicians, whenever possible, who did not know the animal’s group
assignment. Chatillon Model DPP-1.0 kg or DPP-2.5 kg
(as appropriate for the age of the animal) pull-push strain
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TABLE 1

Parameters of Functional Observational Battery
Ease of removal from cage

Ease of handling
animal in hand

Lacrimation /
chromodacryorrhea

Salivation

Piloerection a

Fur appearancea

Palpebral closure a,b

Respiratory rate/character

Red/crusty deposits

Mucous membranes/
eyea,b/skin color

Eye prominence a, b

Muscle Tone

Mobility

General body posture

a

Convulsions/tremors

Gaita

Grooming a

Arousal

Bizarre/stereotypic behavior

Urination /defecation

Pupillary response

Backing

a, b

Forelimb/hindlimb grip
strength c
Not assessed on PND 4 due to stage of development.
Not assessed on PND 11 due to stage of development.
c
Assessed on PND 22, 45, and 60 only.
a

b

gauges (AMETEK Test and Calibration Instruments
Division, Largo, FL) were used for testing fore- and
hindlimb grip strength during post-weaning FOB sessions. The test was conducted such that animals were
allowed to grasp the pull strain gauge with their
forepaws. The observer then pulled the animal until the
grip was lost and the hindpaws grasped the push strain
gauge and then let go with the continued movement. One
pull and push was considered a single trial, and three
consecutive trials were conducted on each testing day.
The group mean of the averaged trials was reported in
grams.
The locomotor activity of the same 20 pups/sex/
group assigned to FOB asessments (Subset A) was monitored on PND 13, 17, 21, and 61. Locomotor activity was
measured using the SDI Photobeam Activity System (San
Diego Instruments, San Diego, California) in a room
equipped with a white noise generation system set to
operate at approximately 70 dB(A). Each chamber con sisted of a series of infrared photobeams surrounding a
clear plastic, rectangular cage. Four-sided black enclo -

30

sures surrounded the clear plastic boxes and decreased
the potential for distraction by extraneous environmental
stimuli. Each chamber was calibrated before each testing
session. The testing of treatment groups was done
according to replicate sequence; no more than 24 animals
were tested during a single session. Each test session was
60 min in duration and consisted of 12 5-min intervals.
Each session recorded ambulatory (sequential interruption of two or more photobeams) and total (interruption
of a photobeam) activity.
An acoustic startle response test was performed on the
same 20 rats/sex/group (Subset A) on PND 20 and 60
using the SR-Lab Startle Response System (San Diego
Instruments, San Diego, CS) in a room equipped with a
white-noise generation system set to operate at approximately 70 dB(A). Each isolation chamber was composed
of a wood core covered with a laboratory-grade plastic
laminate and measured 15 x 16 x 23 inches. Each cabinet
was equipped with an internal light, a fan, two viewing
lenses, and a complete white-noise generation system.
The animal was placed in a cylindrical enclosure of
appropriate size, which was then placed into the isolation
cabinet. Each enclosure was equipped with a motion sensor, which was calibrated prior to each day’s testing. The
testing of treatment groups was done according to replicate sequence; no more than 8 animals were tested during
a single session. Each test session consisted of a 5-min
acclimation period with an approximate 65 dB(A) broadband background white noise. The startle stimulus for
each trial was an approximate 115 dB(A) mixed-frequency noise burst stimulus, approximately 20 msec in duration. Each test session consisted of 50 trials, with an 8-sec
intertrial interval. Startle response data were analyzed in
five blocks of 10 trials each. Concurrent with the onset of
the startle burst, force data were collected every millisecond for 100 msec. The greatest force data recorded during
that 100 msec was considered the maximum response
amplitude (VMAX) and was reported in mV. The time at
which the VMAX was observed was considered the latency
(from the onset of the startle burst) to the maximum
response amplitude (TMAX) and was reported in msec. The
average of all 100 response recordings was considered the
average response amplitude (VAVE) and was reported in mV.
Swimming ability and learning and memory were
assessed for 20 rats/sex/group using a water-filled eightunit T-maze similar to that described by Biel (1940).
Those animals tested on PND 62 were the same as used
above (Subset A), while those animals tested on PND 24
were used for this test only (Subset B). Animals were
placed in the maze and were required to traverse the
maze and escape by locating a platform that was hidden
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2 cm (adjusted before each trial) beneath the surface of
the water. The amount of time required to traverse the
maze and the number of errors for all learning and memory trials were recorded. Each testing interval consisted
of three phases that were conducted over 7 consecutive
days. Phase one was an evaluation of swimming ability
and motivation to escape from the maze and was performed in four consecutive trials on the first day of the
Biel maze procedure by measuring the time required for
the rat to swim the length of a straight channel. Phase
two of the Biel maze procedure evaluated sequential
learning on days 2–6. Animals were allowed two trials
per day for two days to solve the maze in path A.
Animals were then allowed two trials per day for three
consecutive days to solve the maze in path B, which was
the reverse of path A. For Phases two and three, the minimum intertrial interval was 1 hr. Phase three, day 7,
probed the animal for its memory to solve the maze when
challenged in path A. Each animal was allowed two trials
to solve the maze in path A. Biel maze data were evaluated as the mean time to escape over all trials for each of
the three phases (i.e., swimming ability and motivation,
sequential learning and memory) of the Biel maze procedure. Also, the numbers of errors committed were evaluated for phases two and three.
Neuropathology
On PND 21, 10 F2 pups/sex/group (Subset C) were perfused in situ and the brains processed for microscopic
examination. On PND 72, 10 F2 pups/sex/ group (selected from Subset A) were perfused in situ and central and
peripheral nervous system tissues were processed for
microscopic examination. The brain and central nervous
system tissues were embedded into paraffin; peripheral
nervous system tissues were embedded into plastic. At
minimum, four coronal sections of the cerebrum and a
mid-sagittal section of the cerebellum/pons/medulla
and two transverse sections of the remaining half of the
cerebellum/pons were prepared. The prepared tissues
were sectioned at 4–8 µm, mounted on glass microscope
slides and stained with hematoxylin and eosin. A simple,
non-blinded morphometric analysis of the brains from
these offspring was performed. Two coronal sections of the
cerebrum and one midsagittal section of the cerebellum/
pons/medulla were used for morphometry. Sections
were homologous between animals. Specific levels analyzed were defined as follows: Level 1 was a coronal section taken approximately halfway between the base of
the olfactory bulbs and the optic chiasm. This level was
just rostral to the point where the corpus callosum
bridges across the hemispheres and was characterized by

a good representation of the caudoputamen and the presence of the opening of the rostral medial aspect of the lateral ventricle. Level 3 was a coronal section taken just rostral to the attachment of the pituitary gland (infundibular
stalk) characterized by a slight separation between the
hemispheres of the rostral hippocampus such that CA1
pyramidal neurons from each hemisphere formed only a
slight depression before meeting medially. Rostrally there
was no depression, and posteriorly there was a more pronounced depression of the medial lines of CA1 neurons
between hemispheres. Level 5 was a midsagittal section
of the cerebellum and brainstem. Levels 1, 3, and 5 correspond to figures 11, 32, and 79 of the adult rat brain as
depicted by Paxinos and Watson (1998). Measurements
were as follows:
■ Level 1: Total bilateral height of the hemisphere

measured just at the beginning of the lateral ventricle,
and bilateral vertical thickness of the hemisphere
measured at the apex of the corpus callosum and parallel
to the height of the hemisphere.
■ Level 3: Bilateral radial thickness of the frontoparietal
cortex; bilateral vertical height of the hemisphere
between the layers of hippocampal pyramidal neurons
measured along a line that passed through the
termination of the dorsal limb of the medial dentate
hilus; bilateral height of the medial dentate hilus
measured between the termination of the ventral limb
perpendicular to the layer of pyramidal neurons, and
bilateral length of the ventral limb of the dentate hilus.
■ Level 5: Thickness of the caudal brainstem, toward
lobule no. 9 (caudal to the cerebellar peduncle),
measured at the stalk of the cerebellum and
perpendicular to the ventral border of the pons, and
distance across the base of cerebellar lobule no. 9,
measured perpendicular to the white matter tract
through the middle of the lobule.
These linear measurements were made using a computer imaging system (Pax-It ™ , Midwest Imaging
Systems, Inc., Fraklin Park, IL). The average from the two
hemispheres of the coronal sections, and single measurements from the mid-sagittal section of the cerebellum and
brainstem, were used in calculations. All brain sections
were also examined by light microscopy for any qualitative changes.
Statistical Methods
Analyses were conducted using two-tailed tests (except
as noted otherwise) for a minimum significance level of
5%, comparing each test article-treated group to the con-
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trol group. Statistical procedures used in the reproductive
phase are covered in detail in the accompanying report
and are not described here (Cruzan et al., 2005, this
issue). F2 mean day of acquisition of preweaning/postweaning developmental landmarks data were analyzed
for heterogeneity of variance (Levene, 1960) and normality (Royston, 1982). If the data were homogeneous and
normal, a parametric one-way analy sis of variance
(ANOVA) was used to determine intergroup differences
(Snedecor and Cochran, 1980). If the results of the
ANOVA were significant (p<0.05), Dunnett‘s (1964) test
was applied to compare the control group versus all
treatment groups. If the data were not homogeneous and
normal, the data were analyzed by the Kruskal-Wallis
(1952) nonparametric ANOVA test to determine the intergroup differences. If the ANOVA revealed statistical significance (p<0.05), the Mann-Whitney U-test (Kruskal
and Wallis, 1952) was used to compare the test articletreated groups to the control group.
Pup weights through weaning were analyzed separately by sex by analysis of covariance (ANCOVA), with
pups weights nested within the litter, with the litter size
as the covariate. The number of pups born was used as
the covariate. The following assumptions were made
regarding the ANCOVA: homogeneity of regression
slopes, linear relationship between the pup weights and
number of pups born, and additive group and regression
effects. Histopathologic findings in the test article-treated
groups were compared to the control group using a twotailed Fisher’s Exact test (Steel and Torrie, 1980). The following FOB data: group mean counts of backings,
groomings, urinations and defecations and group means
of forelimb and hindlimb grip strength, along with ambulatory counts measured in the locomotor activity assessment, average response in the acoustic startle assessment
and Biel maze data (mean times to escape in the straight
channel, learning and memory phases and the mean
errors in the learning and memory phases) were subjected to a parametric one-way analysis of variance
(ANOVA) to determine intergroup differences. If statistically significant differences were indi cated by the
ANOVA, Dunnett’s test was used to compare the control
and treated groups. FOB parameters, which yielded
scalar and descriptive data, were analyzed by Fisher’s
Exact Test (Steel and Torrie, 1980). Intrases sion total
counts measured in the locomotor activity assessment
and intrasession peak response and latency to peak
response measured in the acoustic startle assessment
were analyzed by the univariate repeated measures
ANOVA (ReMANOVA, SAS, 1999-2001) to determine the
presence of an interaction effect of treatment group by
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time using a Geisser-Greenhouse adjusted F-statistic. If a
significant interaction effect of treatment group by time
was indicated by the ReMANOVA, Dunnett’s test was
used to compare the control and treated groups at each
within-session interval. In addition, the ReMANOVA was
used to determine the presence of a main effect of treatment. If a significant main effect of treatment was indicated by the ReMANOVA, Dunnett’s test was used to compare the control and treated groups. Repeated measures
statistical ana lyses were performed by BioSTAT
Consultants, Inc., Portage, MI. All analyses performed by
BioSTAT Consultants, Inc. were conducted with the SAS
System software (version 8.2).
RESULTS
Parental and Reproduction Effects
Briefly (see Cruzan et al., 2005, this issue), body weight
gain was slightly reduced in F0 males and females at 500
ppm, and F1 males and females at 150 and 500 ppm during the premating exposure periods. There was no effect
on bodyweight or bodyweight gain at 50 ppm in either
the F 0 or F 1 exposure periods. There was no effect of
styrene at any exposure level on body weight gain or feed
consumption during gestation in either the F0 or F1 dams.
At 500 ppm, there was increased water consumption during gestation in both F0 and F1 dams. There was no effect
at 150 or 50 ppm. There was no effect of styrene exposure
on body weight gain or food consumption during lactation in either the F0 or F1 dams. Exposure of F0 and Fl
females had no effect on mean estrous cycle length or the
mean numbers of days between pairing and coitus.
Styrene exposure had no effects on F0 or F1 spermatogenic
endpoints (mean testicular and epididymal sperm numbers, sperm production rate, sperm motility, and sperm
morphology). The mean lengths of gestation were unaffected by styrene exposure. Exposure to styrene did not
affect F 0 or F 1 male or female mating index, male or
female fertility index, mean number of pups born, the
number of former implantation sites, or the number of
unaccounted sites. At the scheduled necropsy of the F1
females, the mean numbers of primordial follicles and
corpora lutea were unaffected in females exposed to 500
ppm of styrene. The mean number of F1 and F2 pups born,
live litter size, percentage of males per litter at birth and
postnatal survival were unaffected by styrene at all exposure levels evaluated. Mean F1 male and female pup body
weights were unaffected by parental exposure to styrene.
The No-Observed-Adverse-Effect Level (NOAEL) for
parental toxicity was 50 ppm and for effects on reproduction was 500 ppm.
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TABLE 2
Bodyweight (g) of F2 Offspring of Rats Exposed to
Styrene in the F0 and F1 Generations

PND

ppm
0

50

150

500

Males
1
4
7
13
21
35
49
70

7.4
10.7
15.2
25.4
42.6
134
260
388

7.6
10.5
14.6
24.2
40.3
129
247
378

7.3
10.5
14.2
23.1*
38.2*
127
248
372

6.9*
9.8
13.5*
22.7*
38.0*
120
236
360

Females
1
4
7
13
21
35
49
70

7.1
10.1
14.3
24.3
40.5
120
179
248

7.0
10.0
13.9
23.3
39.1
113
171
235

6.9
10.0
13.7
22.6
37.4
112
171
233

6.4*
9.0*
12.4*
21.2*
35.4*
108
170
233

*Statistically different from control, p <0.05.

F2 Body Weights
Mean F2 pup body weight gains and mean body weights
in the 500-ppm group were decreased (6.8-13.3%)
throughout the pre-weaning period (PND 0-21). Body
weights in these F2 offspring remained reduced though
PND 70 (Table 2). Mean male and female F2 pup body
weight changes in the 150-ppm group were similar to the
control group during PND 1-4, but were reduced on PND
7-21. Following weaning, body weights in the F2 offspring
of parental animals exposed to 150 ppm of styrene were
slightly lower than the controls. Mean body weights and
mean body weight gains in the 50-ppm group F2 males
and females were unaffected by parental exposure to
styrene throughout the pre-weaning and post-weaning
periods.
Developmental Landmarks
Styrene exposure did not affect pinna detachment, surface righting response, hair growth, incisor eruption, and

eye opening in Fl male and female pups. Mean ages of
acquisition of vaginal patency (group means between
34.3 and 36.3 days) and mean body weights (between 108
and 114g) on the day of acquisition were unaffected by
styrene exposure in Fl females.
In Fl males, the mean ages of acquisition of balanopreputial separation were 45.6, 44.6, 45.7, and 47.0 days in
the 0-, 50-, 150-, and 500-ppm groups, respectively. The
differences from the control group were not statistically
significant, and were within the laboratory’s historical
control data range (41.6—49.0 days). Mean body weights
(grams) on the day of acquisition were 223, 214, 209, and
211 in the 0-, 50-, 150-, and 500-ppm groups, respectively.
The slight increase in age at acquisition of balanopreputial separation was judged to be related to the lower body
weight at 500 ppm.
In F2 males and females, there were subtle indications
of a delay in the acquisition of developmental landmarks,
which accompanied the decreased body weights (Table 3).
In general, mean ages of acquisition were not statistically
significantly increased, but more high exposure animals
acquired the landmark later than the controls. This
included pinna detachment, surface righting ability, initiation of hair growth, eye opening, incisor eruption
(p<0.05). The mean day of balanopreputial separation in
the 500-ppm males occurred at 47.2 days vs. 45.3 days in
the control group and 44.8 days in the laboratory’s control
database. While these delays were slight, the animals
with the later occurrences were from the females with the
lowest body weight and were usually among the lightest
animals in the group. The delayed acquisition of these
landmarks, in the presence of reduced body weight in offspring indirectly exposed to 500-ppm styrene, was suggestive of a slight developmental delay. Vaginal patency
in the F2 females was unaffected by styrene exposure.
Functional Observational Battery (FOB)
Exposure of Fl dams to styrene had no effect on FOB
observations on gestation days 6 and 12 or lactation days
10 and 21. No styrene-related effects were seen in FOB
observations in F2 offspring on PND 4, 11, or 22. On PND
45 and 60, forelimb and hindlimb grip strength was
decreased in the offspring of parental animals exposed to
500 ppm styrene (Fig. 1). These offspring also weighed
less than the control animals at these ages. Despite
greater % differences in body weight in animals on PND
21 than on PND 42 or 63 (ages that most closely match
test ages), the absolute differences in mean body weight
between the 500-ppm group animals and their agematched controls was much greater in the older animals.
Since grip strength is positively correlated with absolute
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TABLE 3
Days of Acquisition of Developmental Landmarks of F2 Offspring of Rats Exposed to Styrene in the F0 and F1
Generations: Males and Females Combineda
Landmark
Surface righting

Incisor eruption

Hair growth

Treatment % on
(ppm)
pnd4

Pinna detachment
Mean age
(s.d.)

% on
pnd5

Mean age
(s.d.)

% on
pnd10

% on
pnd13

0

98

4.0 (0.07)

90

5.1 (0.10)

97

9.3 (0.30)

92

11.8 (0.82)

50

99

4.0 (0.03)

94

5.1 (0.11)

99

9.4 (0.38)

89

12.2 (1.31)

150

98

4.0 (0.07)

91

5.1 (0.14)

95

9.5 (0.42)

99

11.9 (0.83)

500

92

4.1 (0.22)

82

5.2 (0.18)

81

9.8 (0.57)*

81

12.5 (1.12)

Mean age
(s.d.)

Mean age
(s.d.)

Landmark
Eye opening
Treatment % on
(ppm)
pnd17
0

Vaginal opening

Mean age
(s.d.)

Preputial separation

% on
pnd36

Mean age
(s.d.)

BW

% on
pnd5l

Mean age
(s.d.)

BW

100

15.1 (0.95)

100

33.5 (1.26)

109.3

100

45.3 (1.48)

222.3

50

99

15.6 (0.72)

80

34.2 (2.72)

106.4

95

46.1 (3.73)

219.6

150

100

15.4 (0.68)

90

34.0 (2.29)

104.9

89

46.1 (3.06)

217.4

500

98

15.5 (0.98)

89

34.1 (2.48)

100.7

90

47.2 (4.07)

216.9

For each landmark, the first column is the percent of animals in the group that have developed that landmark on the age
indicated; the second column is the mean (s.d.) days for development of the landmark in the group. For vaginal opening
and balanopreputial separation, the mean body weight at the age of acquisition of the landmark is also included.
* Statistically significantly different from control, p<0.05.

a

body weight (Maurissen et al., 2003) and given the slight
delays in the acquisition of several developmental landmarks in this group, the decreased forelimb and hindlimb
grip strength was a further indication of a slight developmental delay. No other FOB parameters were affected on
PND 45 or 60.
Locomotor Activity
Although there were no statistically significant differ ences from the control group within the activity sessions
conducted on PND 13, 17, and 21 (Fig. 2A,B), there was a
slight shift in the ontogeny of locomotor activity in F2
males and females in the 500-ppm group that, in the presence of reduced mean body weights in this group, was
suggestive of an exposure-related developmental delay.
Campbell et al. (1969) characterized the ontogeny of locomotor activity in the rat and showed that activity typical-
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ly increases between PND 13 and 17 and then decreases
between PND 17 and 21. Cumulative total and ambulatory locomotor activity in the 500-ppm group males and
females were decreased slightly on PND 13. Cumulative
total and ambulatory motor activity were increased in the
male group on PND 17, but were decreased in the female
group. By PND 21, mean motor activity in both sexes was
increased slightly compared to the controls. On PND 61,
motor activity in both sexes in the 500-ppm group was
similar to the control group (Fig. 2C,D). Locomotor activity was similar to the control group for males and females
in the 50- and 150-ppm groups at all ages tested. No
changes in the distribution of within-session activity
counts were apparent when the exposure groups were
compared with the control group.
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FIGURE 1
Grip strength (g)±SEM of F2 offspring of rats exposed to styrene in the F0 and F1 generations. A: Males: forelimb.
B: Females: forelimb. C: Males: Hindlimb. D: Females: hindlimb. Statistically different from control, p<0.05; *parametric
test, +non-parametric test.
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Auditory Startle
No statistically significant differences or exposure-related
trends were apparent in the 50-, 150-, and 500-ppm group
F2 males and females on performance measured in the
auditory startle test (Table 4). No changes in the ontogeny
and distribution of within-session responses were apparent when compared with the control group.
Memory and Learning: Biel Maze Swimming Trials
On PND 24, swimming ability, as evidenced by an
increase in the mean time to escape for the straight channel on the first day of Biel maze assessment, was slightly

0

22

decreased in the 500-ppm exposure group males (10.58
sec vs. 7.53 sec for control group) and females (11.43 sec
vs. 7.81 sec for control group) (Fig. 3). The increased
escape times were suggestive of a slight exposure-related
developmental neuromotor delay and were consistent
with the reduced pre-weaning body weights, slight
increases in the ages of acquisition of pre-weaning developmental landmarks, and the slight shift in the ontogeny
of normal pre-weaning locomotor activity. There were no
obvious changes in mean escape times during the swim
test for animals of either sex in the 50- or 150-ppm groups
on PND 24, or in any animals on PND 62.
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FIGURE 2
Locomotor activity of F2 offspring of rats exposed to styrene in the F0 and Fl generations; total counts in 60-min session.
A: Males: PND 13, 17, 21. B: Females: PND 13, 17, 21. C: Males: PND 61. D: Females: PND 61.
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Trials 1–4 (conducted on assessment days 2 and 3;
PND 25–26 or PND 63–64) of the Biel maze were
designed to measure learning and shorter-term memory
of Path A, designated the forward path. Trials 5-10 (conducted on assessment days 4-6; PND 27-29 or PND 65-67)
were designed to measure learning and shorter-term
memory of Path B, designated the reverse path (the exact
opposite of Path A). For all treatment groups tested
beginning on either PND 24 or PND 62, the mean time to
escape was relatively high in Trial 1 and decreased
throughout repeated testing in the forward path. For the
first trial in the reverse path (Trial 5), mean time to escape
was much longer than for the first trial in the forward
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■ 0 PPM

0

61
Postnatal Day

path but decreased throughout testing in the reverse
path. No treatment-related effects on learning in either
path direction were noted.
Trials 11 and 12 (conducted on assessment day 7; PND
30 or PND 68) were designed to measure long-term memory of Path A, the forward path, which was interrupted
by trials 5-10 (Path B). For all exposure groups, the mean
time to escape in Trial 11 was generally similar to trial 1
(the first trial of Path A) but relatively longer than Trial 4
(the last trial in the forward path during the learning portion of testing). For all exposure groups, mean time to
escape for trial 12 was typically similar to Trials 3 and/or
4. As expected, since animals had already experienced
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TABLE 4
Startle Response of F2 Offspring of Rats Exposed to Styrene in the F0 and Fl Generations a
Vmax (mV)
F0 and Fl exposure

Vave (mV)

Tmax (msec)

Males

Females

Males

Females

Males

Females

0

97.3 ± 46.0

102.8 ± 58.5

20.3 ± 8.8

21.6 ± 11.8

27.2 ± 5.7

25.4 ± 3.7

50

86.0 ± 31.3

98.9 ± 52.8

18.0 ± 6.7

20.8 ± 10.7

28.8 ± 5.9

27.5 ± 5.5

150

85.7 ± 36.2

88.8 ± 40.0

18.5 ± 7.3

18.7 ± 8.3

28.0 ± 3.8

25.4 ± 4.1

500

92.9 ± 32.2

95.9 ± 39.5

19.4 ± 6.8

20.5 ± 7.8

27.4 ± 6.0

26.8 ± 4.0

0

134.0 ± 101.9

75.1 ± 41.6

29.2 ± 20.7

15.8 ± 8.4

34.4 ± 5.7

34.4 ± 4.5

50

171.7 ± 164.0

85.3 ± 49.9

38.0 ± 35.1

17.3 ± 8.5

33.0 ± 5.4

34.2 ± 5.0

150

159.7 ± 94.5

62.6 ± 34.0

34.7 ± 20.6

13.8 ± 6.9

31.1 ± 4.9

35.5 ± 4.2

500

128.5 ± 99.0

83.0 ± 46.6

27.8 ± 20.3

17.3 ± 8.7

32.9 ± 5.9

33.6 ± 4.3

PND 20

PND 60

a
Vmax is the maximum response to the startle stimulus. Vave is the average response to the startle stimulus. Tmax is the
latency to the maximum response.

FIGURE 3
PND 24 Learning and memory (Biel Maze) of F2 offspring of rats exposed to styrene in the F0 and F1 generations.
A: Males. B: Females. Trial indicates the session trial (Swim represents the swimming ability testing conducted on the
first day of evaluation). Trials 1—4 were conducted in the forward direction (Path A), Trials 5—10 were conducted in the
reverse direction (Path B; exact opposite of the forward direction), and Trials 11—12 were conducted in the forward
direction (Path A). Trials 1—10 tested learning and Trials 11—12 tested memory. **Statistically different from control,
p <0.01.
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the forward path, the slope of the line between Trials 11
and 12 was steeper than the first four trials. No exposurerelated differences in the mean times to escape and numbers of errors (data not shown) were observed in either
sex at either age evaluated, indicating that there was no
impairment of learning (Trials 1-10) or memory (Trials 11
and 12) following indirect exposure to styrene.
Neuropathology
No direct effects of styrene exposure on absolute brain
weights of PND 21 or 72 male and female rats were noted
(Table 6). However, brain weights relative to final body
weights of 500-ppm group females were increased compared to control females in these same animals because
mean final body weights were slightly decreased in the
500-ppm group females.
Mean brain lengths, measured at necropsy, in the 150and 500-ppm group females evaluated on PND 21 were
statistically significantly less than (4.0% for both groups)
the control group (Table 6). Mean brain lengths in males
and females of all three styrene groups were slightly
increased when compared to the control group on PND
72. Therefore, the difference noted in PND 21 offspring
was considered incidental in nature, since there were no
correlative changes in other histomorphological endpoints in the females nor were there any changes in the
males. Mean brain width in all exposure groups was similar to the control group value on PND 21 and 72.
No microscopic findings that could be attributed to
parental exposure to styrene were noted in the 500-ppm
group as a result of the qualitative neuropathologic
examination of the brain on PND 21 or central and
peripheral nervous system tissues on PND 72.
There were no histomorphologic changes in measurements of brain regions on PND 21 or 72 that could be
attributed to parental exposure in the 500-ppm group
(Table 5). In female rats of the 500-ppm group evaluated on
PND 21, the mean height of the hemisphere on Level 1
(figure 11 of Paxinos and Watson, 1998) was slightly (6%)
increased. However, the cortical thickness was not altered
when compared to the control group, and the height of the
hemisphere was not altered in offspring evaluated on PND
72. Therefore, the difference noted in PND 21 offspring
was considered incidental in nature since there were no
correlative changes in other histomorphological endpoints in the females nor were there any changes in the
males. No other differences from control were observed
in any measurement taken from rats on PND 21 or 72.
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TABLE 5
Selected Brain Histomorphic Measurements of F2
Offspring of Rats Exposed to Styrene in the F0 and F1
Generations
Males
0 ppm

Females
500 ppm

0 ppm

500 ppm

0.62 ± 0.04

0.66 ± 0.04*

Level I
Height of hemisphere (mm)
PND 21 0.62 ± 0.05

0.61 ± 0.03

PND 72 0.59 ± 0.03 0.61 ± 0.04 0.61 ± 0.04 0.65 ± 0.04
Cortical thickness (mm)
PND 21 0.16 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 0.16 ± 0.01
PND 72 0.15 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.15 ± 0.01
* Statistically significantly different from control, p<0.05.

DISCUSSION
As reported in the accompanying two-generation reproduction study (Cruzan et al., 2005, this issue), the
parental systemic toxicity in this study was similar to that
previously reported in rats following long-term inhalation exposure to styrene (Cruzan et al., 1997, 1998).
Findings included degeneration of the olfactory epithelium that lines the dorsal septum and dorsal and medial
aspects of the nasal turbinates of F0 and Fl animals in the
500-ppm group (nasal tissue was not examined in the 50and 150-ppm groups), decreased mean body weights in
the 150-ppm group (F0 and Fl males and F1 females) and
500-ppm group (F 0 and F 1 males and females).
Reproductive performance and offspring postnatal survival prior to weaning were not adversely affected by
styrene exposure. Pre-weaning Fl pup weights were unaffected by styrene exposure. Consistent with the lack of
effect on pre-weaning body weights in the F1 pups, no
styrene-related effects were observed on the F1 prewean ing developmental landmarks. Following direct exposure
of the F1 weanlings beginning on PND 22, weight gain
was reduced in the 500-ppm group, which led to reduced
mean body weights in this group throughout the generation. As a result of the reduced body weight gain in the
500-ppm group Fl males, a corresponding delay in the age
of acquisition of the balanopreputial separation was
observed. Clark (1998) and Ashby and Lefevre (2000)
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TABLE 6
Brain Weight, Length, and Width of F2 Offspring of Rats Exposed to Styrene in the F0 and Fl Generations
Males
0

Females
50

150

500
39
360 *

0

50

150

500

Body weight (g)
PND 21

43

41

40

PND 72

385

377

372

41

39

36

36 *

248

235

233

233

Brain weight (g)
PND 21

1.55

1.64

1.62

1.59

1.54

1.56

1.52

1.57

PND 72

1.98

1.89

1.93

1.87

1.83

1.84

1.80

1.78

Brain Weight/ 100g body weight
PND 21

3.86

3.91

4.23

4.02

3.88

4.08

4.14

4.65 *

PND 72

0.49

0.50

0.49

0.53

0.73

0.77

0.79

0.79

Brain length (mm)
PND 21

17.6

17.9

17.2

17.6

17.6

17.5

16.9 *

16.9 *

PND 72

22.6

24.2

25.4

25.6

22.2

23.8

23.6

24.4

PND 21

14.6

14.6

14.0

14.5

14.0

13.9

13.9

13.6

PND 72

15.1

14.9

15.2

14.8

14.9

14.7

14.5

14.6

Brain width (mm)

* Statistically significantly different from control, p<0.05.

have previously reported that delays in this endpoint are
observed in the presence of significant body weight
reductions. Therefore, the delay in acquisition of bala nopreputial separation was attributed to the reduced
male body weight.
As direct exposure to styrene had a greater effect on Fl
rats than on F0 rats, styrene had a more pronounced effect
on the F2 pups than on the F1 pups. In contrast to the F1
generation, pre-weaning F2 pup weights were reduced in
both the 150- and 500-ppm groups (approximately 10 to
13% on PND 21). The weights of the F2 pups selected for
neurobehavioral evaluation in the developmental neurotoxicity phase continued to be reduced following weaning in the 150- and 500-ppm groups. A statistically significant delay (approximately 1/2 day) in the mean age of
acquisition of incisor eruption was observed for the F2
pups in the 500-ppm group. Slight delays (not statistically significant) in pinna detachment, surface righting, hair
appearance, eye opening, and balanopreputial separation
were also noted in this group. The magnitude of the
delays in each of these endpoints was slight and if they

had occurred in isolation, the delays would have been
attributed to biological variability.
There is not a one-to-one relationship between body
weight and these values. However, on an individual animal/litter basis, there is a pattern that relates litters and
weights relative to the group mean value. For example,
one 500-ppm group female, which is the lightest animal
in that group on PND 63, weighed 157g, 27% below the
group mean of 213g and 31% below the control group
mean of 227g. This female and her male sibling had mean
hindlimb grip strength values that were 35-37% lower
than the group means (187g vs. 286g for the female and
200g vs. 320g for the male) and 48-50% below the control
group means (357g for females and 397g for males). The
forelimb grip strength values for these animals were not
dramatically different from the group means. However,
siblings of these rats showed delayed pinnal detachment
(3 of 9 on PND 5 or 6 were from this litter), surface righting (3 of 22 on PND 5 or 6 were from this litter), incisor
eruption and eye opening (3 from this litter were among
the last with open eyes), as well as a female PND 24 swim
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time of 16.96 sec (compared to 11.43 sec for the group and
7.81 sec for control females), acquisition of balanopreputial separation on PND 51, and acquisition of
vaginal patency on PND 42. From a locomotor activity
standpoint, this female and her male sibling showed a
significant delay in development, with activity that was
nearly nonexistent (and the lowest for the females) on
PND 13 and that peaked on PND 21 rather than PND 17.
So, both male and female pups from this litter contribute
to the delay in several of the endpoints monitored, and
this litter is just one example from the group as a whole.
Thus, when evaluated in toto, the slight delays in
the acquisition of these parameters were suggestive of
an overall pattern of slight developmental delay in the
500-ppm group. These pre-weaning developmental
end-points are highly correlated with pup body weight
(Clark, 1998; Lochry, 1987), and the delays in these
endpoints were consistent with the reduced body
weights observed in this group. Based on this profile,
the effects of styrene on the growth and development
of the F 2 pups were somewhat greater than those
effects observed on the Fl pups.
Further evidence of a slight developmental delay in
the F 2 offspring included an apparent shift in the
ontogeny of normal locomotor activity from PND 13
through 21, the reduced swimming ability (presented
as longer straight channel escape times) in the water
maze on PND 24, and reduced grip strength on both
PND 45 and 60 in F2 offspring of F0 and Fl rats exposed
to 500 ppm styrene. The ontogeny of swimming ability,
the pre-weaning locomotor activity profile, and the
correlation of body weight with grip strength in rats
have been well characterized (Adams, 1986; Kallman,
1994). The general developmental profile in this group
demonstrated a pattern of delay that included changes
only in age- and weight-sensitive endpoints throughout the entire F2 generation; there were no indications
of functional or morphologic effects suggestive of
selective neurotoxicity. Therefore, based on the known
correlation between body weight and these endpoints,
the profile of changes observed in the 500-ppm group
of the F2 generation was attributed to a slight developmental delay as a result of parental styrene exposure.
The NOAEL for growth of F2 offspring was 50 ppm.
Kishi and coworkers, using a few litters of rats, concluded that styrene exposure of parents caused deficits
in neurological development. The current study, performed according to accepted guidelines with greater
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statistical power to detect effects, confirms some of
their observations, but does not support their conclusions of a direct effect on neurological development. In
the first study (Kishi et al., 1992, 1995), they reported
(using 5 control and 5 exposed litters) that inhalation
exposure of pregnant Wistar rats at 293 ppm styrene on
gestation days 7–21 resulted in offspring with
decreased open field activity, rota-rod activity, and
operant conditioning response. The study reported
herein found no significant effects on locomotor activity or learning and memory in offspring following
direct exposure of the F0 and Fl generations to 500 ppm
styrene throughout growth, mating, gestation, and lactation. In a second study, Katakura et al. (1999, 2001)
reported increased neonatal mortality, delayed incisor
eruption and delayed air righting reflex in offspring of
dams that had been exposed to 300 ppm on gestation
days 7 to 21. The authors did not indicate whether
there were body weight differences from control at the
time these endpoints were determined. In the study
reported herein, styrene exposure had no effect on
neonatal survival. Surface righting and incisor eruption in off-spring of the 500-ppm group were slightly
delayed, as noted above, but were judged to be secondary to reduced body weight.
Based on the guideline study reported herein, no
specific effect on nervous system development was
observed at exposures up to 500 ppm styrene.
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Olfactory Function in Workers Exposed to
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The present study
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Impairment of olfactory function in
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airways and the lack of
evidence for styrene
metabolism in human
nasal tissue, the results

investigate whether exposure to styrene
was associated with olfactory impairment,
olfactory function was examined in workers with a minimum of 4 years exposure to
styrene in the reinforced-plastics industry
(current mean exposure: 26 ppm, range: 1060 ppm; historic mean dose: 156 ppmyears, range: 13.8-328 ppm-years) and in a
group of age- and gender-matched, unexposed controls.
Methods
Olfactory function was assessed using a
standardized battery that included tests
of threshold sensitivity for phenylethyl
alcohol (PEA), odor identification ability,
and retronasal odor perception. Odor
detection thresholds for styrene were also
obtained as a measure of specific adaptation to the work environment.
Results
No differences were observed between
exposed workers and controls on tests of
olfactory function. Elevation of styrene odor
detection thresholds among exposed workers indicated exposure-induced adaptation.

strongly suggest that at
these concentrations,
styrene is not an
olfactory toxicant in
humans.
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Conclusions
The present study found no evidence
among a cross-section of reinforced plastics
industry workers that current or historical
exposure to styrene was associated with
impairment of olfactory function. Taken
together with anatomical differences
between rodent and human airways and the
lack of evidence for styrene metabolism in
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human nasal tissue, the results strongly suggest that at these
concentrations, styrene is not an olfactory toxicant in
humans. Am. J. Ind. Med. 44:1-11, 2003 ©2003 Wiley-Liss, Inc.
INTRODUCTION
One of the potential consequences of occupational exposure to respirable chemicals, the impairment of olfactory
function, has been noted in the medical literature for
more than 100 years [Mackenzie, 1984]. Because the function of the olfactory system is to detect ambient chemicals, the receptors must constantly interact with chemical
stimuli, some of which are potentially toxic. Olfactory
receptors are located on specialized neurons that extend
into the nasal cavity and are therefore uniquely and consistently exposed to the external environment. Numerous
animal studies have shown that olfactory neurons are the
only CNS neurons that are continuously replaced
throughout the adult vertebrate lifespan, even in healthy
animals housed in clean environments [e.g., Loo et al.,
1996], suggesting that normal olfactory function is inherently damaging to the neurons. Exposure to higher levels
of pollutants, such as can be found in some industrial
environments, might therefore be hypothesized to surpass the regenerative capacity of the olfactory system and
lead to dysfunction.
While not, by itself, life-threatening, olfactory dysfunction can have serious consequences for the detection
of many olfactory warning signals (e.g., smoke, spoiled
food and gas leaks) [Cowart et al., 1997] and can have significant impact on nutritional status, eating satisfaction,
and many other issues related to quality of life [Breslin et
al., 1997]. In addition, a worker whose olfactory abilities
are impaired may be at greater risk from exposure-related
injuries due to the loss of an early warning system for
chemical exposure.
Two lines of evidence suggest that occupational chemical exposure may impair olfactory function. First, animal
toxicological studies have demonstrated selective and
dose-dependent histopathologic alterations in the nasal
cavity from experimental exposures to a diverse range of
chemical substances, (e.g., methyl bromide, chlorine,
isobutyraldehyde, formaldehyde) [Jiang et al., 1983;
Hurtt et al., 1988; Monticello et al., 1991; Abdo et al.,
1998]. The precise nature and distribution of these chemically induced nasal lesions can vary considerably as a
function of regional deposition of the inhaled substance
and the local susceptibility of the nasal tissue. However,
inhalation exposure studies suggest that the olfactory
epithelium is particularly vulnerable to damage by
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inhaled compounds [Jiang et al., 1983; Genter et al., 1998]
with a variety of non-neoplastic lesions of the olfactory
neuroepithelium and damage to central olfactory structures, such as the olfactory bulb, associated with chronic
exposure to a variety of chemicals [Ekblom et al., 1984;
Odkvist et al., 1985; Feron et al., 1986; Rose et al., 1992].
Second, a number of studies of individuals and/or
populations occupationally exposed to various chemicals
have reported problems with their sense of smell or
apparent decrements on certain measures of olfactory
function. For example, an analysis of work history and
olfactory ability among the 712,000 (20-79 year old) US
and Canadian respondents to the National Geographic
Smell Survey revealed that factory workers reported
poorer senses of smell and demonstrated objective evidence of poorer odor detection ability, although this effect
was pronounced among elderly individuals [Corwin et
al., 1995]. Notably, among this sample, factory workers
reported the highest rates of olfactory decrements secondary to chemical exposure and head injury.
Amoore [1986] identified more than 100 airborne substances that were reported to disrupt olfactory function
following either acute or chronic exposures, including
organic solvents, metals, inorganic non-metallic compounds, and dusts. Much of this evidence is based on single case studies or anecdotal observations in occupational
environments [Emmett, 1976; Amoore, 1986; Prudhomme
et al., 1998], and relies on subjective reports of olfactory
function or limited olfactory testing. Although several
investigators have examined olfactory function in larger
groups of chemically exposed workers and reported
associations between exposure and olfactory function,
the relationship is far from straightforward. For example,
decrements in performance on the University of
Pennsylvania Smell Identification Test (UPSIT), a 40-item
test of olfactory identification ability, have been observed
among some, but by no means all, workers exposed to
organic solvents [Sandmark et al., 1989; Schwartz et al.,
1990, 1991]; among workers exposed to acrylate and
methacrylate vapors, small decrements in function were
only observed for non-smokers [Schwartz et al., 1989]. In
brief, although many chemicals have been implicated as
causative agents in olfactory dysfunction [Amoore, 1986],
considerable variation has been observed both in the type
and degree of impairment associated with occupational
exposures. Moreover, in the case of the few published
epidemiological studies, well-matched control groups
and/or assessments of current and historical chemical
exposures are largely lacking.
Recent inhalation studies in animals have found that
exposure to as little as 20-50 ppm styrene results in non-
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neoplastic, histopathological changes in the olfactory
epithelium of rodents [Cruzan et al., 1997, 1998].
However, because of structural differences in the nasal
passages between rodents and humans, and differences
in the biochemistry of the nasal/olfactory tissue, and
because the most common laboratory animals models are
obligate nasal breathers, these changes might not occur in
humans in comparable environments. Moreover, because
animal toxicological studies have rarely incorporated
functional measures, very little is known about the relationship between the type and severity of olfactory
epithelial damage and the extent to which olfactory function is altered. Thus, the question of how to relate the
observed structural damage in rodent olfactory epithelium to humans, and the functional consequences of such
damage for either species, remains unknown. The goal of
this study was to examine the effect of exposure to styrene
under conditions that permitted a careful assessment of
the olfactory function of both occupationally exposed
workers and of a matched group of unexposed controls.
Styrene is a clear colorless liquid with a characteristic
pungent odor. The primary use of styrene is in the production of polymers and copolymers, including polystyrene, styrene-butadiene-rubber, styrene-butadienelatex, and a variety of different resins. Styrene monomer
is combined with polyester resins and serves as a crosslinking agent in the manufacture of numerous fiberglassreinforced products (bathtub and shower enclosures,
boats, tanks, panels, etc.). The most significant occupational exposure to styrene vapor occurs in the reinforcedplastics industry, where exposure can occur both by
inhalation and direct skin contact [Lemasters et al., 1985].
However, inhalation of styrene vapor is the major route
of occupational exposure to styrene [Brooks et al., 1980]
with the nasal epithelium as a point of entry. Thus, there
is potential for adverse effects of occupational styrene
exposure on nasal histopathology and olfactory function.
Our study was designed to evaluate whether repetitive
exposure to styrene vapor at the upper range of concentrations likely to be encountered in the workplace
[American Conference of Government Industrial
Hygienists, 1998; Morgan, 1997] is associated with clinically significant olfactory dysfunction. To evaluate this,
we measured olfactory function among workers who
were occupationally exposed to styrene in the reinforced
plastics industry, using a comprehensive battery of objective tests of olfactory function, developed and validated at
the Monell-Jefferson Chemosensory Clinical Research
Center. In addition to the potential for causing generalized olfactory dysfunction, continued or repetitive exposure to any odorous chemical will lead to olfactory adap-

tation, a compound-specific reduction in olfactory sensitivity to that chemical. As a measure of specific adaptation
to the ambient chemical environment, we tested olfactory
sensitivity to styrene vapor. All olfactory assessments
were coupled with current and retrospective determinations of airborne styrene exposure for the workers [for
details see Lees et al., 2003 (this issue)] and were compared with olfactory assessments performed on age- and
gender-matched, non-exposed controls at each site, and
with normative data obtained from healthy individuals.
mATERIALS AND mEThODS
Overview of Olfactory Testing
We measured olfactory detection thresholds to two chemicals (styrene and phenylethyl alcohol) and odor identification ability using twenty chemicals in order to provide
a comprehensive evaluation of olfactory function, similar
to the clinical assessment used at the Monell-Jefferson
Chemosensory Clinical Research Center. Each type of test
can reveal a different component of olfactory function:
detection thresholds can provide assessments of peripheral olfactory function, whereas tests of odor identification are assumed to tap more central components of
olfaction as well. Because performance on both types of
tests of olfactory ability can be influenced by a variety of
demographic factors, (e.g., age, gender, and education)
and dysfunction can arise from a variety of non-toxic etiologies [e.g., nasal-sinus disease or head injury; Cowart
et al., 1993], it is essential to compare the performance of
the exposed cohort with the performance of a suitably
matched control or referent group.
There are compelling reasons to include comprehensive olfactory evaluations and appropriately matched
control groups into occupational evaluations. In studies
that measured both peripheral (odor detection) and central (odor identification) olfactory function within the
same exposed individuals, occupational exposure to cadmium was shown to impair both the detection and the
identification component of olfactory function
[Rydzewski et al., 1998]. It is instructive to note that when
olfactory function in a similar group of cadmiumexposed workers was compared with a group of age- and
gender-matched controls, only detection sensitivity differed between the two groups [Rose et al., 1992]. The present study, therefore, attempted to address previous
shortcomings in the characterization of chemical-exposure effects on olfaction by coupling a thorough evaluation of past and present styrene exposures with a battery
of clinical tests that included an assessment of both
peripheral and central components of general olfactory
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function (odor detection thresholds and odor identification tests, respectively) and a specific test of exposureinduced adaptation (detection thresholds for styrene).
If either historic or current exposure to styrene produced generalized olfactory damage, we would expect to
find that the prevalence of olfactory dysfunction would
be greater among workers with exposure to styrene than
in the general population, as measured by our normative
clinical database. However, due to the potential confounding effects of a variety of geographic, local environmental, and lifestyle factors, we also recruited and examined olfactory function in a group of referents who were
similar to the workers with respect to socio-economic status, geographic location, and matched for age and gender. Comparisons between these groups were expected to
reveal whether occupational exposure to styrene produces any olfactory loss or dysfunction above and
beyond age- or health-associated effects found among
workers of this socio-economic status, generally.
Site Selection
Workers in the reinforced-plastics industry were selected
as the study group because the highest occupational exposures to styrene are reported to occur in this industry
[Lemasters et al., 1985]. Solicitation letters were sent to
approximately 30 candidate companies that manufactured reinforced-plastics and composite products, inviting
them to participate in the study. Of those indicating interest in participating, we determined eligibility according to
criteria described by Lees et al. [2002]. Based on these criteria, four facilities were selected to participate in the
study: two factories engaged in the manufacture of fiberglass-reinforced shower and tub enclosures using an
open-mold process, one factory that manufactured reinforced-fiberglass paneling, and one factory that produced
a variety of reinforced-plastic products, including truck
parts, sinks, and fan blades, using a closed-mold process.
Subjects
At each site, potentially eligible workers and controls
were individually identified and recruited following a
review of: (1) industrial hygiene surveys that indicated
ambient styrene concentrations for each job title and (2)
personnel records identifying individual work histories.
Through the company’s personnel office, pre-screened
workers were notified of their potential eligibility for the
study and invited to fill out a medical and occupational
history questionnaire, the answers to which were used to
determine their suitability for the olfactory study.
To adjust for the potentially confounding effects of a
wide range of social, economic, and environmental factors,
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we also tested a comparison worker group, comprised of
workers from the same geographical region and having
similar socio-economic status but no chemical exposure.
All medical/occupational questionnaire responses
were masked with respect to cohort/control group membership and reviewed by the director of the chemosensory disorders clinic and the occupational physician to
screen for medical conditions and prior exposure to environmental agents or chemicals, other than styrene, that
were known or suspected to affect olfactory function.
Respondents were sorted into three categories: (1) eligible, (2) eligible but requiring additional clarification on
certain aspects of their medical/exposure history, and (3)
ineligible. Workers in the first two categories were then
invited to participate in the study, with 94% of the eligible
workers agreeing to participate.
All workers and control subjects provided informed
consent for their participation in the study using the form
that was approved by the Committee for Studies
Involving Human Beings of the Institutional Review
Board at the University of Pennsylvania. Volunteers were
advised that they were free to withdraw at any time.
Workers continued to receive full wages during the 1-2 hr
of data collection. The control subjects who participated on
their own time were compensated for their participation.
Sixty-two exposed workers and sixty-seven controls
were tested in the study. On the basis of follow-up questions at the time of test, eight of the exposed workers and
three control subjects were excluded because of pre-existing medical conditions or exposure to other chemicals
potentially causative of olfactory dysfunction. Two more
workers were excluded based on age and failure to
understand/comply with test instructions. To match the
number, gender, and age of subjects in the worker-group,
fifteen control subjects were dropped from the analysis,
resulting in fifty-two subjects in each group. The selection
procedure for dropping control subjects was blind with
respect to olfactory performance; at each site, subjects
were included in the order of testing until the control
group was matched to the workers on age (within one
decade) and gender.
Odor Stimulus Preparation
Styrene monomer (Sigma-Aldrich) and phenylethyl alcohol (Sigma-Aldrich) were used as stimuli in the odor
detection tests. Styrene was diluted into odorless, light,
white mineral oil in an 18-step binary dilution series,
beginning with a concentration of 20% v/v. Prior to use,
the mineral oil was filtered through a column of silica gel
to remove odorous contaminants. Phenylethyl alcohol
was diluted into glycerol (Sigma) in a 19-step semi-log
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TABLE 1
Stimuli Used in Odor Identification Test
Identification

Chemical/odorant

Identification

Menthol

-Menthol
L

Cloves

-Carvone

Rye bread

D

Licorice

Turpentine

Terpinolene

Spearmint

Banana

Amyl acetate

Smoke

Almond

Benzaldehyde

Wintergreen

Strong cheese

Butyric acid

Cinnamon

Fish

Triethylamine

Coconut

Peanut butter

Ethylpyrazine

Root beer

Vinegar

Acetic acid

Rose

Vanilla

Vanillin

Strawberry

dilution series, starting with a concentration of 100% v/v.
The dilutions were placed into clean, 280 ml glass bottles,
fitted with a flip-top cap into which a Teflon nosepiece
was inserted. Each bottle contained 10 ml of the stimulus.
For each subject, a fresh set of bottles, containing 10 ml of
diluent only, served as blanks. When volunteers inhaled
from the sniffing port, they sampled from the headspace
inside two bottles (one sniffing port per nostril). In a typical sniff by adult males at rest, 500 ml of air is drawn
through the nostrils. Thus, drawing the headspace from
the two glass bottles (total volume 540 ml) should have
provided an adequate volume of stimulus, undiluted by
incoming air.
Banana, butterscotch, coffee, lemon, and peppermint,
alcohol-free extracts (Frontier) were used as stimuli in the
retronasal olfactory assessment. One-half milliliter of
each extract was pipetted onto a cleaned, black, polyethylene snap cap (Wheaton) and covered with parafilm
until ready for testing. One set of odorants was prepared
for each participant and discarded after use.
The stimuli for the odor identification test consisted of
twenty odorants that were presented in cleaned, boiled,
250 ml polypropylene squeeze bottles with flip caps
(Wheaton). Each bottle contained a total of 5 ml of odorant or odorant and diluent combined. Table 1 lists the
odorants used and presents the correct odor label for
each stimulus.
New threshold series and odor identification stimuli were prepared for each week of testing and analyzed
via gas chromatography immediately after the series was
prepared to ensure reliability across and within series.

Testing Procedure
All olfactory tests were
administered in a styrenefree environment (as established by area samples using
active-sampling technology
Chemical/odorant
to be below the analytical
Eugenol
limit of detection, <1 ppm
Anethol
styrene). All exposed work-Carvone
L
ers were tested during their
Guaiaicol
regular 8- or 10-hr workshift (day, evening, or night).
Methyl salicylate
Workers assumed their regCinnamaldehyde
ular duties for a minimum
Octalactone
of 1 hr and a maximum of 6
Safrol
hr prior to the test. Except
Phenylethyl alcohol
for workers at one site, all
C-16 Aldehyde
had worked full shifts on at
least the two days immediately prior to their olfactory
test. Scheduling constraints at one site meant that some
workers had only worked one consecutive day prior to
their test. Testing of controls and workers was alternated
as much as possible during each day of testing.
All volunteers were tested individually in a single session that lasted approximately 11⁄2 hr. Subjects were asked
to refrain from smoking, eating, chewing candy, or drinking a beverage in the hour prior to the test. The session
consisted of multiple assessments. First, odor detection
thresholds were obtained for two compounds,
phenylethyl alcohol—a measure of general olfactory
function, and styrene—a measure of specific adaptation
to the work environment. Next, a retronasal odor identification test was administered followed by an odor identification assessment.
Medical History and Screening Questionnaire
Prior to the olfactory evaluation, each volunteer ’s
responses to the medical history questionnaire were
again reviewed with the tester; when necessary, followup questions elicited additional information about specific nasal, allergy or sinus problems, head or facial injuries
and surgeries, exposures to environmental agents, and
medications used that may contribute to or cause olfactory dysfunction.
Olfactory Detection Thresholds
Olfactory detection thresholds were obtained by using an
objective, two alternative, forced choice, modified staircase method, a procedure that is the method of choice for
most clinical and experimental applications, since it pro-
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vides a reliable threshold measure with a relatively small
number of trials [Wetherill and Levitt, 1965; Dalton and
Wysocki, 1996]. Thresholds for styrene and PEA were
obtained sequentially, with the order of test counter-balanced across subjects. On each trial, the subject was presented with two pairs of bottles. One pair consisted of
two blanks and the other pair consisted of one blank and
the appropriate dilution step of styrene or PEA. As determined from a pilot study, the starting dilution step for
styrene was step 8 and for PEA was step 11.
On receiving the set of bottles, volunteers inserted the
nosepieces into each nostril and took a normal sniff from
the air in the headspace. After sniffing from both pairs,
volunteers were asked to identify which pair contained
the odorants. Presentation of increasing or decreasing
concentrations continued until the individual had
achieved five reversals (a reversal is defined as two correct identifications followed by one incorrect one, or one
incorrect identification followed by two correct ones, at a
given concentration step).
Retronasal Odor Identification
Each of the five stimuli (peppermint, lemon, coffee,
banana, and butterscotch) was presented twice
retronasally and twice orthonasally in a pre-determined,
semi-random order, as described by [Pierce and Halpern,
1996]. On each trial, the subject chose one of the five stimulus names from a given list.
Odor Identification Test
Each odorant was presented twice resulting in a fortyitem test in which each presentation was associated with
a choice of four labels. Each odorant name appeared
twice as a correct response, twice as a near-miss, and four
times as a far-miss. For example, amyl acetate (banana
odor) was presented with the following labels: banana
(correct), cloves (incorrect), strawberry (near-miss),
smoke (incorrect). The volunteer was required to sniff
from the bottle and choose from among the four options,
the label that best fit the odor. Due to the inherent difficulty in the task, subjects were permitted to take more
than one sniff prior to choosing the answer.
Criteria for Clinical Abnormality
The classification of olfactory dysfunction or loss among
the workers tested was based upon previously established
clinical criteria for the diagnosis of olfactory disorders
[Cowart et al., 1997]. Each of the odor threshold measures
and the identification tests were examined separately and
in combination. Among the exposed workers, elevation of
the styrene threshold (relative to the controls) when the
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PEA threshold and odor identification tests fell within
normal limits was regarded as a measure of occupational
adaptation to styrene, but not a clinical abnormality per
se. If subjects reported odor quality distortions on the
questionnaire, a primary diagnosis of dysosmia (distortions in odor quality) was assigned when (1) the PEA
threshold fell within normal limits and (2) the odor identification score fell below criterion performance. A primary
diagnosis of hyposmia was assigned when PEA threshold
fell above the concentration step of 0.01% v/v (step 7) and
an odor identification score below 31/40 for males and
34/40 for females (reflecting a gender difference in the
normative sample). These test scores were used as the
basis for a diagnosis of hyposmia or anosmia. Generally,
the upper (or lower) 2.5th percentile is regarded as the
cutoff point for chemosensory abnormality [Feinstein,
1985]. Due to age-related declines in olfactory sensitivity
observed among normative subjects beginning in the
sixth or seventh decade, these criteria are based on scores
obtained by subjects under 50 years of age; to avoid the
necessity of age-adjusting scores in this study, the majority of our study group was comprised of individuals
between 21-50 with only 5 individuals in each group who
were between 50 and 60 years of age.
The retronasal odor identification test provided another unique measure of olfactory dysfunction, likely to be
functionally evident in the diminished perception of
everyday food flavor. Based on the limited normative
sample, an identification score less than 8 out of 10 on
either orthonasal or retronasal presentation was indicative of clinical abnormality.
Assessment of Current and Past Occupational Exposure to Styrene
Establishment of a relationship between occupational
exposure to styrene and any observed olfactory dysfunction rests critically on the estimates and assessments of
current and historical exposure to styrene among the
exposed workers. Thus, personal exposure profiles were
created for each of the styrene-exposed workers who participated in this study based on individual or surrogate
sampling data from the facility, where available [for
details about exposure reconstruction see Lees et al.,
2003]. Current exposures to styrene were determined by
full-shift, personal air sampling, and biological monitoring of each enrolled worker.
Since any effect of styrene on the human olfactory system might result either from the direct local effect of the
air concentration acting on the nasal epithelium or from
the effect of absorbed styrene, carried by the blood stream,
we also evaluated current styrene exposures through urinalysis for metabolites of styrene (mandelic acid and
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phenylglyoxylic acid) [Gotell
et al., 1972; Mizunuma et al.,
1993]. For each worker, preand post-shift urine samples
were collected on the day
prior to the one in which
they were tested for olfactory function. For each control
subject, a single urine sample was obtained at the time
of their olfactory test.

TABLE 2
Demographic Characteristics of Participants

Workers
Controls

Total no.
52
52

Females
6
6

Data Analysis
Thresholds for PEA and styrene were calculated by taking the mean of the dilution steps representing the last
four reversals in each test. If the subject was able to smell
the stimulus at the weakest concentration available, they
were assigned the next dilution step (e.g., step 19 for
styrene and step 20 for PEA). Scores on the retronasal trials testing olfactory function were given one point for
each correct answer out of a total possible of ten. The
odor identification test was scored by assigning one full
point for every correct answer and one-half point for
every near-miss response.
To evaluate differences among the styrene-exposed
workers and the control group on the clinical tests of
olfactory function, separate, one-way Analysis of
Variances (ANOVAs) were performed on the PEA thresholds, the retronasal scores and the odor identification
scores. Potentially confounding variables were identified
on the basis of prior research and included age, years of
education, and smoking status (pack years); these were
then used as covariates in the analysis. To evaluate differences among the workers and controls on styrene sensitivity, a one-way ANOVA was performed on the individual styrene thresholds. Multiple linear regression was
used to evaluate significant differences, if any, among
groups on any of the olfactory measures.
RESULTS
The demographic characteristics of each group are presented in Table 2.
Current Workplace Environmental Exposures
The results of the personal air sampling during the two
workshifts prior to olfactory testing are presented in
Table 3, for each study site. Workers were currently
exposed to a range of styrene concentrations, with many
exposure measurements considerably less than 30 ppm
and a few exposure measurements in excess of 50 ppm.

Age mean
& range
37.6 (21-60)
36.7 (21-57)

Styrene exp. duration
(mean years & range)
12.5 (4-41)
0

Smokers
35
27

The highest air concentration measurements were confined to three individuals wearing respiratory protection,
but the use of respirators ensured that their actual styrene
exposures were considerably less than those measured.
In order to adjust the air exposure data, a respiratory
protection factor (RPF) was determined for a group of
workers at one site who were currently using respirators
[Lees et al., 2002] and an RPF of 5 was subsequently used.
With the exception of Site 4, the measurements of current exposures were generally consistent with historic
exposure measurements which had been made over the
last ten or more years. During air sampling at Site 4, production (and, therefore, ambient concentrations) were
significantly reduced from historic norms, which
accounted for this difference.
Urine samples were analyzed for the presence of the
styrene metabolites, mandelic acid and phenylglyoxylic
acid, corrected by measured creatinine levels. Creatinine
determination was performed by colorimetric spectroscopy. Table 4 shows the pre- and post-shift means and
ranges of both metabolites for the workers tested. As
expected, the levels of styrene metabolites for all control
subjects were below the limit of detection (0.02 g/L).

TABLE 3
Mean and Standard Deviations of Airborne Styrene
Concentrations by Study Site
Site 1
Day 1 58.8(34.6)
(ppm)

Site 2
18.2(23.3)

Day 2 65.5(44.7)
(ppm)

15.8(15.8)

Site 3
a

Site 4
12.6(9.1)

14.1(9.2) 11.3(6.9)

Avg.
20.6
24.5

Air not sampled on day 1 at this site.

a
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TABLE 4
Means and Ranges of Urinary Metabolites of Styrene

Workers

MA Pre-shift

MA Post-shift

PGA Pre-shift

PGA Post-shift

0.10(0.0-0.51)

0.62 (0.0-6.98)

0.07(0.0-0.47)

0.17 (0.0-2.25)

All values for mandelic acid (MA) and phenylglyoxylic acid (PGA) are g/g creatinine
corrected.

TABLE 5
Means and Ranges of Historic Exposures to Airborne Styrene for Individual Workers
(n = 52)(in ppm)

Workers (all sites)

Mean exposure

Cumulative
mean exposure

Peak Year
exposure

13.25(3.5-31)

156(13.8-328)

26(5.2-76.5)

historically used large quantities of acetone to clean
rollers and chopper guns.
Although the level of exposure to acetone is unknown,
its use has been discontinued within the last 5 years at
all sites studied except Site
3. In addition, Site 3 uses a
small amount of methyl
methacrylate in the production of panels. Air concentrations of methyl methacrylate ranged from 0 to 28 ppm
(mean = 6.7 ppm) when
measured in the late 1980s.
More recent measurements
are not available.

Evaluation of Olfactory
Function: Exposed Workers Vs.
Controls
The group means, standard
deviations and ranges of
scores for the three clinical tests of olfactory function are
presented in Table 6. Separate, one-way ANOVAs performed on the phenylethyl alcohol thresholds, the
retronasal test and the odor identification scores showed
no significant differences between the performance of the
styrene-exposed workers and the matched controls on
any of the tests of olfactory function.
In marked contrast to the performance on the clinical
olfactory assessments, odor detection thresholds for
styrene were significantly different among the exposed
and unexposed groups, F (1,100) = 16.69, P = 0.00001. On
an average, the styrene threshold for exposed workers was
almost four dilution steps (i.e., 32-fold) higher than for the
unexposed control subjects (10.6 vs. 14.3, workers and con-

Historic Workplace Environmental Exposures
Individual historic styrene exposure profiles were developed for every study participant using job title-based estimates of annual average styrene exposure for each year of
employment. After accounting for respirator use, a cumulative “effective” estimate of styrene dose (calculated as
the sum of annual average exposures and expressed in
terms of ppm-years) was also established. Annual average
exposures for workers at the individual sites basically
mirrored styrene in air concentrations reported in the previous section except that the calculation of effective exposures (to account for the historic use of respirators by a
small number of individuals), dramatically reduced the
upper end of the exposure distribution (see Table 5).
While both current and
historic exposure measurements focused on styrene, a TABLE 6
subset of workers in some of
these facilities were exposed Performance on the clinical tests of olfactory function
to a variety of other chemicals. In addition to a wide
Workers
range of catalysts and other
Test
Mean (s.d.) Range
additives to the styrene
PEA threshold (dilution step 0-20)
16.67 (4.5)
5.5-20.0
resins (e.g., brominated
2.0-10.0
flame retardants) used over Retronasal ID (number correct of 10) 8.11 (1.8)
the last two decades, laminators (gunners and rollers)
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Odor ID (number correct of 40)

34.80 (2.6)
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27.0-39.5

Controls
Mean (s.d.) Range
16.66 (4.8)

1.5-20.0

8.05 (2.0)

1.0-10.0

35.75 (3.0)

23.0-40.0
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FIGURE 1
Styrene thresholds and PEA thresholds (inset graph) as a
function of occupational exposure and age (in decades).
18
16

Average Threshold (dilution step)

trols, respectively). Stratifying the groups by age (in
decades) revealed that this difference was not uniform
across all workers in our sample. As shown in Figure 1, the
youngest workers and controls showed small, but significant differences in their sensitivity to styrene during their
3rd (n=26) and 4th (n=36) decades. However, the greatest
reduction in sensitivity to styrene was shown by the workers who were in their 5th (n=28) and 6th (n=14) decades.
Although there is a small, but significant correlation
between the age of the workers and the duration of exposure to styrene (r=0.31), the marked decline in sensitivity
to styrene in older workers cannot be accounted for by the
duration of their past exposure to styrene. When styrene
thresholds for the exposed-worker population were
regressed upon the variables of age, exposure duration,
and other exposure factors (ppm-years, peak-year), age
was the only significant predictor of styrene thresholds,
and was still significant, even after adjusting for the effects
of exposure duration (P<0.03). Importantly, as shown in
the inset graph depicting PEA thresholds as a function of
age for both groups, there were no age-associated changes
in sensitivity to PEA among workers or controls.
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Evaluation of Olfactory Function: Incidence of Clinical
Abnormality
To evaluate the incidence of clinical dysfunction (hyposmia, dysosmia, or anosmia) among either exposed workers
or controls, we compared each subject’s threshold for PEA
and their score on the odor identification test with the cutoff scores for olfactory function as determined by the normative sample obtained from the Monel-Jefferson CCRC
database. No significant differences in test performance
were found between the exposed workers and the controls.
Although a few more workers than controls reported
disturbances of some sort on olfactory function, the only
diagnosed abnormality of olfactory function among the
entire sample was hyposmia, of varying severity, and the
frequency of observed abnormality did not differ
between groups. Moreover, a test of proportions revealed
that the prevalence of olfactory dysfunction (as measured
by the PEA threshold and odor identification test) was
not higher among either group than would be expected
to occur in the general population (2.5%; z=1.31, P=0.08).
Although scores on the retronasal olfactory evaluation
were lower than expected in both workers and controls
when compared to our normative population data, this
outcome may have arisen from non-exposure related factors, such as dietary experience or cultural practices: odor
identification tests are known to be influenced by previous exposure to odorants [Doty et al., 1996]. Our normative sample was drawn predominantly from an urban

30

40

50

0
20–30

30–40

40–50

50–60

Age

environment whereas participants in this study were
drawn from relatively rural environments.
DISCUSSION AND CONCLUSIONS
Exposure to styrene vapor, in a cross-sectional analysis of
workers in the reinforced-plastics industry, did not
appear to be associated with any adverse effect on olfactory function. Performance on the tests of peripheral
(PEA threshold) and central (odor identification test)
olfactory function revealed no significant differences
between the workers exposed to styrene and the comparison group of unexposed controls. Given the widespread
use and validation of these or similar tests to diagnose
and identify olfactory dysfunction in many clinical settings [e.g., Cain et al., 1988], we are confident that these
evaluations have been able to reveal any patterns of generalized deficits in olfactory ability among the workers in
this sample. Moreover, the lack of any observed effect on
objective olfactory function in the present study correlates well with the workers’ self-reported olfactory performance. Only a few workers reported problems with
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their sense of smell and of these complainants, only one
individual showed evidence of any abnormality on objective olfactory evaluation.
Occupational exposure to styrene affected sensitivity
to styrene, but this effect is expected and consistent with
specific, exposure-induced effect of adaptation—which
can be observed in a variety of field settings and also in
the laboratory following even brief exposures to volatile
chemicals [Ählstrom et al., 1986; Dalton and Wysocki,
1996; Wysocki et al., 1997]. The present study revealed,
however, that this exposure-related decrement was more
pronounced among older workers than younger ones.
Given that (1) all workers had been working in their regular position (and exposed to styrene vapor) for a minimum of one hour prior to olfactory testing and that (2)
neither age nor exposure duration were significant predictors of variation in any of the other olfactory measures, a plausible explanation for the age-related effect on
styrene thresholds among the workers is that occupational olfactory adaptation (in this case to styrene) is both
more profound and more persistent among older workers than younger ones. Age-related differences in the
kinetics of olfactory adaptation have been noted previously when Stevens et al. found that the rate and degree
of adaptation accelerated while recovery decelerated
with age [Stevens et al., 1989]. Although exposureinduced adaptation effects appear attenuated or
reversible following cessation of exposure [Ählstrom et
al., 1986; Gagnon et al., 1994; Mergler and Beauvais,
1992], the time course of recovery after long-term exposure is unknown. The more pronounced decrement in
styrene sensitivity shown by the older workers may need
to be taken into account in any situations where early
detection of the ambient chemical is critical (i.e., detection
of respirator failure).
Although there is recent evidence of histopathologic
lesions in olfactory epithelium of rodents following exposure to styrene at levels similar to those experienced by
many of the workers in this study, we found no evidence
that such exposures in humans produced impairments in
olfactory function. Since we did not examine the nasal or
olfactory epithelium of the worker participants, we cannot determine from the present study whether exposure
to styrene in humans results in changes in the nasal
epithelium that are similar to those observed in animal
toxicological studies. However, if such changes are present, they do not appear to have a functional impact on
any aspect of olfactory ability as measured in this study.
How can we reconcile the failure to observe a relationship between long-term styrene exposure and adverse
effects on olfactory function as demonstrated by the cur-
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rent study with the presence of significant olfactory
lesions in experimental animals exposed at similar concentrations? Comparative studies of nasal uptake and
metabolism in rodents and humans have identified several factors to account for discrepancies, and suggest that
estimates of olfactory risks based on exposures to rodents
may not be relevant to humans.
The first factor is the presence of significant anatomical differences between the nasal passages of rats, mice,
and humans that result in alterations in the volume and
patterns of airflow. Thus, one explanation for the discrepancy between animal studies and the current functional
assessment is that the inhaled styrene vapor may deposit
in the nasal passages of humans, but unlike in rodents,
high levels of deposition do not occur in areas that subserve olfaction. Evidence for this possibility comes from
experimental data [Morgan and Monticello, 1990] and
transport models of airflow that have been used to predict and model the deposition of inhaled chemicals in the
nasal cavities of rodents [Kimbell et al., 1997] and
humans [Keyhani et al., 1997]. Based on anatomical casts
of the upper airways in both species, computer models
reveal strikingly different patterns of airflow through the
nasal compartment that result in substantial differences
in chemical deposition and concentration in the olfactory
regions [Morgan and Monticello, 1990]. Taken together
with the fact that rodents are obligate nose breathers,
these differences in structure and airflow would mean
that exposure to the same airborne concentration of
styrene would result in different doses and patterns of
nasal deposition for humans and rodents.
Alternatively (or additionally), biochemical differences in the nasal tissue of rodents and humans could
account for the disparity between the olfactory damage
seen in styrene-exposed rodents and the lack of functional effects on humans exposed to styrene vapor. In the case
of styrene, the primary metabolic pathway is the oxidation by cytochromes P-450 to two enantiomeric forms of
styrene oxide [Bond, 1989]. When this metabolic process
is prevented by pre-exposure to the cytochrome P-450
enzyme inhibitor (5-phenyl-1-pentyne), the development
of olfactory lesions in rodents following exposure to
styrene does not occur [Green et al., 2001]. This strongly
suggests that the lesions found in rodent olfactory tissue
are induced by the primary metabolite of styrene, styrene
oxide, and not by exposure to styrene per se.
Evidence that this metabolite may not be present in
human nasal epithelium exposed to styrene comes from a
recent investigation that compared metabolic activity of
styrene in vitro in rat, mouse, and human nasal respiratory tissue and found important differences in the metabol-
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ic activity of styrene across these species [Green et al.,
2001]. Specifically, rat and mouse nasal respiratory fractions were found to contain high concentrations of the
two cytochrome P-450 isoforms necessary for the conversion of styrene into styrene oxide, whereas human nasal
fractions did not. Species differences in the nasal metabolism of other chemicals that produce rat nasal tumors
have been recently reported as well [Green et al., 2000],
suggesting that the relevance of nasal tumorigenesis
studies in rodents for human risk prediction may need to
be evaluated on a chemical-by-chemical basis. Both
anatomical and metabolic differences could explain differences in the toxic effects of styrene on the olfactory
epithelium in man and rodents.
One limitation of the present study is the potential
self-selection bias of the workers that were tested.
Classically, it is held that workers with perceived exposure-related health effects select out of high-exposure jobs
and are thus unavailable for study. Evaluation of the
remaining participants in a cross-sectional study may
lead to serious underestimation of the effects under
study. In the present study, however, it is equally possible
that olfactory dysfunction status had an effect on exposure status, but in an opposite direction. That is, in a
reversal of the ‘healthy worker effect’, workers with
poorer olfactory ability may be more likely to remain in
high-exposure job positions than workers with good
olfactory ability. If this were the case, although worker
complaints about chemical odor/irritation have been
reduced, we would have also expected to find a higher
prevalence of olfactory dysfunction/lowered sensitivity
among the worker population than the unexposed controls, which we did not observe.
Another limitation of a cross-sectional study is the
inability to measure changes in olfaction from a pre-exposure or baseline level. We cannot, for example, rule out
the possibility that the styrene-exposed workers, we tested, had better-than-average olfactory ability prior to
styrene exposure. If this were the case, however, the comparison of the performance of the styrene-exposed workers with a carefully matched control group and the normative sample from our database strongly suggests that
(1) both the exposed workers and the control group had
roughly equivalent olfactory ability prior to workplace
exposure, and the exposed workers gradually lost sensitivity to styrene alone and (2) exposure to styrene does
not have effects on general olfactory function.
Nevertheless, there may be subtle changes that occur in
any chemically exposed population that could only be
observed in undertaking a longitudinal study where
workers who exhibit normal olfactory ability were

enrolled prior to any exposure and, serving as their own
controls, are assessed periodically across the course of
their occupational exposure.
Much of the prior evidence for olfactory dysfunction
subsequent to chemical exposure has been derived from
anecdotal reports and case studies [Emmett, 1976;
Prudhomme et al., 1998]. In the present study, each worker’s personal exposure history was developed and documented through careful examination of work records,
industrial hygiene surveys, plant records, and personal
medical/occupational history interviews. Moreover, the
performance of styrene-exposed workers was compared
with the performance of an appropriately matched referent group and with the normative measures of performance from our clinical database. Equally important, the
olfactory assessments used in the current study were logical, comprehensive, and known to be capable of detecting even subtle forms of olfactory dysfunction.
In summary, despite observations in animal studies
that exposure to styrene at or below currently acceptable
workplace limits produced lesions in the olfactory epithelium of rodents, the present study found no evidence
among a cross-section of reinforced-plastics workers that
current or historical exposure to styrene was associated
with impairment of general olfactory function. Taken
together with animal and human anatomical and metabolic data, the current results strongly suggest that
styrene at these exposure levels is not an olfactory toxicant in humans.
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Background
This study was undertaken in conjunction
with an evaluation of the olfactory function
of 52 persons exposed to styrene vapors to
provide quantitative styrene exposure histories of each subject for use in the interpre-
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Methods
Current and historic exposures were investigated. Historic exposures were reconstructed from employment records and measurements of styrene exposure made in the
subject facilities over the last 15 years.
Current exposures were estimated for every
exposed subject though personal air sampling and through pre- and post-shift measurements of urinary metabolites of styrene.
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Results
The study population had been employed
in the reinforced-plastics industry for an
average of 12.2 ± 7.4 years. Their mean 8-hr
time weighted average (TWA) respiratorcorrected annual average styrene exposure
was 12.6 ± 10.4 ppm; mean cumulative
exposure was 156 ± 80 ppm-years. The current respirator-corrected 8-hr TWA average
exposure was 15.1 ± 12.0 ppm. The mean
post-shift urinary mandelic and phenylglyoxylic acid (PGA) concentrations were 580
± 1,300 and 170 ± 360 mg/g creatinine,
respectively and were highly correlated
with air concentrations of styrene.
Conclusions
This quantitative exposure evaluation has
provided a well-characterized population,
with documented exposure histories stable
over time and in the range suitable for the
purposes of the associated study of olfactory function.
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INTRODUCTION
The establishment of a relationship useful for quantitative risk assessment between occupational exposure to a
chemical and any observed health effect rests critically on
the estimates of exposure to that chemical among the
exposed workers. This study was conducted to provide
quantitative styrene exposure information for a group of
workers who were the subjects of a simultaneous study
examining the possible olfactory dysfunction resulting
from this exposure [Dalton et al., 2003]. As the olfactory
study was designed to differentiate between the olfactory
effects of chronic and acute exposures, accurate estimation of short- and long-term exposures was of concern.
Short-term (current) exposures were estimated through
measurement of the concentration of styrene in air in the
workers’ breathing zones during the two shifts immediately prior to olfactory testing and through the concurrent measurement of urinary biomarkers of exposure.
Chronic exposures over the subjects’ employment histories were reconstructed from job histories and historic
exposure-monitoring records. For subsequent analytical
purposes, the short-term exposure measurements were
unique to the subject; historically reconstructed chronic
exposures were, of necessity, based on a population (job
title) pooling of exposure information and were unique to
a job title. In all cases, data used for historic exposure
reconstruction were restricted to the facility of origin.
BACKGROUND
Styrene is a clear colorless liquid with a highly characteristic pungent odor, detectable at concentrations >0.32 ppm
[Amoore and Hautala, 1983] and highly irritating at concentrations >100 ppm [Stewart et al., 1968]. Recent production data indicate that 11.9 billion pounds of styrene were
produced in the US in 1999 [Chemical and Engineering
News, 2000]. The primary use of styrene is in the production of polymers and copolymers, including polystyrene,
styrene–butadiene-rubber, styrene–butadiene-latex, and a
variety of different resins. Styrene monomer is combined
with polyester resins and serves as a cross-linking agent in
the manufacture of numerous fiber-reinforced products.
Except for those products requiring special performance
characteristics, for example, impact resistance, fiberglass is
the reinforcement of choice. Although many production
processes are enclosed and worker exposure to styrene is
low, workers involved in open production processes such
as the manufacture of bathtub and shower enclosures,
boats, tanks, and panels experience substantially higher
exposures [LeMasters et al., 1985].
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Although animal data and human laboratory data
[Berode et al., 1985; Pezzagno et al., 1985; Wieczorek,
1985; Petreas et al., 1995; Nylander-French et al., 1999]
suggest that styrene may be readily absorbed through the
skin, in the workplace exposure to styrene is primarily
via inhalation. Brooks et al. [1980] suggest that the polyester resin/styrene complex is sufficiently different from
pure styrene test exposures ‘‘that percutaneous absorption of styrene is not an important route of exposure in
the reinforcedplastics industry’’ [Brooks et al., 1980].
Reinforced plastics are produced by a variety of manufacturing methods using open, semi-open, and closed production processes. Because they produce vapor exposures
in the range of interest for the study of olfactory effects,
the open production processes are of particular importance to this study. Exposures related to two open production methods (manual spray-up and lay-up methods), one
semi-open method (panel production), and one closed
production method (matched die molding) were studied.
The spray-up manufacturing method often entails the
highest exposures [LeMasters et al., 1985]. In this method,
a pigmented gel coat of styrene–polyester resin is initially
sprayed onto an open mold (male or female). The gel coat
represents the finished side of the product. Next, a
styrene–polyester resin, an initiator, and short (5–8 cm)
strands of fiberglass fibers (roving) are sprayed simultaneously onto the mold through the use of a hand-held chopper gun. The components mix in the air; on the mold, the
mixture is hand rolled to consolidate the material (eliminate voids), to ensure conformance with the mold, and to
provide for complete wetting of the fibers [Strong, 1989].
Excess material is trimmed from the product by hand
before it is allowed to cure, usually at room temperature.
Manual lay-up methods may also entail high exposures
to styrene [LeMasters et al., 1985]. In this method, successive layers of a woven reinforcing fabric, frequently fiberglass, are placed on a mold; each layer is manually saturated with resin as the item is fabricated. The manual lay-up
operations included in this study were limited to the fabrication of large fan blades using sheet molding compound
(SMC) ‘‘pre-pregs;’’ wet or in-process impregnation methods were not used in any of the facilities studied. Pre-pregs
are fibrous materials, usually woven fabrics, that have
been saturated or pre-impregnated with resin and allowed
to cure slightly at a location remote from the manufacturing process. They are transported to the fabrication site (in
this case elsewhere in the manufacturing facility) where
they are manually cut and applied to a mold in sequential
layers to build up the item being fabricated. After fabrication is complete, the piece is allowed to cure in an autoclave at elevated pressure and elevated temperature.
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The semi-open production process studied involved
the production of fiberglass-reinforced styrene polyester
panels. In this continuous highly automated process,
styrene resin is spread to the appropriate thickness onto a
sheet of cellophane unwound from a large roll. Chopped
fiberglass fibers are allowed to fall onto the resin before
the mixture is passed between sets of rollers, which compress the mixture and apply a top (finish) cellophane
laminate to the sheet. The product is then passed through
an oven where it is cured. The resulting continuous
sheets, up to thousands of feet in length, are either
wound into rolls or cut to convenient lengths.
The closed production process studied involved
matched die molding of bulk molding compound (BMC).
In this process, chopped fibers, resin, initiators, and fillers
are combined to form a dough-like mixture called a premix. A weighed amount of pre-mix is manually placed in
the lower half of a matched die mold. The upper portion
of the mold is then pressed against the BMC, forcing it to
spread in conformance with the cavity between the dies.
The pressure, temperature, and time the dies are together
are specified for the subsequent curing process.
There is a modest literature summarizing worker
styrene exposures in the reinforced-plastics industry
[Schumacher et al., 1981; Ikeda et al., 1982; Crandall and
Hartle, 1985; LeMasters et al., 1985; Andersson et al.,
1994]. Little additional information has appeared in the
published literature in the last decade. In one of the most
extensive reports, summarizing approximately 1,500
exposure measurements collected between 1974 and 1981
at 36 facilities, styrene exposures were grouped by industry product category [Lemasters et al., 1985]. As expected,
fabrication processes involving open methods (primarily
hand lay-up and chopper gun application) were found to
have the highest exposures. Other methods were found
to be associated with substantially lower exposures.
Mean styrene exposure (time not specified but assumed
from context to be 8-hr time weighted average [TWA]) in
boat fabrication was estimated to be 82 ppm, that in truck
part fabrication was 61 ppm, that in tub and shower fabrication was 47 ppm, that in yacht fabrication was 47
ppm, and that in tank and pipe fabrication was 24 ppm.
All other process/product exposures, with the exception
of die molded truck and automobile parts were associated with mean exposures less than 20 ppm. Chopper gun
operators were consistently among the most highly
exposed across all studies.
Interestingly, historical exposures (20 years ago)
reported in the literature did not seem to vary substantially from those concentrations measured as a part of
this study. An additional historical perspective, primarily

from the boat fabrication industry, indicated that only a
little more than a third of the exposed employees wore
approved respiratory protective equipment (RPE)
[Schumacher et al., 1981].
US and international exposure limits for styrene have
undergone a steady decline over the last 30 years. In the
US, the threshold limit value (TLV®) for styrene, a guideline published by the American Conference of
Governmental Industrial Hygienists (ACGIH), has
declined from 100 ppm as an 8-hr TWA prior to 1975, to 50
ppm in 1975, and finally to 20 ppm in 1997 [American
Conference of Governmental Industrial Hygienists, 1997].
The permissible exposure limit (PEL), a regulatory limit
promulgated by the US Occupational Safety and Health
Administration (OSHA), officially remains at 100 ppm
[Occupational Safety and Health Administration, 2000],
although memoranda of understanding have been signed
with the major users of styrene, voluntarily reducing the
PEL to 50 ppm [Occupational Safety and Health
Administration, 1996]. The most recent TLV reduction
was adopted based on evidence related to the prevention
of peripheral and central nervous system effects and to
further minimize the potential for irritation [American
Conference of Governmental Industrial Hygienists, 1997].
In addition to exposure limits based on air concentrations of styrene, ACGIH has developed recommended
maximum concentrations of urinary metabolites of
styrene, termed biological exposure indices (BEI)
[American Conference of Governmental Industrial
Hygienists, 1996]. The recommended post-shift BEI for
mandelic acid (MA) concentration is 800 mg/g creatinine
and that for phenylglyoxylic acid (PGA) is 240 mg/g creatinine. (Note that these BEI’s were adopted in 1986 and
have not been revised to reflect reduction of the TLV in
1997.) MA represents approximately 85% and PGA
approximately 10% of the styrene excreted [American
Conference of Governmental Industrial Hygienists,
1996]. Although both metabolites appear in the urine
shortly after the start of exposure, an examination of the
kinetics of metabolism suggests that the MA value
reflects a rapid metabolic pathway (t 1 ≈4–8 hr) and the
⁄2
PGA value reflects a somewhat slower pathway
(t 1 ≈8–16 hr) [American Conference of Governmental
⁄2
Industrial Hygienists, 1996]. For this reason, the German
practice is to sum these components with a combined
(MA+PGA) recommended value of 600 mg/g creatinine,
termed the Biologischer Arbietsstoff-Toleranz Wert (BAT)
[Deutsche Forschungsgemeinschaft Commission for the
Investigation of Health Hazards of Chemical
Compounds in the Work Area, 2000].
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SELECTION OF FACILITIES FOR STUDy
The facilities studied were selected based on a stringent set
of criteria. These criteria are fully enumerated in the companion paper [Dalton et al., 2003]. Of critical importance
to the exposure assessment process, facilities were selected based on the stability of the manufacturing process
and process control technology over the preceding 10
years, worker exposures of 30–50 ppm over this same
period, the availability of personnel records from which
individual worker job histories could be extracted, information on historic respirator use, and the existence of at
least a modest amount (three surveys) of suitably documented and identifiable historic air monitoring data for styrene.
Based on these criteria, four sites were selected for
study. All were located in the eastern United States and
employed a variety of manufacturing methods, although
all sites used similar low styrene content (<40%) polyester resin systems. Sites 1 and 2 produced fiberglassreinforced bathtubs and shower enclosures through standard manual spray-up techniques using a chopper gun.
The resin system and chopped fiberglass roving were
sprayed onto male molds and cured at room temperatures. Production was a completely manual, labor-intensive process involving gel coating, barrier coating, and
two laminating steps with associated rolling and trimming. Despite high volume styrene use at these two sites,
exposures were fairly well controlled through the use of
extensive ventilation systems.
Site 3 produced sheet products through a ‘‘printing
press method.’’ The styrene-containing resin was doctored onto a web, sprinkled with chopped fiberglass rov-

ing and compressed by passing through a series of
rollers. A continuous sheet of fiberglass-reinforced plastic
either 54 or 108 inches wide was produced and cured at
elevated temperature in an enclosed ventilated oven.
There were three production lines. This process was highly automated with only a few workers in the immediate
vicinity of the uncured resin. The ‘‘press’’ and curing
ovens were nearly fully enclosed and ventilated.
Site 4 had the fewest workers of the four facilities studied and was the only site with a single shift production
schedule. All products were manufactured at this site
either through hand lay-up of SMC or compression die
molding of BMC. All die-molding operations were manually fed. The BMC and SMC used in these operations were
produced on site. The SMC product was cured at an elevated temperature and elevated pressure, while the BMC
products were cured at room temperature. Ventilation
control of exposures was very limited at this site. At the
time of the exposure survey and olfactory testing, the
workforce had been reduced by more than 50% from historic levels due to a drastically reduced work load.
At the time of the exposure survey, systematic use of
respirators for specified jobs was limited to Sites 1 and 2
only. In these cases, NIOSH-approved dual organic (charcoal) cartridge half-face masks were used. Prior to about
1986, respirator use was optional at all four sites and
determined by individual worker preference. Based on
observations during sampling, except for Site 1, very few
individuals opted for the use of respirators.
The employment histories of the exposed subjects
selected for the olfactory function study are summarized
in Table 1.

TABLE 1
Work Experience of Styrene Exposed Subjects by Site
Employment variable

Site1

Site 2

Site 3

Site 4

Manufacturing method

Spray/
chopper gun

Spray/
chopper gun

Sheet ‘‘press’’

Hand lay-up
and die molding

Product

Bath tubs and
shower enclosures

Bath tubs and
shower enclosures

Sheet products

Fan blades
and die molded items

Number of exposed subjects

11

13

19

9

Mean employment (years)

10.1

10.1

9.5

23.4

Minimum employment (years)

3

5

4

15

Maximum employment (years)

16

14

31

41
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ASSESSmENT OF hISTORIC ExpOSURES
Methods
All sites selected for inclusion in the study had records of
a series of personal measurements of worker styrene
exposures covering a period of time roughly contemporary with the employment of the study subjects. All estimates of historic exposure were derived from these data
and from the exposure measurements collected as part of
this study immediately preceding the olfactory function
evaluations. All reconstructions of worker exposures
were site-specific, i.e., only data from that facility were
utilized and there was no assumed relationship in exposures between the sites.
Control subjects were selected from manufacturing
locations which did not use styrene or other known or
suspected olfactory toxicants and were located nearby for
three of the four study sites. Historic exposure reconstruction for the control subjects was limited to questionnaire responses concerning past employment and past
styrene exposure; anyone indicating a history of styrene
or other olfactory toxicant exposure was excluded from
the study. Those not indicating such a history were
assumed to have no historic styrene exposure. At Site 2,
control subjects were selected from persons employed by
the same company, but working at a location remote from
operations involving styrene. Air monitoring was conducted and urine samples collected at Site 2 to confirm
the non-exposure status of the control population (see
below).
For exposed subjects, styrene exposure reconstruction
was accomplished through the integration of personnel
records indicating job history at the facility and historic
exposure measurements from the same facility. A protocol for the utilization of the existing data was developed
and followed to provide a uniform approach to estimating historic exposures. Historic exposure estimates were
based on historic measurements for the specified job title
and year. The arithmetic means of the air concentration
measurements fitting the specified facility-job title-year
criteria were calculated and the arithmetic mean 8-hr
TWA calculated. (Both 8-hr TWA samples and 4-hr TWA
samples, treated as an 8-hr TWA, were used to calculate
historic exposures; the small number of 15 min peak samples collected at two facilities were not used for this purpose.) Exposure estimates for facility-job title-year combinations without directly corresponding exposure data
were calculated according to the protocol using other
specified similar job titles and/or exposure data from
other specified years, as appropriate. Similar job titles
were defined based on similarity of exposure levels and

were derived from exposure measurements, from interviews with facility personnel, and from researcher observations.
An exposure matrix based on job title and year was
developed directly from the styrene monitoring data and
from exposure estimates derived from the monitoring
data. A separate exposure matrix was developed for each
facility.
Historic styrene exposures of the study subjects were
estimated by combining information from the exposure
matrices and individual work histories derived from
employment records. Based on a study subject’s job titles
and years of employment, annual average exposure estimates were selected from the appropriate cells of the
facility exposure matrix. If a worker changed job titles
within a year, a weighted annual average exposure was
calculated based on the exposure estimates for those jobs
held during the year and the portion of the year that they
were held. In addition to estimates of annual mean
styrene exposure, lifetime cumulative styrene exposures
(ppm-years) were calculated for each exposed subject by
summing the annual average exposure estimates over all
years exposed to styrene.
Although an attempt was made to avoid selecting subjects with a history of respirator use, 13 subjects who had
used respirators at some point in their employment history were included in the study population. Some of these
individuals had ceased using respiratory protection prior
to this study; several subjects were currently using respiratory protection. Since the overall purpose of the exposure assessment effort was to provide information for the
evaluation of olfactory function tests on the workers, it
was necessary to determine the actual concentrations of
styrene inhaled by the workers. It was, therefore, necessary to account for the (presumed) reduction in inhalation exposure while respiratory protection was in use.
Exposures for job titles that were known to be associated
with respirator use were calculated by dividing the measured concentration of styrene in air by an arbitrary factor of five to derive an ‘‘effective exposure’’ estimate.
Although the respirator customarily used by this population has an assigned protection factor of ten, a protection
factor of five was selected for the purposes of this study
to account for poorer fit due to assumed more lax historic
fit-testing procedures and to account for work periods
when the respirator was not worn.
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TABLE 2
Summary of Historic Exposure Measurements by Site
Measurement Parameter

Site1

Site 2

Site 3

Site 4

Manufacturing method

Spray/
chopper gun

Spray/
chopper gun

Sheet ‘‘press’’

Hand lay-up
and die molding

Date of earliest measurement

5/25/1988

7/30/1987

7/19/1988

6/14/1994

Number of days with
measurement

579

472

41

4

Total number of measurements

753a

644a

68

22

Includes 8-hr, 4-hr, and 15-min samples.

a

RESULTS
Key descriptors of the exposure data used to reconstruct
historic exposures are presented in Table 2. Exposuremonitoring programs have been in place at Sites 1 and 2
since the mid- to late-1980s. As a part of these programs,
the exposures of individuals employed in higher exposure jobs are measured on an ongoing basis. The data
from these sites consist primarily of 4- and 8-hr air samples, which are statistically indistinguishable by job title,

and a limited number of 15 min samples (not used for calculations, but indicating higher peak concentrations).
Data from Site 3 were also derived from a formal exposure-monitoring program similar to that in place in Sites
1 and 2, but of smaller scale. Exposure data known to
have been collected between 1990 and 1996 at Site 3 could
not be located. Exposures at Site 4 were estimated from
the results of four plant-wide sampling surveys (three
conducted by the facility’s insurance carrier and one conducted by OSHA).
As described, these exposure data were consolidated

FIGURE 1
FIGURE 2
Frequency distribution of historic annual average
effective styrene exposures of US study population
(n=604*); *excludes values for three subjects with
unclear dates in job history.
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Frequency distribution of cumulative effective styrene
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TABLE 3
Summary of Respirator-Corrected Historic Exposure Estimates Used for Styrene Exposed Subjects by Study Site,
8-hr TWA*
Exposure parameter

Site1

Site 2

Site 3

Site 4

Manufacturing method

Spray/
chopper gun

Spray/
chopper gun

Sheet
‘‘press’’

Hand lay-up
and die molding

Number of exposed subjects

11

13

16a

9

Person-years of observation

111

130

153

210

Number of job titles (total)

9

12

6

5

Mean annual exposure, all jobs (ppm)

17

13

16

7

Median annual exposure, all jobs (ppm)

16

12

16

7

Maximum annual exposure, all jobs (ppm)

55

41

77

18

Minimum annual exposure, all jobs (ppm)

<1

<1

<1

<1

Mean cumulative exposure, all jobs (ppm-years)

170

132

157

170

Median cumulative exposure, all jobs (ppm-years)

145

122

131

176

Maximum cumulative exposure, all jobs (ppm-years)

313

289

310

328

Minimum cumulative exposure, all jobs (ppm-years)

20

30

52

52

*TWA, time weighted average.
Three exposed subjects (30 person-years) excluded from these analyses due to indeterminant job change dates.

a

in exposure matrices developed for each facility and
specifying annual mean 8-hr TWA exposure by job title
and year. A summary of the exposure metrics used to
interpret the olfactory function findings [Dalton et al.,
2003] is presented by site as Table 3. In addition, the distribution of annual average historic exposures and the
distribution of cumulative historic exposures are presented as Figures 1 and 2, respectively.
ASSESSmENT OF CURRENT ExpOSURES
Methods
Air
Personal air samples were collected for each exposed subject during the two shifts (one shift at Site 3) immediately
prior to olfactory assessment. Personal and/or area samples were collected for control subjects at Site 2 where
subject proximity to manufacturing processes involving
styrene, i.e., with a potential for inadvertent exposure,
indicated a need to confirm their non-exposure status.
Because olfactory testing was conducted at or near the
facilities studied, area samples were also collected in each

of the rooms used for olfactory assessment during testing. Duplicate air samples and field blanks were collected
throughout the course of the exposure evaluation for
quality control purposes.
Air samples were collected and analyzed in conformance with the National Institute for Occupational
Safety and Health (NIOSH) Method 1501 [National
Institute for Occupational Safety and Health, 1994] using
coconut shell charcoal sorbent tubes and personal sampling pumps calibrated to a flow rate of 50–75 ml/min,
depending on the anticipated concentration of styrene
and shift length. After collection, sample tubes were
capped and stored in a cool environment prior to shipping.
The samples were shipped and analyzed as a single batch
using gas chromatography with a flame ionization detector. All chemical analyses were conducted by Clayton
Environmental Consultants (Novi, MI). This commercial
laboratory is fully accredited under the American
Industrial Hygiene Association’s Industrial Hygiene
Laboratory Accreditation Program (IHLAP) for the gas
chromatographic method used for analysis of these
styrene samples.
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Biological
Pre- and post-shift urine samples were collected in conjunction with air sampling on the day before the olfactory
assessment. Paired urine samples were collected from all
exposed study subjects. Urine samples were not collected
from unexposed controls with the exception of four control subjects at Site 2 whose proximity to the manufacturing process suggested the need to confirm their nonexposed status. All samples were collected in 40-ml vials
and immediately frozen on dry ice. The samples were
shipped at the end of each week to the laboratory where
they were kept frozen at –10˚C until analyzed. MA and
PGA were analyzed by a method employing anion
exchange chromatography with suppressed conductivity
detection derived from Murer et al. [1994]; creatinine was
analyzed by a standard test kit based on a colorimetric
spectroscopic method (IL Test Creatinine;
Instrumentation Laboratory Company, Lexington, MA).
All MA and PGA concentrations are reported as creatinine-corrected concentrations. Approximately 20% of the
urine samples were split for subsequent blinded duplicate analysis. All samples were analyzed as a single batch
by National Medical Laboratories (Willow Grove, PA).
All exposed workers and control subjects provided
informed consent for their participation using a form that

FIGURE 3
Distribution of current measured 8-hr time weighted
average (TWA) effective styrene concentrations for US
study population (n=99).
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was approved by the Committee on Human Research of the
Johns Hopkins University School of Hygiene and Public
Health (now the JHU Bloomberg School of Public Health)
and by the Committee for Studies Involving Human Beings
of the University of Pennsylvania. Volunteers were advised

TABLE 4
Summary of Actual and RPE-Corrected Estimates of Styrene Exposure, 8-hr TWA
Parameter

Site1

Site 2

Site 3

Site 4

Manufacturing method

Spray/chopper

Spray/chopper gun

Sheet ‘‘press’’

Hand lay-up
and gun die molding

Samples (n)

22

31

24

22

Samples with RPE (n)a

10

2

3

0

Job titles (n)

9

12

Mean time (hr:min)

7:25

8:08

6

5

10:18

7:13

Concentration

Actual

Effectb

Actual

Effectb

Actual

Effectb

Actual

Effectb

Mean (ppm)

55.0

24.1

18.2

13.9

16.8

14.8

9.2

9.2

Median (ppm)

35.2

24.8

7.4

7.4

13.5

12.0

6.4

6.4

Minimum (ppm)

11.6

4.9

0.1

0.1

3.4

2.7

3.9

3.9

Maximum (ppm)

140.3

45.1

92.7

45.1

50.9

50.9

28.1

28.12

Samples collected on persons wearing respiratory protective equipment (RPE).

a

Effective exposure calculated by dividing air concentration by five for persons wearing RPE.

b
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that they were free to withdraw at any time. Workers continued to receive full wages during the period of data collection. The control subjects who participated on their
own time were compensated for their participation.
RESULTS
Air
The results of air sampling are summarized in Table 4 and
the distribution of air sampling results is presented as
Figure 3. Note that in addition to all exposed subjects, the
exposures of several additional persons are included at
each site. These samples were collected from persons who
were subsequently disqualified or otherwise excluded
from olfactory portion of the study, but still represent
valid measures to characterize the population’s exposure.
Concentrations of styrene in air are presented as 8-hr time
weighted averages. Samples were collected over the entire
working period. At Sites 1, 2, and 4, the working period
corresponded closely to 8 hr and the resulting TWA’s are
nearly identical to actual measured concentrations. At Site
3, the sampling and work period averaged approximately
10 hr; the resulting 8-hr TWA is, therefore, proportionally
larger than the actual measured styrene concentrations.
Table 4 illustrates the effect of adjusting individual
inhalation exposures to account for use of RPE. As
explained earlier, this adjustment was required for interpretation of the olfactory testing results. For the most
part, this adjustment affected only persons with the highest exposures (more likely to wear RPE), but this was not
always so. At Site 1, styrene air concentrations were highest, but RPE use was also greater than at other sites.
Adjustment of air concentrations lowered ‘‘effective’’
exposure most dramatically at Site 1, with smaller adjustments at Sites 2 and 3. Adjustment made mean and median exposures more comparable across the sites.
Between-day variability of styrene concentrations was
moderate. Although the data are not presented, the mean
absolute value of the differences in paired (same worker,
same job) styrene air concentrations between day 1 and
day 2 was 35.8%. On the other hand, the difference
between the overall mean styrene concentrations for day
1 and day 2 was only 1%. These differences indicate a
very stable population mean exposure, while the variability in styrene exposure for an individual worker is moderate. Although not statistically significant, there was a
slight tendency for day 2 concentrations to be higher than
day 1 concentrations.
Consistent with reports in the published literature,
exposure of sprayers (Sites 1 and 2) was highest across all
job titles and sites, averaging approximately 100 ppm (job

title-specific exposure estimates not presented). Persons
with this job title, however, were most likely to wear RPE,
substantially reducing actual inhalation of styrene. At
Sites 1 and 2 there was a wide range of air concentrations
of styrene across jobs; adjustment of exposures to account
for RPE use made the range of exposures at these sites
more homogeneous. Exposures at Site 3 were relatively
homogeneous, averaging about 20 ppm, largely because
the production process at this site was highly automated,
eliminating the intense contact with styrene present in the
more manual processes. At Site 4, exposures were uniformly lower than at other sites, probably because of
greatly reduced production, but still ranged up to 28 ppm.
Nineteen duplicate air samples collected at the four
sites had a mean difference of 2.1% and a mean absolute
difference of 5.0%. This variability is well within the published expected variability of the sampling and analytical
method. A paired t-test showed means of the duplicates
not to be statistically different.
Urinary Biomarkers of Exposure
Pre- and post-shift urine samples were collected from all
of the exposed subjects on the day prior to olfactory testing; the results of urinalysis of the exposed workers are
summarized in Table 5. Urine samples were also collected
from the unexposed control subjects at Site 2. Con centrations of styrene metabolites in all urine samples
from these control subjects were below the analytical limits
of detection (generally approximately 10–20 mg/g creatinine for both MA and PGA, depending on the creatinine
concentration), confirming their non-exposure status.
Twenty-nine urine samples were split immediately
after collection and submitted for blinded analysis of
MA, PGA, and creatinine. Overall results showed excellent reproducibility. Examination of the creatinine concentrations, however, showed clear outlier values for two
of the duplicate samples (423 vs. 3,238 and 1,000 vs. 1,803
mg/ml). These values, in turn, affected the calculation of
creatinine-corrected MA and PGA concentrations.
Excluding these two outlier values, the mean absolute
value of the differences between duplicate creatinine
analyses was 3.0%. The mean difference for MA analyses
was 4.1% and for PGA was 5.7%. Correlation coefficients
for duplicate MA, PGA, and creatinine analyses were
r2=0.99, 0.99, and 0.98, respectively. For both samples
excluded from these analyses, the apparent outlier values
were for the duplicate analyses. The primary samples
used for statistical analyses elsewhere were consistent
with the other primary samples for the study subjects.
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TABLE 5
Summary of Pre- and Post-Shift Creatinine-Corrected Urinary Metabolite Concentrations (mg/g creatinine) in Styrene
Exposed Workers
Site1
Analyte and concentration

Site 2

Site 3

Site 4

Pre

Post

Pre

Post

Pre

Post

Pre

Samples (n)

11

11

13

13

19

19

9

Post
9

MA (mean)

210

1,740

90

320

80

260

30

190

MA (median)

190

670

40

100

60

210

30

150

MA (min)

20

200

<10

<10

<10

<10

<10

50

MA (max)

510

6,980

390

1,020

170

1,040

90

350

PGA (mean)

130

490

60

90

60

80

30

90

90

160

50

60

40

60

30

70

PGA (median)
PGA (min)

40

80

<10

<10

<10

<10

<10

20

PGA (max)

470

2,250

270

290

210

370

120

210

Manufacturing method

Spray/chopper gun

Spray/chopper gun

Sheet ‘‘press’’

Hand lay-up and
die molding

MA, mandelic acid; PGA, phenylglyoxylic acid.

DISCUSSION
Historic Exposures
Historic worker exposures reconstructed from plant
records are fairly consistent with the results of previously
published studies, both in the magnitude of exposure and
in the patterns of exposure between jobs. This strengthens confidence in the methods used to estimate historic
exposures and, importantly for the general applicability
of the olfactory study, indicates that the sites chosen for
study are fairly representative of the reinforced-plastics
industry as a whole.
Both mean historic annual exposures and cumulative
historic exposures conformed generally to the expected
log-normal distribution. The mean annual respirator-corrected historic exposure of the 52 study subjects encompassing 634 person-years of exposure, was 12.6 ± 10.4
ppm, expressed as an 8-hr TWA. Mean exposures were
very consistent between Sites 1, 2, and 3, while the mean
historic exposure at Site 4 was approximately half that of
the other sites. Maximum exposures at Sites 1, 2, and 3
were also similar, with Site 4 having a maximum exposure
concentration substantially less than half of that for the
other sites. Mean cumulative exposures over the study
subjects’ working histories was 156 ± 80 ppm-years. As
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opposed to the annual mean exposures, cumulative exposures were highly consistent across all sites. This resulted
largely from the coincidence of longer exposure duration
at the site with the lowest exposure and vice versa. When
compared to olfactory testing results, however, this difference better allowed for the examination of a possible doserate effect.
Current Exposures
The results of air sampling undertaken immediately prior
to testing of subjects’ olfactory function indicate styrene
exposures generally consistent with those estimated from
historic records. Taken as a whole, the exposure measures
and estimates indicate fairly consistent exposure over
time, at least for the last 15 years. Because an estimate of
actual inhalation exposure was required for the purposes
of the olfactory testing, for the several subjects who wore
respirators during air sampling, exposures presented in
this paper are reduced to account for the reduction in
exposure attributable to the respirator. The mean exposure reported in this paper, 15.1 ppm, therefore, understates actual air concentrations of styrene. Actual styrene
concentrations measured (n=99) exceeded the current 20
ppm TLV in 39% of the samples, exceeded the current 50
ppm OSHA consent level in 11% of the samples, and
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log (MA+PGA concs.); mg/g creatinine

omitted from this analysis. These correlations
FIGURE 4
confirm for this population the previously
Relationship between airborne styrene and post-shift urinary metabolite concentrations
reported
conclusion
by worker respirator use status for US study population.
[Ramsay et al., 1980;
4
Pezzagno et al., 1985;
Guillemin and Berode,
1988] that MA and PGA
are good predictors of
recent exposure as measured by air concentra3
tion of styrene. There is,
unfortunately, no biomarker of long-term
(months or years) styrene
exposure.
2
Figure 4 presents the
relationship
between
Workers without respirators (n’=48)
Workers with respirators (n’=4)
(log) air styrene concenLinear (Workers without respirators (n’=48))
tration and (log) sum of
urinary MA and PGA
1
concentrations. As above,
0
0.5
1.0
1.5
2.0
2.5
the four persons wearing
log (8-hour TWA styrene concentration): ppm
RPE are excluded from
the calculation of the
regression coefficient.
The correlation coefficient (r2=0.75) for this analysis is
exceeded the current 100 ppm PEL in 4% of the samples.
comparable to that for MA and substantially better than
As expected, urinary metabolite concentrations showed
that for PGA individually. This difference may be a funca consistent increase between pre-shift and post-shift
tion of the different kinetics of metabolism for MA and
samples. In all cases, mean MA and PGA concentrations
PGA and the timing of sample collection. In addition,
were substantially higher than the corresponding median
Figure 4 presents the data points representing the four
value, indicating a skewed distribution with high values
persons wearing RPE. As expected, the points for two of
characteristic of the expected log-normal distribution.
these individuals fall below the regression line, indicating
Measures of urinary metabolite concentration indicate
the protective effect (i.e., metabolite concentration less
roughly comparable styrene exposures at Sites 2, 3, and 4.
than expected for a given air concentration of styrene) of
Based on urinary metabolite measures, exposures at Site
wearing RPE. Interestingly, the MA+PGA concentration
1 appear to be substantially higher than at the other sites.
falls on the regression line for the other two individuals,
At Site 1, the mean and median metabolite values are
indicating little, if any, protective effect from wearing
strongly influenced by a substantial number of very high
RPE.
values. Mean post-shift MA and PGA concentrations at
The use of respirators was not a major factor in expoSite 1 exceed the recommended BEI’s; the corresponding
sure measurement or estimation except for Site 1. Because
values at Sites 2, 3, and 4 are well below the BEI’s,
of a variety of factors, nearly half of the workers tested at
although single maximum values at Sites 2 and 3 exceed
Site 1 wore RPE during their work shift. Actual inhalation
the BEI’s. Combined urinary metabolite concentrations
exposures were estimated for use in interpretation of the
(MA+PGA) exceeded the BAT at Site 1 only.
olfactory test results based on the division of styrene air
MA and PGA urinary biomarkers of exposure were
concentrations by an arbitrary factor of five. The apparfound to be highly correlated with measured air concenent disparity between estimated RPE-corrected exposures
trations (r2=0.78 for log MA concentration vs. log styrene
and metabolite concentrations at Site 1 suggests that, on
concentration and r2=0.51 for log PGA concentration vs.
average, the respiratory protection factor may not be as
log styrene concentration). Persons wearing RPE were
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high as assumed. At the very least, it is apparent that
there may be a wide range of respiratory protection factors
(and resultant effective exposures) across individuals,
suggesting possible mis-assignment of effective exposures for at least a few workers.

American Conference of Governmental Industrial
Hygienists. 1997. Documentation of threshold limit values and biological exposure indices: TLV for styrene.
American Conference of Governmental Industrial
Hygienists. Cincinnati, OH.

CONCLUSIONS

Amoore JE, Hautala E. 1983. Odor as an aid to chemical
safety: Odor thresholds compared with threshold limit
values and volatilities for 214 industrial chemicals in air
and water dilution. J Appl Toxicol 3(6): 272–290.

The historic and current estimates of styrene exposure
were consistent with each other and consistent with other
published reports. Historic exposures were generally
consistent across the four study sites, while there were
indications from both air sampling and urinary metabolite measures that current exposures at Site 1 are somewhat higher than at the other three sites. While the respirator-adjusted population mean exposure was
approximately 13 ppm, the overall range of exposures
studied (1–28 ppm) was consistent with the primary
objectives of population selection for the olfactory study
and provided a range of current and historic exposures
against which the olfactory function testing results could
be evaluated.
A thorough understanding of subject exposure is crucial to the interpretation and understanding of observed
health outcomes in general, and specifically with reference
to this study, to the interpretation of olfactory function.
The addition of quantitative measures of exposure allows
the quantitative determination of an exposure–response
relationship between exposure and disease. This is an
important addition in that, unlike other measures of
exposure common to epidemiologic studies, it is directly
useful for risk analysis and regulatory purposes.
Quantitative assessment of subject exposure is essential
to this understanding and should be a standard part of
such studies.Without quantitative measures of exposure,
findings and conclusions are of limited usefulness. The
use of exposure information in this manner is critical for
the development of defensible assessments of the risk of
exposure to occupational and environmental agents and,
in turn, to the standards setting process.
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PART 2

Neuropsychological Effects
of Styrene Exposure:
review of Literature Published 1990 – 2003
rEPorT To THE STyrENE INForMATIoN ANd rESEArcH cENTEr
Leyla Bagirzadeh, Jeremy Beach, Nicola Cherry,
Department of Public Health Sciences, University of Alberta.

PA r T I

Critical Review of Studies
since 1990
IntRoduCtIon
Following a literature search conducted by
Leyla Bagirzadeh, 20 papers relevant to the
effects of styrene on the human nervous
system and published since 1990 were
located. These excluded effects on the visual and auditory systems as these were to be
covered in other reviews, but included
studies of mortality from diseases of the
nervous system (3) and of neurochemical
functioning (3). The remaining 14 papers
had as outcomes neurophysiological measures, including EEG, somatosensory
evoked potentials and nerve conduction
studies (4), neurobehavioural testing (8) or
symptoms only (2). Two studies reported
results in more than 1 paper and these are
considered together in the reviews
attached.
The format of each review reflects some
common difficulties in interpreting these
studies. Having described the aim, design,
subjects and outcome measures in each
study, the question of exposure then merits
a separate paragraph. This is for at least 3
reasons. First, given that the main interest
of the review is the effects of styrene at the
lower levels found since 1990, it is important to recognise that many of the studies
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Studies published since
1990 are, in general, of
high quality and avoid
many of the pitfalls of
the earlier studies of
neurobehavioral effects.
the conclusions drawn
by the authors are
usually appropriately
modest and point to the
relatively slight effects
that can be attributed to
styrene in the
populations studied.
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include workers exposed in previous
decades when exposures will have been
much higher. Second, for all studies except
perhaps for mortality and neurophysiological changes, it is important to distinguish
between effects resulting from acute exposure (which may not reverse completely
during a weekend break) and those that
may be attributed to repeated exposure
over many years (and which may not be
reversible). Third, studies differ in their
ascertainment of exposure. While urinary
metabolites will reflect individual work
habits and exposures and as such are ideal
for investigation of dose-response relationships, if there are important differences in
metabolism then results from such analysis
may be difficult to extrapolate to exposure
standards expressed in respirable concentrations. The role of PPE, important in
exposure assessment, is only mentioned
(and then in passing) in a handful of these
papers. Although efforts are made in Part 1
of this report to interpret the data in terms
of a ‘no effect’ level, only one paper explicitly analyses data in this way.
The paragraph on exposure is immediately followed by ones outlining the statistical methods used and the broad results
obtained. This is followed by a paragraph
on confounding and on the extent to which
attempts have been made — and with what
success — to allow for this. Many of the
early studies, and some included here,
gave inadequate thought to issues of study
design that would increase the internal
validity of the report. The final two para-

neuRopSyChologICal effeCtS of StyRene expoSuRe:
RevIew of lIteRatuRe publIShed 1990 – 2003

graphs of each review report briefly the authors’ main
conclusions and those of the reviewers.
Although there are issues of validity and interpretation that are common to most of the studies reviewed,
their relative importance differs with the design and outcome used. The overview that follows considers in turn
the 4 main outcomes outlined above. Within each section
studies are considered in order of publication date, the
earliest study being discussed first.
1.0 MoRtalIty
1.1 Three studies have been reported, from denmark
(Kolstad et al. 1995), from the European styrene cohort
(Welp et al. 1996) and from the US cohort (Wong and
Trent, 1999). This review considers only deaths from diseases of the nervous system, although each of the 3
papers considered other outcomes also.
The pattern of results from the papers is inconclusive.
The danish study, published first, drew appropriate
attention to an apparent increased risk of neurodegenerative diseases, based on a small number of deaths.
Subsequent analysis of the European cohort produced
results that were consistent with the danish study but it
is not clear that the 2 were independent. The danish
study was based on workers from 386 reinforced plastic
companies. The European cohort included 287 danish
plants. In discussion of this latter paper, Wong and Trent
report that the excess of deaths from nervous system disease was seen particularly in the danish workers and was
not evident in those from the UK, the next largest group
in this European cohort. The analysis of the US cohort
showed no evidence of any excess although little detail
was given of the internal analysis which had proved particularly useful in the danish and European cohorts. In
each of the 3 reports, no excess of nervous system disease
was seen in comparison to external referent groups.
A number of comments can be made about the adequacy of these 3 studies to identify any underlying risk of
degenerative nervous system disease associated with
styrene exposure. First, all 3 cohorts are young, with few
deaths reported. It remains plausible that exposure to
styrene, as with other solvents, may contribute to disorders of the central nervous system that become apparent
much later in life. Second, mortality is a very crude indication of nervous system degeneration. Third, should
further follow-up be carried out on 1 or more of these
cohorts, and an excess of degenerative disease of the nervous system found, the absence of information on
lifestyle confounders, particularly alcohol, may complicate interpretation.

1.2 Implications for Assessment of “No Effect”
All 3 cohorts included subjects who were employed during periods (certainly before 1970 and perhaps later)
where exposures may well have exceeded current limit
values. Given that no consistent effect has been observed,
extrapolation is difficult.
2.0 neuRophySIologICal MeaSuReS
2.1 Five papers were reviewed under this heading. 1)
Matikainen et al. (1993) examined EEG, 2) Murata et al
(1991) and Stetkarova et al. (1993) used somatosensory
evoked potentials, 3) Pierce et al. (1998) measured the
P300 auditory event related evoked potential and 4)
Murata et al. (1991) and yuasa et al. (1993) measured
peripheral nerve conduction parameters. Murata et al.
(1991) also interpreted variation in r-r interval from electrocardiograph traces as a measure of autonomic nervous
system function.
This group of studies is somewhat difficult to review.
The approach is valuable, in that it provides measures of
nervous system function that are independent of the level
of collaboration of the subject. The body of evidence on
neurotoxicity also suggest that, with the possible exception of EEG recordings, any effects seen are not likely to
represent simply acute effects that may be reversible
within hours. The five groups reporting, two from Japan,
and one each from Finland, czechoslovakia and the
United States, come from institutes with a good experience in work of this sort.
The results, however, give a mixed picture of the toxicity of styrene. The evaluation of EEG in a group of 100
workers, chosen in ways not specified, found no excess of
abnormal EEG on visual assessment but, using an automated analysis, found that the group with the highest
cumulative exposure had an excess of recordings judged
abnormal and an increase in total EEG power in the a and
b bands, particularly in the frontal and temporal regions
of the brain.
Two studies measured somato-sensory evoked potentials. The results reported by Murata et al. (1991) showed
no significant differences in somato-sensory evoked
potentials between the exposed and comparison groups.
In contrast, the results from Stetkarova et al. (1993)
appeared to show slowing in central conduction time and
prolonged latency of cortical evoked potentials in the
styrene exposed group. Pierce et al. (1998) found no
change in auditory evoked potential in 44 healthy volunteers exposed to styrene in an exposure chamber.
The study by Murata et al. (1991) reported a reduced
r-r coefficient of variation in the exposed, which they
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interpreted as a significant change in the autonomic nervous system in the styrene exposed group.
A number of studies have also measured peripheral
nerve conduction as a possible marker of styrene toxicity.
Murata et al. (1991) reported significant slowing of sensory conduction velocity but not of motor conduction in the
median nerve. In contrast, yuasa et al. (1996) reported a
greater (and significant) slowing of motor rather than sensory conduction in the ulnar nerve, with significant slowing also in the peroneal (motor) nerves but not in the sural
(sensory) nerve. Stetkarova et al. (1993) also reported that
peripheral conduction velocity was slower in styrene
exposed workers compared to a comparison group on
stimulation of both the median and tibial nerves.
on balance, the results of these studies do suggest
some minor electro-physiological differences between the
exposed and comparison groups. While it might be that
measurement of confounders was imperfect or incomplete, this seems unlikely to fully explain the differences
and bias, in selection of subjects or in observation or
reporting, also seems an insufficient explanation. A real
difficulty does arise from the number of measures taken,
which might be expected to lead to some positive results
from chance variation. In addition there may also be a
degree of publication bias in that papers without at least
one positive finding fail to reach the journals. However,
although effects are probably real, they are not entirely
consistent and the clinical significance is questionable.
All subjects appeared to be healthy workers.
2.2 Implication for Assessment of “No Effects”
The results discussed here may be of little clinical significance but, particularly in relation to nerve conduction
studies, are consistent with some earlier observations. All
the studies, however, contain subjects with a history of
high past exposures. Since effects on the peripheral nervous system are assumed to reflect chronic exposures,
with uncertain reversibility in the absence of complete
cessation of exposure, the relation of these studies to current low exposures is unclear.
3.0 behavIouRal teStIng
3.1.1 cross shift design (acute effects)
Two studies involving exposure of subjects under experimental conditions were identified. Pierce et al. (1998)
observed no effect of styrene exposure on a digit recognition test. Ska et al. (2003) similarly reported no effect on a
number of tests including simple reaction time and symbol digit matching.
Three studies considered cross shift (acute) effects.
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Letz and colleagues (1990) found no relation between
exposure during the shift and scores on the continuous
performance test (of complex reaction time) or on a test of
hand-eye performance. Scores on the symbol digit test at
end of shift were related to styrene in air corrected for
respirator use (by a method not specified) and to urinary
mandelic acid. Although the data are not presented, it
appears that those exposed to >50 ppm have the lowest
symbol digit scores. Jegaden and colleagues (1993) conducted a similar study in a French naval shipyard. The
analysis across shift was not reported adequately but
there appears to have been no significant difference
between changes across the shift in the exposed and comparison groups. Significant pre (and post) shift differences were observed which the authors interpret as
chronic effects but could equally reflect either inadequate
adjustment for confounding or incomplete clearance of
styrene and its metabolites from the previous day’s exposure. Edling and colleagues (1993) found no change in
test score over shift between the exposed and comparison
groups but within the exposed group there was a relation
between complex reaction time and various measures of
exposure during the shift including eight hour time
weighted average. No effect was seen on the symbol digit
test, the only test found by Letz and colleagues (1990) to
have an exposure-related cross shift change.
on balance, and in light of previous studies, it seems
likely that small differences are detectable across shift in
test scores of workers exposed to styrene at levels found
10-15 years ago. Such changes are not seen with experimental short exposures to relatively low concentrations.
3.1.2 Implications for Assessment of “No Effect”
Letz explicitly says that most of the effects are found in
those exposed to more than 50 ppm on the day (this data
is not presented). Jegaden and colleagues measured
exposure on the day of testing and the highest level of
concentration was 55 ppm with a mean of 23 ppm; no
notable cross shift effects were found. Edling’s exposures
were very low (8.6 ppm on average and nobody exposed
to more than 15.4 ppm). He was, however, able to measure
excursions greater than 50 ppm and found that greater
number and duration of excursions above 50 ppm were
related to poor scores on the complex reaction time test.
Taken together these three surveys do suggest that at the
exposures below 50 ppm, and without excursions above
this level, cross shift change in test score may not be
detectable using current techniques.
3.2.1 reversibility on reduction or removal of Exposure
only two studies reported the effects of reducing or

The SIrc review November 2006

neuRopSyChologICal effeCtS of StyRene expoSuRe:
RevIew of lIteRatuRe publIShed 1990 – 2003

removing exposure on behavioural test scores. These were
Mergler et al. (1996) and, debatably, Viaene et al. (1998
and 2001). The study reported by Mergler and colleagues
is particularly interesting. In this, three workplaces were
assessed and baseline measurements made of scores of
performance on neurobehavioural tests. Two years later
the exposure and neurobehavioural tests were repeated,
following interventions at one of the three companies to
improve working conditions. The overall exposures were
low and did not change essentially but it appears that
those whose mandelic acid concentrations increased over
time did worse on the second occasions, and importantly,
those whose mandelic acid concentrations were reduced
did better on at least some tests. This study has a number
of weaknesses (see the detailed comments in Part II) but
the design is extremely attractive. In contrast the study
reported by Viaene and colleagues (1988 and 2001) has
such a weak design that it is not possible to draw any
conclusions about the reversibility of effects. The authors
would appear to deduce that the better test scores seen
for people laid off three years earlier would reflect such a
reversal, but no baseline data are available.
3.2.2 Implications for Assessment of “No Effect”
Both these studies involve workers exposed to relatively
low levels of styrene, certainly less, on average, than 50
ppm. For different reasons, discussed in the detailed
comments, neither can provide good data on which to
reach conclusions.
3.3.1 cross Sectional Studies of Neurobehavioural Effects
only one study, that of Tsai and chen (1990) from
Taiwan, was found that presented simply cross sectional
data comparing behavioural tests in an exposed group
and a non-exposed comparison group. This study used
an internal comparison group of workers from within the
same six manufacturing plants in Taiwan and information given on potential confounders suggesting they were
in fact very well matched. This rather thorough study, in
plants where the mean concentration was 22 ppm, found
worse performance on the continuous performance test
(of complex reaction time test) and on vibration perception where the threshold was high in both the hand and
foot for the exposed. The duration of employment was
8.3 years and it is not clear whether high levels of exposure had pertained in the past.
Three studies already mentioned could also be interpreted as contributing to this design. In the study of neurophysiological changes reported by Murata there was a
second paper, by yokoyama and colleagues (1992), which
included information on neurobehavioural testing. In this

study of 12 styrene exposed workers and 11 non-exposed
steel workers, the exposed workers had a mean duration
of exposure of 5 years and current exposure of around 26
ppm with a maximum eight hour TWA of 77 ppm. It is
not known whether there had been higher exposures in
the past. In comparison to the comparison group the
exposed workers did less well on the picture completion
test but there was no difference in scores on the digit
symbol test. It does not appear that the comparison
group was particularly well matched, but statistical
adjustment for confounders was attempted. The Jegaden
study (1993) has been discussed. Here the exposed group
did significantly worse than the comparison group on a
test of simple reaction time, complex reaction time and
digit span. The authors suggest this was likely a result of
chronic exposure. In the preceding year, mean exposures
had been approximately 30 ppm with perhaps 20% of
exposures more than 50 ppm. There are, however, a number of difficulties in interpretation of this study. Finally in
this section, Viaene and colleagues (2001) compared
scores of the currently exposed and the previously
exposed with a comparison group of never exposed. The
scores on the symbol digit substitution and digit span forward test appeared to be worse than those who had been
exposed to styrene.
3.2.2 Implications for Assessment of “No Effect”
Because of the difficulties in interpreting such studies of
chronic effects with an external comparison group, rigorously conducted negative studies are likely to be more
convincing of a “no effect” level than positive studies
where the adequacy of adjustment for confounding or
residual effects are in question. of these four studies. the
Tsai and chen (1996) study is perhaps most convincing
but it is impossible to say whether the observed effects on
the continuous performance test and on vibration perception threshold reflect current exposures of around 22 pm
or past exposures that may have been considerably higher.
4.1 neuRoCheMICal funCtIonIng
Three studies have been published. checkoway et al.
(1992), Bergamaschi et al. (1996) and Bergamaschi et al.
(1997) looked at the interrelationship between styrene
exposure, markers of neurochemical function, particularly Type B monoamine oxidase (MAo-B), dopamine-bhydroxylase (dBH) and prolactin. checkoway et al. (1992)
looked also at serotonin and sigma receptor activity and
concluded that monoamine oxidase B might be a useful
marker or even an intermediate step between styrene
exposure and cNS neurotoxicity. In this study MAo-B
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activity and cNS symptoms were correlated.
Bergamaschi and colleagues in a first study published in
1996 attempted to reproduce the MAo-B effect and also
measured dBH and prolactin. They failed to demonstrate
any very convincing differences between exposed workers and the comparison group on MAo-B, although this
was significantly depressed in those with higher exposure (>25 ppm). dBH activity was decreased in the
styrene exposed and prolactin increased in both men and
women. A second paper by this group, Bergamaschi et al.
(1997), presumably—but not certainly—had no overlap
in subjects with those in the earlier paper. They found no
difference between exposed workers and the comparison
group on either dBH or MAo-B although prolactin levels
were higher in styrene exposed workers. reported symptoms were similar in the exposed and non-exposed
groups but within the exposed group dBH was negatively related to the number of reported symptoms.
These studies are all interesting but interpretation of
results is difficult and their importance in the understanding of styrene neurotoxicity has yet to be established. In comparing exposed to a non-exposed comparison group the problems of unmeasured confounding is
substantial because the relevant confounders are
unknown.
4.2 Implications for Assessment of “No Effect”
These studies do not, in their measurement of neurochemicals, contribute yet to this discussion.
5.1 StudIeS of SyMptoMS
Two studies, those of Geuskens et al. (1992) and
challenor and Wright (2000) use symptoms as the only
outcome considered. Many of the other papers, however,
also report symptom data and the most relevant of these
are included in this discussion.
Geuskens et al. (1992) carried out a study to assess factors affecting exposure levels in large and small factories
using styrene in the Netherlands. As part of that investigation, they included a symptom questionnaire which
they had also used with a non-exposed population for
another study. details of this comparison group are not
given. The hygiene assessment suggested that although
the daily concentrations of styrene measured did not
exceed 100 ppm generally, there was a substantial risk of
doing so during some of the processes and peak exposures up to 1200 mg/m3 were seen. In the comparison of
symptoms a group which they labeled as “irritation”,
including outcomes such as feelings of depression, and
one labeled “pre-narcotic” were higher in the exposed
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workers. This study was not reported in sufficient detail
to allow conclusions to be drawn about the validity of
ascribing the excess symptoms to exposure.
challenor and Wright (2000) chose to look only at the
aggression scale of the Profile of Mood States. They compared exposed workers with an internal group of unexposed workers. With exposures up to about 66 ppm,
styrene exposed workers, particularly those in the first
few years at work, were more likely to have higher
aggression scores than the comparison group.
Ten of the other studies report symptom data. of these
some were little more than clinical reports on the exposed
workers while others used inappropriate measures (for
example a measure of long standing personality rather
than present state). Amongst those using appropriate and
established questionnaires, the most frequent were the
Swedish Q16 solvent questionnaire and the Profile of
Mood States. In general the data are more convincing if
they relate to changes within individual across time
(Edling et al. (1993) Mergler et al. (1996)) or in a doseresponse analysis comparing less exposed to the more
highly exposed such as those of Matikainen et al. (1993)
and checkoway et al. (1992). No study in this group
attempted to use questions designed to look at subtle
changes over the course of a shift. Edling et al. (1993) did
look at questions of acute irritation and found them related to exposure parameters but with no difference in the
before and after shift responses. Ska et al. (2003) reported
no change in mood or symptoms following experimental
exposure with peaks to 100 ppm.
Although there is some variability in results, almost
all the field studies did find a relation between exposure
and symptoms. Three are of particular interest in discussing a “no effect” level. Edling et al. (1993) examined a
group for whom the eight hour time weighted average
was 8.6 ppm and found that exposed men reported more
acute symptoms and more symptoms using the Q16
questionnaire, particularly of tiredness and headache. He
also noted that the number of symptoms reported by the
exposed men reduced when the Q16 was repeated after a
break for the summer holiday, although this difference
was not statistically significant. The change in number of
symptoms between the beginning and end of shift was
related to the 8 hr TWA for styrene. The authors concluded, and this seems reasonable, that exposures below 20
ppm produced, in their sample, an increased number of
symptoms.
Tsai and chen (1996), however, using Q16 and the profile of mood states in a cross sectional study, but with
well matched internal controls, found no acute or chronic
symptom significantly affected by exposure to styrene in
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a study where the mean concentration was 22 ppm. The
range of concentrations included values of up to 181 ppm
as an 8 hr TWA. This study adapted the profile of mood
states to be more relevant to the chinese culture and on
the three scales used no difference was seen. other studies demonstrating a dose response relationship included
Matikainen et al. (1993), Mergler et al. (1990) and
Bergamaschi et al. (1997). Negative results were found by
yuasa et al. (1993) and Viaene et al. (2001).
on balance, the stronger study designs did tend to
find that symptom reporting was related to exposure
even at relatively low levels.
5.2 Implications for Assessment of “No Effect”
In the studies reported here many of the exposed subjects
had worked at much higher levels than those measured
on the day of testing. It is frequently not clear whether
the worker is reporting current symptoms or symptoms
ever experienced. In assessing the studies with clearly
described methods, the study of Edling et al. (1993) is
particularly of interest. It demonstrated a higher number
of symptoms with higher concentration of styrene in the
breathing zone (driven in part by two high symptom
scores at around 12 ppm of exposure) but also data on
excursions above 50 ppm related to skin irritation and
unpleasant taste. These findings suggest that although
TWA exposures may be kept below levels at which symptoms generally occur, peak exposures may still contribute
to discomfort, if not necessarily to long term changes in
neuropsychological health.
oveRall ConCluSIon
Studies published since 1990 are, in general, of high quality and avoid many of the pitfalls of the earlier studies of
neurobehavioral effects. The conclusions drawn by the
authors are usually appropriately modest and point to
the relatively slight effects that can be attributed to
styrene in the populations studied. Nevertheless the conclusion is unavoidable that styrene has the potential to
cause unpleasant symptoms, and probably changes in
test performance, at levels of exposure close to 50ppm
and that it should be treated as a potentially harmful substance that merits best preventative practice. None of the
studies reviewed adequately addresses the question of
debilitating illness in the elderly population of workers
exposed to styrene over many years and this important
question—for public health if not for regulatory and compensation agencies—remains to be answered.

PA r T I I

Review of Individual Studies
Bergamaschi E, Mutti A, Cavazzini S. et al.

Peripheral markers of
neurochemical effects among
styrene-exposed workers.
Neurotoxicology 1996; 17:753-760.

aIM
MAo-B, dopamine-b-hydroxolase (dBH) and prolactin
(PrL) were measured to evaluate possible changes in biochemical events in the central nervous system in workers
occupationally exposed to styrene.
deSIgn
This was a cross-sectional study using 53 workers from a
number of factories manufacturing fibreglass and reinforced plastics and a comparison group of 60 nonexposed workers from other industries in the same area.
expoSuRe
Ambient monitoring suggested exposure from 5 to 100
ppm in exposed groups. Exposed workers had been
employed for an average of 9.3 years (range from 1-22
years). Urinary metabolites (mandelic acid and phenylglyoxidic acid) were measured in a spot urine sample collected 15 hours after last exposure.
outCoMe
A blood sample was drawn 15 hours after last exposure
and used to determine dBH activity, MAo-B activity, and
prolactin. These assessments were made for both exposed
and comparison subjects.
analySIS
Means were compared using Students t-test, analysis of
variance and correlations to evaluate association between
variables. cut-off values were calculated as the 5th and
95th percentile of the comparison group and the probability of abnormally high values evaluated using a cox
regression analysis.
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rESULTS

Bergamaschi E, Smargiassi A, Mutti A, et al.

Styrene exposed workers had lower dBH activity and
higher prolactin (in both men and women) than the comparison group. Mean MAo-B activity was somewhat
higher in the comparison group. dBH activity was negatively correlated with the sum of the urinary metabolites
(MA + PGA). No correlation was reported between the
other biomarkers and these metabolites. The group of
workers with the higher urinary metabolites had significantly lower MAo-B activity than the controls. Extreme
values were then examined, with significantly more of
those in the higher exposure group having abnormally
low dBH activity and abnormally high values of prolactin. No abnormal values of dBH were found in those
with the sum of metabolites (MA + PGA) less than 200 but
the cox’s regression model showed increasing risk with
higher values. In the analysis of prolactin, men and
women were considered separately and women appeared
to have changes at a lower exposure level than males.

Peripheral markers of
catecholaminergic dysfunction and
symptoms of neurotoxicity among
styrene-exposed workers.
Int Arch Occup Environ Health 1997; 69:209-214.

aIM
To investigate the inverse association of platelet and
MAo-B with symptoms, to assess the relation between
peripheral markers of catecholaminergic dysfunction and
the relation to exposure and to compare prolactin with
other markers of catecholamine metabolism.
deSIgn
This was a cross-sectional study using an external nonexposed comparison group

ConfoundIng
The analysis was stratified by gender for the prolactin
analysis. Age, smoking and alcohol use were compared
between exposed and comparison group and no difference found but they were not obviously included in the
analysis. Though there was a wide range in duration of
exposure (1-22 years) no account appears to have been
taken of this in the analysis.

46 styrene-exposed male workers from a number of factories manufacturing reinforced plastics were recruited
together with a comparison group of 30 blue collar workers, with no history of exposure to chemicals, from local
industries.

authoRS’ ConCluSIonS

expoSuRe

dBH activity was significantly decreased amongst
styrene exposed subjects but the reason for this is unclear.
Most likely the decreased serum dBH activity could be
an adaptive mechanism to a reduced turnover rate of
dopamine at the neuronal level. Prolactin was increased
amongst styrene exposed workers with a greater sensitivity
of female workers, showing an increased risk for abnormally high prolactin at relatively low exposure levels.

Exposed workers had been employed for 0.2-29 years
with a median of 6 years. Styrene exposure by ambient
monitoring ranged from 5 to 120 ppm as a TWA with a
median level 25 ppm. Urinary spot samples were collected on a Friday morning 15 hours after last exposure and
analyzed for mandelic acid and phenylglyoxidic acid.

RevIeweR’S ConCluSIonS

The Swedish Q16 symptom questionnaire was completed
on the Friday morning on which blood was drawn. The
blood was analyzed for prolactin, MAo-B and dopamine
b hydroxylase (dBH).

The study does appear to show negative relation between
exposure and dBH and a positive one with prolactin. The
relation to MAo-B is weak.
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The SIrc review November 2006

neuRopSyChologICal effeCtS of StyRene expoSuRe:
RevIew of lIteRatuRe publIShed 1990 – 2003

analySIS

RevIeweRS’ ConCluSIonS

results presented appeared to depend on the Mann
Whitney U test, Fisher’s exact test, linear regression and
multiple logistic regression.

The study tends to support the observation that prolactin
was increased and dBH decreased in styrene-exposed
workers and provides modest support for the suggestion
that MAo-B is also reduced. It is not certain that the sample examined in this study is independent of that in the
same authors’ 1996 study and indeed some of the observations made may have been the same in the two review
studies. The absence of any difference in symptoms
between the exposed and comparison series may in part
be due to systematic differences between the two (for
example in age); this interpretation is supported by the
positive relation between urinary metabolites and symptoms in the exposed group. The levels of exposure were
relatively low (a median of 25ppm) but included some
workers exposed as high as 120 ppm.

ReSultS
No difference was seen in the mean number of symptoms
between exposed and control workers but, in the exposed
group, a relation was found between the number of
symptoms reported and urinary metabolites, with those
with higher metabolites reporting more symptoms. This
result was not reported in detail. Prolactin was higher in
the exposed group and MAo-B lower. The most exposed
had lower values of dBH than the non-exposed although
a straight comparison of exposed and comparison groups
showed no difference. When extreme values were calculated, with cut-off at the 5th of 95th percentile in the comparison group, differences were seen for prolactin; significantly more exposed than controls presented with
abnormally high values. In the exposed group dBH was
negatively correlated with the sum of urinary metabolites. No relation was found between any of the peripheral markers and exposure duration. It is reported, but no
are details given, that none of the results was modified by
age, drinking or smoking.

Challenor J, Wright D.

Aggression in boat builders: a search
for altered mood states in boat
builders exposed to styrene.
Occup Med (Oxford) 2000; 50:185-92.

ConfoundIng

aIM

The comparison group was older and more likely to
report drinking alcohol than the exposed. It was reported
that the effect of these confounders, together with cigarette smoking, were examined but no detail was given.

To determine whether builders of glass reinforced plastic
boats might be more aggressive or hostile than their
counterparts in areas of a company where volatile organic compounds were not being used.

authoRS’ ConCluSIonS

deSIgn

Plasma prolactin was higher in styrene-exposed workers
but its level was not related to the intensity of exposure to
styrene. Although no difference was seen in dBH levels
between exposed and the comparison group, the relation
between urinary metabolites, symptoms and dBH suggests that the change in dBH may contribute to the
appearance of the symptoms. The lower platelet MAo-B
and plasma dBH might represent an adaptive mechanism to a dopamine depletion. of the three peripheral
markers of catecholaminergic dysfunction, plasma prolactin appears to be most sensitive.

This was a cross sectional study comparing mood state in
exposed and non-exposed personnel in one factory.
SubjeCtS
213 workers exposed to styrene and 114 non-exposed
employees took part.
outCoMe
A profile of mood states was completed, asking the subject
to rate feelings during the past week, “including today”. A
supplementary questionnaire on job satisfaction, life
events, stress, smoking and alcohol was also completed.

The SIrc review November 2006

77

neuRopSyChologICal effeCtS of StyRene expoSuRe:
RevIew of lIteRatuRe publIShed 1990 – 2003

expoSuRe
Exposure from records kept by the company between
1990 and 1996 gave a range of 4-150 ppm. Passive samples of 23 subjects was carried out two weeks after completing the study. The highest air concentration recorded
was 66 ppm.

Checkoway H, Costa LG, Camp J, Coccini T,
Daniell WE, Dills RL.

Peripheral markers of
neurochemical function among
workers exposed to styrene.
Br J Ind Med 1992; 49:560-5.

analySIS
T-tests, Wilcoxon’s rank sum tests and the Mann-Whitney
U test were used to compare the means of the exposed
and non-exposed groups.

aIM
To evaluate the utility of peripheral blood cell parameters
of neurochemical function in styrene-exposed workers.

ReSultS
The styrene exposed workers had scores on the aggression scale of the profile of mood states that suggested
they were more aggressive than the non-exposed. This
difference was marginally significant at the p=0.5 level.
Further analysis suggested that this aggression was most
evident in those who more recently started working with
styrene.
ConfoundIng
The text suggests that the styrene exposed group smoke
more but have equivalent alcohol intake, but this information is not presented.

deSIgn
cross-sectional design with an internal, non-exposed,
comparison group.
SaMple
60 exposed workers from 3 fiberglass reinforced plastics
plants in Washington State were studied, together with 18
non-exposed workers from one of the plants.
expoSuRe

GrP boat builders were found to have an increase in
mood state aggression/hostility. The fact that the
increased score for aggression/hostility is most evident
in the earlier period supports the view that the finding
may reflect a selection phenomenon and not an exposure
phenomenon.

Exposed workers had been employed for a little under 4
years, on average. Exposure measurements were made
mid-week, on Wednesday and Thursday, with full-shift
passive dosimeters, from which 8h TWA were determined. Blood and urine samples appear to have been
taken at an early point in the shift and were analyzed for
styrene concentrations (blood) and urinary metabolites.
Exposure groups were defined by blood styrene concentration. The mean exposure of the group with highest
blood styrene was 58ppm (Sd=11.1).

RevIeweR’S ConCluSIonS

outCoMe

This study is essentially a descriptive one of a phenomenon noted in a single factory. It is not clear that it can be
generalized to other situations.

Blood samples were also analyzed for Type B
monoaminoxidase (MAo-B), serotonin and sigma receptor binder. cNS symptoms were collected by a self-completed questionnaire that is not described in more detail.

authoRS’ ConCluSIonS

analySIS
correlations and comparisons of means between the
exposure groups were the main analytical tools although
a multiple logistic regression analysis was apparently
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carried out (but not reported in detail) to assess possible
confounding.
ReSultS
Those with higher blood styrene higher concentration
reported a higher total number of symptoms, and a higher proportion in the middle and high blood styrene
groups reported each of the 7 symptoms listed. The pattern apparently did not change after a allowance for age,
sex, alcohol, smoking and duration of employment.
The authors report correlation coefficients between
blood styrene concentration and peripheral markers of
neurochemical function. These showed a significant, negative, relation between MAo-B and blood styrene, which
was no longer quite statistically significant when adjusted for age, race, sex, years of employment, smoking, and
alcohol intake. Serotonial uptake had a positive correlation which, at least on the rank order correlation,
increased slightly after adjustment for confounders and
was then shown as significant (p<0.05). The relation
between symptoms and neurochemical markers was also
examined. No relation was found between symptoms
and serotonin or sigma receptor binding but MAo-B was
inversely related to a number of cNS symptoms, having
allowed for age, race, sex, years of employment, alcohol
use and smoking.
ConfoundIng
Key analyses were appropriately adjusted for potential
confounders. It was notable however that those in the
moderate and high blood styrene groups had much higher
rates of smoking than in the non-, or low exposed groups.
authoRS’ ConCluSIonS
results from this study indicate that MAo-B activity may
be useful as a marker of effect of occupational exposure
to styrene.
RevIeweR’S ConCluSIonS
This appears to be a well-conducted, although essentially
negative, study. The relatively high rate of symptoms in
the groups with higher exposure is noted but as concentrations ranged as high as 160ppm it is difficult to generalize to current exposure levels. The suggestion that MAo-B
may be involved as an intermediate step in styreneinduced cNS neurotoxicity does not seem well-founded.

Edling C, Anundi H, Johanson G. et al.

Increase in neuropsychiatric
symptoms after occupational
exposure to low levels of styrene.
Br J Ind Med 1993; 50:843-850.

aIM
To determine if exposures to low concentrations of
styrene (below 20 ppm) are related to neurobehavioural
effects or symptoms.
deSIgn
The assessment of neurobehavioural effects by psychometric testing was done using a cross shift design and an
external non-exposed comparison group. Symptom data
was collected on two occasions, once during the normal
working year with a follow-up some two to five weeks
since last exposure, at the end of the summer vacation.
SubjeCtS
The exposed group were 20 men working at a single plastics factory. The comparison group were 20 non-exposed
men matched on age, working schedule and physical
workload. They worked in nearby industries and had not
been occupationally exposed to solvents.
outCoMe
Three tests were used, a test of simple reaction time, color
word vigilance and the symbol digit test. The color word
vigilance test is a choice reaction time and the symbol
digit test is a test of speed of processing. The outcome of
interest was change in the test during the work shift.
Symptoms were recorded using the Swedish 16 question
solvent questionnaire. At the end of shift testing session a
computerized questionnaire of 17 symptoms of acute
effects including local irritation and central nervous system symptoms was completed.
expoSuReS
Workers had been exposed to styrene for between 1-25
years (mean 9 years). Exposures were measured at 15 second intervals throughout the day using a back pack containing a mobile photo ionization detector. This was worn
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during one working day, presumably on the day the
behavioural testing was done. Passive air sampling was
performed on the same day using carbon diffusion samplers placed in the breathing zone of each subject. Blood
and urine samples were collected immediately before
and after the work day.
Using passive dosimetry the mean eight hour time
weighted average was 8.6 ppm (range 0.04-15.4 ppm).
From the continuous monitoring device the number of
excursions greater than 50 ppm could be measured and
were detected for nine of the workers.
ReSultS
Exposed men reported more acute symptoms both at the
beginning and end of shift but there was no change
across shift. on the first recording of symptoms using the
Q16 questionnaire the exposed men reported significantly more symptoms, particularly of tiredness and
headache, than the referents. Although the number of
symptoms reported by the exposed men reduced when
this was repeated at the end of a break from exposure for
the summer holiday, improvement was statistically not
significant. The change in the number of symptoms
between the end and beginning of shift was, in the
exposed men, related to the eight hour time weighted
average for styrene. The total number of excursions
above 50 ppm was related to reports of skin irritation at
the end of shift and peak exposures were related to sensations of an unpleasant taste.
on the performance test no difference was found on
the test of simple reaction time between the exposed and
referents either before or after the end of shift. on the
color word vigilance test, a test of complex reaction time,
the exposed did worse than the referents both before and
after the test. The exposed did somewhat better, on both
occasions, on the symbol digit test.
No relation was found between any of the cross shift
exposure measures and simple reaction time or change in
simple reaction time. The complex reaction time scores
were related to time weighted average exposure, the
number of excursions above 25 ppm and above 50 ppm
and to the duration of excursions above 50 ppm within
the exposed group. No dose-response data is reported for
symbol digit test.
ConfoundIng
The design considered a number of aspects of confounding. Half the workers completed the end of shift test
before the start of shift, to allow for possible effects of
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learning. Physical workload was evaluated using a computerized electrocardiograph to compare physical workload between the exposed and referent subjects. other
workplace contaminants (acetone and toluene) were also
measured. The exposed and referent group were thought
to be similar on age, working schedule and physical
workload but there is no discussion of other potential
confounders such as educational level.
authoRS’ ConCluSIonS
This study showed no difference in the psychometric
tests when men exposed to 0.4-50.4 ppm of styrene were
compared with non-exposed referents. It suggests however that exposures below 20 ppm produced an increased
number of neuropsychiatric symptoms.
RevIeweR’S ConCluSIonS
This study is valuable for its investigation of the effects of
variations during the working day on test score and
symptoms. The cross sectional comparison of symptoms
between the exposed and unexposed groups in different
workplaces may have been biased by the knowledge of
the purpose of the study. However the relation between
the change in symptoms and average styrene concentration in the exposed appears to be a sound result.

Geuskens R, Klaauw M, Tuin J. et al.

Exposure to styrene and health
complaints in the dutch glassreinforced plastics industry.
Ann Occup Hyg 1992; 36:47-57.

aIM
To describe exposures and level of health complaints in
four large and 12 small plants using styrene.
deSIgn
To compare symptoms reported by workers exposed to
styrene to those reported by a comparison group of unexposed men who had completed the questionnaire for
another unpublished study.
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outCoMe
13 questions about health complaints were grouped into
three factors: “irritation,” “pre-narcotic symptoms” and
“cognitive/locomotor disabilities.” Irritation symptoms
indicated itching of the skin, headache, sniffing and burning eyes and feelings of depression. Pre-narcotic symptoms included nausea, feeling drunk, dizziness and disturbance of equilibrium and cognitive/locomotor
disabilities bilateral communication, impaired communication with colleagues and trouble with movement.

tioned styrene and methylene chloride as the cause of
their complaints but no information is given on the exposure to methylene chloride.
authoRS’ ConCluSIonS
The work related differences in irritation and pre-narcotic
symptoms between the exposed and control groups are
quite obvious and may be regarded as short term health
effects. They appear to attribute them to peak levels which
were observed in the study to be up to 2000 mg/m3.

expoSuRe

RevIeweR’S ConCluSIonS

In the four large plants workers were grouped into four
job categories and styrene concentration in the breathing
zone of each worker was measured over three (or four)
days in winter. The eight hour time weighted average
was derived from two consecutive four hour samples.
Short term measures were also made to determine peak
concentrations. The geometric mean concentrations of the
highest categories were between 97-212 mg/m3. In the
small plants walk through surveys were carried out and
the average concentration during moulding was estimated to range from 100-400 mg/m3. Health complaints were
not collected in the smaller factories.

This was essentially a study to determine levels of exposure and the symptoms reported are noted but not really
interpretable.

Jegaden D, Amann D, Simon JF, Habault M,
Legoux B, Galopin P.

Study of the neurobehavioural
toxicity of styrene at low levels
of exposure.
Int Arch Occup Environ Hlth 1993; 64:527-31

analySIS
The mean score on each of the three grouped factors —
irritation, pre-narcotic symptoms and cognitive/locomotor disabilities — were compared with those from the
non-exposed comparison group using a student t-test.

To determine whether neurotoxicity occurs when exposure to styrene is less than 50 ppm.

ReSultS

deSIgn

The styrene exposed workers were more likely to report
symptoms grouped by these authors under the title irritation. They were also more likely to complain of pre-narcotic symptoms. No difference was found in the category
cognitive/locomotor disabilities.

cross shift design of exposed workers and a non-exposed
internal comparison group.

ConfoundIng
No description is given of the comparability of the
exposed and control groups and it is not known to what
extent confounding is a problem. The authors comment
that “none of these differences can be explained by differences in work conditions, work hygiene or health risk
factors between the two groups,” but no data are given. It
is also commented that the exposed workers often men-

aIM

SubjeCtS
30 moulders exposed to styrene in a French naval dockyard were identified. A non-exposed group from the
same company was chosen, matched on ethnic group,
age, sex, and intellectual and social cultural level.
outCoMe
Three tests were used administered by computer and
apparently developed for this study. They were tests of
simple reaction time to a visual stimulus, complex reac-
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tion time to a visual stimulus and a digit span test requiring the subject to memorize a list of numbers presented
by the computer.
expoSuRe
The mean duration of exposure to styrene was 5 years
(range 1-14 years). Exposure on the day of testing was
measured using passive diffusion badges, urinary
metabolites (mandelic acid and phenylglyoxylic acid) at
the beginning and end of shift and area monitoring using
mass spectrometer. Long term exposure in the workplace
in general was estimated from urinary samples collected
each Thursday evening over a 43 week period from six
men randomly assigned each week.
In this study the mean exposure to styrene was 23
ppm on the day of testing (range 4-55 ppm). At the start
of shift (on a Monday after two days away from exposure) the mean urinary metabolites (mandelic acid and
phenylglyoxylic acid) was 37.6 mg/g creatinine in the
morning. It was noted only seven of the 30 moulders had
no urinary metabolites at this point. The increase in urinary metabolites during the day was strongly related to
the measured level of environmental styrene.
The authors estimate that during the 43 weeks of routine testing the mean exposure had been approximately
30 ppm of styrene with 20% of the urinary determinations suggesting exposures >50 ppm.
analySIS
Both the between group and within group tests scores
were compared. An analysis of duration and level of
exposure on the day of tests is also mentioned but no
details are given of the acute dose response effect.

authoRS’ ConCluSIonS
The authors conclude that, at the levels investigated,
there were no acute signs of neurotoxicity but that the
lower performance in the morning on psychometric tests
indicated chronic effects of exposure.
RevIeweR’S ConCluSIonS
It appears that no cross shift effect is demonstrated on the
three tests used. However the conclusions to be drawn
about acute effects are limited. First, evidence of changes
(or absence of them) in relation to measured exposure
during the day are not given. This seems a strange omission. Second, the poorer test scores in the morning have
not been fully evaluated. It would have been appropriate
to report the relation between the start of shift tests and
metabolites measured at the beginning of shift which
were present for 23 of the 30 moulders, suggesting considerable exposure during the previous week. Finally the
conclusion of chronic effects is not justified in the absence
of this pre-shift analysis and of good data demonstrating
that the exposed and comparison groups were well
matched on important confounders.

Kolstad H, Juel K, Olsen J, Elsebeth L.

ReSultS
on the test of simple reaction time exposure subjects performed significantly less well than the control group both
in the morning and evening. This was also found for the
test of complex reaction time and on the memorization of
listed numbers (digit span). It appears that no significant
difference in the change over shift was observed. No relation was reported between test scores and length of exposure amongst the exposed group.
ConfoundIng
The design included two parallel versions of the tests to
minimize any effects of learning but nevertheless the sub-
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jects (both exposed and comparison) did better on the
tests at the end of the day than in the morning. Although
the authors say that they had carefully matched the comparison group on intellectual and sociocultural level, it is
not explained how they did this and the adequacy of
matching remains a question. other exposures at work
were determined but the concentration of methylene chloride, the only one mentioned, was said to be insignificant.

Exposure to styrene and chronic
health effects: mortality and
incidence of solid cancers in the
danish reinforced plastics industry.
Occup Environ Med 1995; 52:320-327.

aIM
To study the occurrence of non-malignant diseases and
solid cancers in workers exposed to styrene in the danish
reinforced plastics industry.
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deSIgn
cohort mortality study.
SaMple
53,847 male workers employed between 1964-1988 in
companies producing reinforced plastic and alive on
January 1, 1970 were found by linkage to a danish
national pension plan. 2,944 workers were in companies
with unknown production and were excluded. 36,610
workers from 386 reinforced plastic companies and
14,293 workers from 84 companies in similar industries
but without styrene exposure were included.
expoSuRe
No data on individual exposure or job titles was available. concentrations of styrene exposure within the
danish reinforced plastics industry had been monitored
since the early 1960’s and was said to be around 180 ppm
during the 1960’s and 54 ppm during subsequent
decades. For this study, 2 dealers of plastic raw materials
reviewed the production and classified the 470 companies into those in which more than 50% of workers in the
company would have been involved in producing reinforced plastic, those with less than 50% of workers
involved in the production and those where no worker
was involved. These were designated as having high
exposure probability, low exposure probability or unexposed. date of first employment in a relevant industry
and the duration of employment were estimated from
pension fund records.

expected numbers using age and calendar specific
national rates. Poisson regression was used to estimate
mortality rate ratios (Mrr) using internal comparisons
with the rates for workers unexposed to styrene. These
models included, as well as exposure probability, age,
year of first employment, duration of employment and
time since first employment.
ReSultS
In all there were 24 cases with an underlying cause of
death attributed to degenerative disorders of the nervous
system, and 60 where there was an underlying or contributing cause. of these 60, 7 were multiple sclerosis, 24
parkinsonism, 24 other diseases of the brain and 5 motor
neuron disease. In comparison with national rates the
SMr for degenerative disorders of the nervous system for
those in styrene exposed industries was 0.94 (0.56-1.50)
and for the comparison group 0.82 (0.30-1.69). In the
Poisson regression those with high exposure probability
had a Mrr of 1.8 (compared with the unexposed comparison group) with a 95% confidence interval 0.8-4.3.
The Mrr was higher in those with longer duration of
employment and greater time since first employment.
ConfoundIng
The Poisson regression was adjusted for age, duration and
date of employment but no information was available on
factors such as alcohol intake that may be an important
effect modifier. Use of internal controls may have avoided
confounding by socioeconomic factors. No account was
taken of workplace exposures to other chemicals.

outCoMe

authoRS’ ConCluSIon

Vital status was determined from the national population
registry and underlying cause and up to 2 contributory
causes of death were established from the national cause
of death register. degenerative disorders of the nervous
system were the outcome of interest. This group included
multiple sclerosis, parkinsonism and motor neuron disease together with other non-malignant diseases of the
brain.

degenerative diseases of the nervous system occurred
more often amongst workers with a high probability of
exposure to styrene than in comparable non-exposed
workers. These findings could easily be explained by
chance, and the lack of information on exposure was an
important limitation.

RevIeweR’S ConCluSIon
analySIS
years at risk were calculated from the start of employment or from the first year the company produced reinforced plastic. Standardized mortality ratios were calculated by comparing observed number of deaths with the

Although the confidence intervals reported do not rule
out a chance finding, the consistency of the pattern of
excess of degenerative disorders of the nervous system
using internal comparisons is worthy of comment. The
rather crude estimate of exposure by the division of com-
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panies into those with low and high probability of exposure will certainly have led to misclassification which may
have underestimated any true effect. The lack of information on confounding factors is a concern. The cohort is
young, with less than 9% mortality, and it may be too soon
to detect long term effects on degenerative disorders.

Letz R, Mahoney F, Hershman D, et al.

Neurobehavioral effects of acute
styrene exposure in fiberglass
boatbuilders.
Neutoxicology and Teratology 1990; 12: 665-668.

aIM
The study was designed to investigate the acute effects of
styrene exposure using tests from the computerized
Neurobehavioural Evaluation System.

expoSuRe
duration of exposure was, on average, 4.6 (Sd 6.7)
years. Personal monitoring pumps were used to measure
exposure in the breathing zone over the shift. Urinary
mandelic acid was measured from a spot urine sample
obtained near the end of the work shift. The geometric
mean of styrene exposure was 13.5 ppm and of mandelic
acid 164 mg/g creatinine.
analySIS
regression analyses were carried out to assess the effect
of exposure (8 hr time weighted average for styrene),
mandelic acid and dichotomized exposure (cut point 50
ppm of styrene) on performance on the test at the end of
shift session. Within subject analysis (using the subject’s
morning performance as a covariate) was also carried out
but is not reported in detail. The multiple regression
included other confounders (age, education and exposure
duration).
ReSultS

deSIgn
This was a cross shift design comparing changes within
individuals in the styrene exposed group with similar
changes in the non-exposed internal comparison group.
Testing was carried out at three points during the day,
early morning, near mid-day and at the end of the work
shift.

There was no relation between performance, at the end of
the day, on the continuous performance test or hand-eye
performance and exposure indices. The end of shift score
on the symbol digit test was related to styrene ppm corrected for respirator use and to urinary mandelic acid
concentration. The start of shift scores on any test were
not related to duration of exposure.

SubjeCtS

ConfoundIng

118 subjects were tested at five fibreglass boat building
companies in New England. The results reported are on
105 males with relatively complete data and no history of
head trauma. All fibreglass laminators in each company
were asked to participate and other workers partially
exposed or not exposed were also recruited.

The design and analysis appears to have allowed appropriately for the main confounders on neurobehavioural
testing, namely age, education and alcohol use. There is
no discussion of other chemical exposures potentially
present in the workplace. Learning effects are potentially
a problem in cross shift studies and this question is not
addressed but may be assumed to be the same for both
groups.

outCoMe
Three computerized tests were used, the continuous performance test (a measure of reaction time and accuracy),
the hand-eye coordination test (evaluating manual dexterity and coordination) and the symbol digit substitution
test which is based on the digit symbol test of the
Weschler adult intelligence scale and measures speed of
processing.
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authoRS’ ConCluSIonS
Some disruption of neurobehavioural performance is
related to styrene exposure, with the bulk of this effect
being those of exposure to >50 ppm.
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RevIeweR’S ConCluSIonS
Presentation of the data does not allow us reach any clear
decision about the level at which effects of styrene exposure began to appear. It does seem likely, however, that
the effects seen were indeed acute effects as the morning
scores were unrelated to duration of exposure. Little can
be concluded from this study other than that, with adequate numbers and an experienced research team acute
exposure may affect performance on some tests.

Matikainen E, Forsman-Gronholm L, Pfaffli P,
Juntunen J.

Nervous system effects of
occupational exposure to styrene:
a clinical and neurophysiological
study.

determine whether the results were normal, abnormal or
not classifiable.
expoSuReS
The average duration of styrene exposure was 12.6 years
with a range of 0.5-32 years. Individual measures were
made of styrene concentrations in the breathing zone and
of end of shift urinary metabolites. In addition an exposure index involving the number of years of exposure, the
working method, the level of daily exposure and the time
weighted mandelic acid levels was used, essentially to
estimate cumulative exposure to examine chronic effects.
At the time of testing the average eight hour time weighted average styrene concentration was 32 ppm but many
of the workers had been exposed to much higher levels
earlier in their employment. Styrene oxide, acetone and
dust were also measured but these values are not included in the analysis.

Environmental Research 1993; 61:84-92.

aIM
To use quantitative spectral and frequency analysis of
EEG to estimate the effects of styrene on the central nervous system.

analySIS
The exposure index was grouped into three categories
corresponding to low, moderate and high. In some analyses (Table 6) all three levels were used, with some only
the low and high categories were contrasted (Table 4) and
in others a different classification was adopted (Table 3).
ReSultS

deSIgn
cross sectional study using internal comparisons and
values in a normative database.
SubjeCtS
100 male workers were identified from workplaces where
hygiene studies had previously been performed. The
number of workplaces is not stated. Workers were
brought to the Institute of occupational Health in
Helskinki for testing. It is not clear how recently they had
last been exposed to styrene.
outCoMe
The study reports results of EEG evaluation and of symptoms. No information is given for the way in which
symptom information was collected. EEG was recorded
from 19 channels and submitted to both visual and quantitative analyses. The quantitative analysis from each
individual was compared with a normative database to

Headaches, memory disturbance, forgetfulness, sensory
symptoms in the hands and feet and excess sweating were
reported more commonly in those with higher exposure.
Workers with higher exposure had a higher mean total
EEG power than those with low exposure and this was
most marked in the frontal and temporal regions. In comparison to the normative database the quantitative EEG
was classified, in a neurometric analysis, as normal in 28
cases, abnormal in 30 cases and not classifiable in 31 cases.
Abnormal cases had a somewhat higher level of urinary
mandelic acid and environmental styrene concentration
but levels of statistical significance are not given. Those in
the highest exposure index group appeared less likely to
have a normal EEG using this approach.
ConfoundIng
Age and alcohol consumption were discussed as potential confounders and it was concluded that there was no
difference on these factors in the three exposure groups.
No formal adjustment was reported.
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authoRS’ ConCluSIonS

deSIgn

The authors conclude, although the data is not shown in
the paper, that the number of abnormal EEGs was not
increased when visual inspection was used and there was
no correlation between the number of abnormal EEGs
and exposure. They conclude that quantitative analysis
showed consistent, although with slight changes in the
more highly exposed group, but that the changes found
did not suggest increased cerebral disease in the workers.

A cohort study in which both workplaces and individual
workers form the unit of analysis. The study was
designed to assess the effect of interventions to reduce
exposures.

RevIeweR’S ConCluSIonS
This paper attempts to measure effects of chronic exposure. There are some problems however. The authors conclude that these effects are seen at relatively low exposure
but many of the workers had been exposed for years and
will have had a history of much higher exposure in the
past. It is not clear how much time had been allowed from
last exposure, and unless this was several days, the effects
seen might be ones that were acute and reversible. The
marginally positive result depends on comparison of
these data to a normative database, but there is no evidence that the information collected for this study and for
the database was collected in the same way. In particular,
it required a technician to determine levels of wakefulness and the degree of artefact, and to choose those parts
of the EEG that were felt to be non-artifactual. The presentation of data by different groupings of the exposure
index (rather than by the three groups initially defined)
suggests that any effect was very slight and could only be
demonstrated by careful choice of the way in which data
was presented.
The authors make only very modest claims for the
relation between EEG and styrene exposure, and that is
appropriate.

Mergler D, Huel G, Belanger S, Bowler RM,
Truchon G, Drolet D.

Surveillance of early neurotoxic
dysfunction.

SubjeCtS
Three workplaces involving styrene exposure in the manufacture of reinforced plastics were studied twice, two
years apart. 118 workers completed the neurobehavioural
test battery and exposure assessment at time 0, and 75 of
these were still employed at one of the three plants two
years later. 57 of the 75 agreed to repeat testing although
environmental measures and urine samples were
obtained for all 75.
outCoMeS
A large number of tests were carried out. These were
selected from the neurobehavioural core test battery supplemented by three tests of color vision, contrast sensitivity and olfactory threshold selected from a battery of tests
developed by the authors. The battery included the profile of mood states which gives scores on six dimensions
and a symptom checklist which is not described.
expoSuReS
Exposures were measured at time 0 and time 1 using passive dosimeters for a total of eight hours and an eight
hour time weighted average was determined. End of shift
urine samples were collected on the same day as the environmental exposure measurement and mandelic acid corrected for creatinine was determined. Workers included
in both assessments had been employed for a mean of 6
years at time 0 (8 years at repeat testing). The median
3
3
exposure at time 1 was 75 mg/m and at time 2 76 mg/m
for these 57 workers. It is reported that at one plant (plant
3) the levels of styrene and mandelic acid were significantly reduced between baseline and follow-up but that
there was no change at the other two plants. Median levels broken down by plant are not given in the paper.

Neurotoxicology 1996; 17:803-12.
analySIS
aIM
The objective was to examine nervous system functioning prior to and following workplace interventions.
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The analysis focused on changes between baseline and
follow-up for the entire population, for plant 3 (where
there had been improvements) compared with the other
two plants and for individual changes in relation to end
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of shift mandelic acid concentrations. Paired t-tests were
used to compare mood and Spearman’s rho to compare
trends, that is changes in mandelic acid concentrations
compared with changes in test score.
ReSultS
overall the 57 subjects improved their scores on the digit
span and digit symbol tests and did less well on the contrast sensitivity test. No overall difference was found on
any of the other behavioural or mood scales. Workers at
the plant in which improvements had been made did better than the other two plants on a test of manual dexterity
(Santa Ana), on the digit span and digit symbol tests, and
were less likely to report anger and more likely to report
vigor. When the 57 workers were grouped according to
changes in their mandelic acid levels (increased, the same
or decreased) over the two years a significant relation
was found with color vision, simple reaction time, digit
symbol forward and tension and fatigue on the mood
scale. There was also some tendency toward an increase
in number of reported symptoms for those who mandelic
acid concentrations were higher on the second test.
ConfoundIng
With each subject used as their own control in the analysis between mandelic acid and performance tests, confounding is of less importance. The authors suggest that
for some tests changes in conditions of testing may have
been important and these would be confounded with
time of testing. If learning is important, that would be
demonstrated by the increase in score over time 2 compared with time 1, while the population will, by definition, have aged two years.

RevIeweR’S ConCluSIonS
This is an important study in that it appears to show the
reversibility of neurobehavioural effects associated with
styrene exposure. As with many papers the information
given is not complete and it would have been interesting
to know more about those who had left the plant (were
they those with the highest abnormal scores?) and to
have known something about the baseline levels of mandelic acid in these three groups (increased, same and
decreased). Though the illustration of this data in Figure 3
is very clear, it would have been useful to have had a more
rigorous analysis with initial level of mandelic acid as a
covariate. The large number of tests carried out (20 scores
are reported) raises the usual problems of interpretation.
Here, for example, improvement was seen on two tests
and deterioration on one; it is not clear which of these
may have been due to chance. The testing was done “at
least 12 hours after last exposure” but probably with too
short a delay to rule out acute effect of recent exposure.

Murata K, Araki S, Yokoyama K.

Assessment of the peripheral,
central and autonomic nervous
system function in styrene workers.
Am J Ind Med 1991; 20: 775-784.

Yokoyama K, Araki S, Murata K.

Effects of low level styrene exposure
on psychological performance in
FrP boat laminating workers.
Neurotoxicology 1992; 13:551-556.

authoRS’ ConCluSIonS
The authors conclude the most striking result of the
study is an association between the differences in mandelic acid and outcomes. They note that on some tests
this was due to deterioration in those whose mandelic
acid levels had increased rather than improvement in
those with decreased levels, but nevertheless suggest that
on some functions, particularly color vision, effects
appear to be reversible. They suggest that a protocol of
this kind may be useful for ongoing surveillance of
groups of exposed workers as part of a program of preventative intervention.

These two papers report results from the same group of
12 styrene exposed workers, with Murata et al. giving
details of neurophysiological measurement and
yokoyama et al. of behavioural testing. Although different comparison groups were used in the two papers, it is
appropriate to include them in a single review.
aIM
The study aims to assess the effects of styrene exposure
on peripheral, central and autonomic nervous function
(Murata et al.) and on performance tests (particularly on
a test of picture completion from the Wechsler adult intelligence scale) (yokoyama et al.).
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This was a cross sectional study using an external nonexposed comparison group.

robehavioral) had occurred. Mean concentrations of mandelic acid were 169 mg/g creatinine and phenylglyoxylic
acid 277 mg/g creatinine. These were estimated to be
equivalent to a mean exposure of 22 ppm of styrene in air.

SubjeCtS

analySIS

The study involved all 12 workers from a single reinforced fibreglass factory manufacturing boats in Japan.
one subject, with sinus arrhythmia, was excluded from
the neurophysiological studies but included in the performance testing. For the neurophysiological measures a
comparison group was chosen from men seen at a regional health clinic. They were healthy volunteers matched ± 2
years to the age of the exposed men. Testing of this group
was done over a period of two years following the workplace testing of exposed workers. For the behavioural
testing a comparison group was taken of 11 male workers
in a steel factory in the same area.

Test results for cases were compared for those with control subjects using paired sample t-tests in the neurophysiological study and non-paired t-tests for the neurobehavioral study. Pearson correlations were calculated to
examine whether there was a dose response between urinary metabolites and test score.

deSIgn

outCoMeS
Peripheral nerve function was assessed using sensory
and motor nerve conduction velocity, measured in the
median nerve. Using a method developed by this group,
the dispersion of conduction velocities was also calculated. This was done by determining, for exposed and control subjects separately, the nerve conduction velocity
associated with successive proportions of active nerve
fibres. In addition somatosensory evoked potentials were
measured by stimulating the right median nerve at the
wrist and recording latencies at four points, with the
interpeak latencies representing conduction times in the
spinal cord and brain (a measure of central nervous system functioning). Autonomic function was measured by
the coefficient of variation of the r-r interval on EcG
recordings. For the performance testing three measures
were used, the picture completion and digit symbol tests
from the WAIS and the long form of the Maudsley
Personnel Inventory, giving scores on scales of extroversion and neuroticism and on a lie scale.
expoSuReS
The mean duration of exposed workers was 5 years with a
range of 0.5-9 years. Air sampling was carried out three
months before and two months after the testing, using area
sampling. The styrene concentration was estimated to be
26 ppm (range 1-77) before and 14 ppm (range 6-46) after
testing. Urinary metabolites were measured at the end of
the day on which testing (neurophysiological and neu-
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ReSultS
The distribution of nerve conduction velocities were interpreted as showing that the distribution of fibres was shifted towards the slower velocities in the styrene exposed
group when compared with the controls. Sensory conduction velocity of the median nerve was slower in the
exposed workers and there was less variation in r-r interval. No significant difference was found on motor nerve
conduction velocity, on somatosensory evoked potential
or on heart rate. It is reported, although no detail is given,
that there was no relation between urinary metabolites
and any of the neurophysiological test scores. on the
behavioural measures of styrene workers there were no
differences between the exposed and comparison groups
on the digit symbol test or on the personality inventory
but the exposed group had fewer correct responses on the
picture completion test. No detail was given of the doseresponse analysis but it was commented that no significant correlation was observed between scores on the picture completion test and urinary metabolites.
ConfoundIng
In the neurophysiological study, in which workers were
matched on age to non-exposed controls, differences
between the groups on height, tobacco, alcohol and age
were reported not to be significant and these factors were
not included in the analysis. In the neurobehavioural testing part of the study the controls were somewhat older,
less educated and drank less alcohol than the styrene
workers but none of these differences was significant.
However the values for age (with styrene workers being
younger) and length of education (longer in styrene
worker) would both have resulted in more favourable
test results and it is of note that adjustment for these factors increased the estimated difference between the two
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groups. Amongst other chemical exposures were acetone
(mean 9 ppm) and methyl ethyl ketone (mean 1 ppm) but
these were not included as confounders in the analysis.

mal, healthy volunteers. A secondary aim was to investigate the relationship between the exposure regimes and
blood styrene concentration.

authoRS’ ConCluSIonS

deSIgn

Murata et al. conclude that styrene affects the peripheral
nerves, particularly the fast nerve fibres in the large
myelinated nerves and that it causes significant dysfunction of the autonomic nervous system. yokoyama et al.
conclude that performance on the picture completion test
was significantly and adversely affected but that effect
(as reflected in MPI scores) was not.

Experimental design, using an exposure chamber to compare the effects of four different exposure regimes.
Neurological testing was performed prior to exposure,
after 35 minutes of exposure (2 and 7 test) and at the end
of each 100 minute period of exposure (P300 test).

RevIeweR’S ConCluSIonS

Four healthy male subjects aged 26-30. None had any significant history of exposure to solvents, smoked cigarettes, took any medication, or drank more than 18g of
alcohol per day.

These two papers have weaknesses in aspects of power,
potential bias and interpretation. First the number of subjects was very small (11 in the neurological study) and
did not have the power to reach conclusions of adverse
effect. Measurement of controls in a different environment and, for the neurophysiological studies, over a very
different period, gave the possibilities of systematic
errors including those of instrumentation, reporting and
observation. The interpretation of both studies is difficult,
particularly in addressing the question of chronic or
acute effects. It appears that the testing was done (of the
exposed workers) on a mid-week working day when,
particularly for the performance testing, acute exposures
might be expected to affect performance. A lack of any
difference in “effect” is not surprising as the test they
used is one reflecting long-term personality traits rather
than acute response to circumstances.
The attempt to determine whether fast or slow fibres
are principally involved in peripheral effects of styrene
was interesting but these reviewers have no experience
with this testing and cannot assess its validity.

Pierce CH, Becker CE, Tozer TN, Owen DJ,
So Y.

Modeling the acute neurotoxicity
of styrene.
J Occup Environ Med 1998; 40: 230- 240.
aIM
To test the effects of four different exposure regimes on
neuro-physiological and neuro-behavioural tests in nor-

SubjeCtS

outCoMeS
Blood styrene was measured once before, six times during, and four times after each exposure regimen via an
indwelling catheter placed in the ante-cubital vein prior
to each experiment. The latency and amplitude of a P300
potential was measured using scalp electrodes following
an auditory stimulus and used as a measure of neurophysiological function. A ‘2’ and ‘7’ recognition test, identifying ‘2’s and ‘7’s from a series of random digits, was
used to test neurological function.
expoSuReS
Subjects were exposed to styrene in a 13.8m3 stainless
steel exposure chamber. Exposure regimens comprised:
Day 1: 100mins at 15ppm, 100mins at 32.5ppm, 100mins
at 50ppm.
Day 2: 100mins at 50ppm, 100mins at 75ppm, 100mins at
99ppm.
Day 3: fluctuating exposure level between 10-150 ppm for
4 hours.
Day 4: constant exposure to 10ppm followed by highly
variable auto-correlated period of exposure between 5200ppm for 4 hours.
Three subjects (A, B and c) completed the exposure
regimens for days 1 and 2. Two subjects (A and d) completed the exposure regimens for days 3 and 4.
days 1 and 2 were consecutive days. There was an
interval of several weeks between days 2 and 3, and days
3 and 4 were consecutive days.
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analySIS
A partial correlation coefficient using a t statistic was
used to measure the association between exposure and
the results of the 2 and 7 recognition test. A test of
Kendall rank correlation was used to evaluate the relationship between observed toxicity (presumably the P300
test although this is not stated) and four measures of
exposure: peak exposure; duration of exposure; product
of average exposure level x duration (i.e. cumulative
dose); and modelled peak brain styrene concentration.
ReSultS
No change in the P300 test amplitude or latency was
observed. Scores for the 2 and 7 recognition test
improved (presumably due to increased familiarity with
the test) between days one and two but showed no other
significant change.

Ska B, Vyskocil A, Tardif R, Carrier G, Thuot
R, Muray K, Viau C.

Effects of peak concentrations on the
neurotoxicity of styrene in
volunteers.
Human and Experimental Toxicology 2003; 22: 407-415.

aIM
To identify acute neurotoxic effects associated with short
term exposure to current occupational exposure limits in
Quebec (213mg/m3 (50ppm) 8 hour TWA and 426mg/m3
(100ppm) 15min average)
deSIgn
Experimental design, using an exposure chamber to compare the effects of five different exposure regimes.

ConfoundIng
The before/after design reduced the opportunities for
confounding.

SubjeCtS

authoRS’ ConCluSIonS

42 healthy men aged 20-50 years. None had previous
exposure to styrene or other neurotoxic agents although 5
had had occasional exposure to paint solvents. All were
self-reported ‘social’ consumers of alcohol.

The authors conclude that exposure at the AcGIH TLV of
20ppm would protect workers from acute styrene toxicity, whereas the oSHA PEL of 100ppm would not protect
exposed workers.
RevIeweR’S ConCluSIonS
It is difficult to interpret these findings meaningfully in
terms of workplace exposures. Exposure in an exposure
chamber is unlike exposure in a work environment where
exercise and environmental conditions may affect the
absorbed dose. The experimental data for four subjects
provides no evidence that short exposure to concentrations
up to 150ppm has adverse effects on the nervous system.

outCoMe
Three groups of tests were used to assess neurotoxic outcomes:
■ Sensory: colour vision measured using a Lanthony d15 desaturated panel; a vision contrast test; and an olfactory threshold test.
■ Neurobehavioural: simple reaction time; colour word
stress test; symbol digit matching test; digit span memory
test; and continuous tracking test.
■ A questionnaire to assess mood and symptoms.
Symptoms included local irritation and central nervous
system effects.
expoSuReS
Five exposure regimes each of 6 hours duration were used:
■ constant 106mg/m3;
■ Variable exposure, mean concentration 106 mg/m3 but

with four 15min peaks up to 213mg/m3;
■ constant 213mg/m3;
■ Variable exposure, mean concentration 213 mg/m 3
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(50ppm) but with peaks up to 426mg/m3 (100ppm);
■ Two stable low-level exposure to 5mg/m3. Used as a
‘null exposure’ for physiological effects but with a
detectable odour.
The test exposures were carried out in a constant
sequence.
analySIS

Bio-available doses will have been lower for a given exposure in the exposure chamber as subjects were at rest. In
addition, these exposures were relatively short term.
Nonetheless, this study is reassuring about the acute
effects of these levels of exposure in naïve individuals.

Stetkarova I, Urban P, Prochazka B, Lukas E.

Multivariate analysis of variance techniques were used to
evaluate the effects of exposure on outcome measures
incorporating three factors: moment of measurement;
type of exposure; and mean styrene concentration.

Somatosensory evoked potentials in
workers exposed to toluene and
styrene.
Br J Ind Med 1993; 50:520-527

ReSultS
only results for subjects completing all exposures were
included in analyses (24 of 42 initial subjects). No significant effect of exposure on sensory tests was noted. In the
neurobehavioual tests subjects had a faster reaction time
on the colour word stress test at the end of the day
regardless of exposure, although accuracy remained
unchanged; subjects had a faster response time on the
symbol digit matching test after exposure compared with
before, and as they progressed through sessions; and subjects remembered a higher number of digits on the digit
span memory test as they progressed through sessions.
No other significant effect was noted. No significant
effect of exposure on mood or symptoms was reported.
ConfoundIng
The before/after design reduced the opportunities for
confounding. There is little comment on the subjects who
did not complete testing. It is not stated why these individuals discontinued their participation and it is not
known whether this might have biased the results
towards the null. Period and order effects were not considered in the analyses.
authoRS’ ConCluSIonS
Short term exposures up to 213mg/m 3 (50ppm) with
peaks up to 426 mg/m3 (100ppm) did not induce neurotoxic effects. caution should be exercised in extrapolating
these results to occupational exposure situations.

aIM
To detect possible sub-clinical impairment in the
somatosensory pathway in workers exposed to styrene.
deSIgn
cross sectional study with an external non-exposed comparison group and using normative reference data.
SubjeCtS
20 workers exposed to styrene (5 men and 15 women) in
a factory making glass laminates. The comparison group
was 13 male and 40 female volunteers without any
known exposure to any neurotoxic agents. No information is given on how these were identified.
outCoMe
Somatosensory evoked potentials were measured using
electrical stimuli delivered to the right median nerve at
the wrist and the right tibial nerve at the ankle. Peripheral,
cervical and cortical sensory evoked potentials were measured after stimulation at the wrist and spinal and cortical SEPs after stimulation to the tibial nerve. results of
the sensory evoked potential measurements were considered abnormal if any latency conduction time or conduction velocity exceeded the 95% reference range.
Abnormal SEPs were divided into three categories,
peripheral, central or a combination of the two.

RevIeweR’S ConCluSIon
This is a relatively large and well conducted experiment
but its extrapolation to the workplace is problematical.

expoSuReS
Exposed subjects had a mean exposure for 11 years with
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85% exposed for more than 5 years with a maximum of
22 years. For the period from 1980-1989 the styrene concentration in air ranged from 140-570 mg/m3.
analySIS
Mean values in the outcome variable in the exposed and
comparison groups were examined using t-tests with
multiple regression to adjust for sex, age and height.

Tsai S, Chen J.

Neurobehavioral effects
of occupational exposure to
low-level styrene.
Neurotoxicology and Teratology 1996; 18:463-469.

aIM
ReSultS
Six women were determined to have abnormal sensory
evoked potentials, two of the peripheral type, two central
and two with impairment on all SEP pathways. In a table
showing the relation of abnormal SEPs to exposure eight
abnormal cases (including males) are included with a disproportionately high (not statistically significant) number
in those with longer exposure duration. The 15 women
exposed to styrene had significantly slower peripheral
conduction velocity and reduced latencies compared
with the comparison group.

deSIgn
This was a cross sectional study with an internal nonexposed comparison group.
SubjeCtS
Workers in six manufacturing plants in Taiwan. 86 of 117
were found to be eligible, could perform the testing and
were enrolled.

ConfoundIng
The methods section discusses use of multiple regression
in the examination of latency but it is not clear whether
these were used in the final analysis. drinking habit was
considered but the values in the exposed group were
very similar to those in the comparison.
authoRS’ ConCluSIonS
The study shows evidence of functional impairment of all
somatosensory pathways indicative of potential toxic
polyneuropathy, myelopathy or encephalopathy due to
chronic exposure to neurotoxic agents.
RevIeweR’S ConCluSIon
Although there are some problems in understanding
some aspects of this study (for example the choice of
comparison group or the decision to exclude male
styrene workers from the analysis) it does not appear to
be intrinsically flawed. The use of somatosensory evoked
potentials is not open to manipulation by the subject. It
would have been helpful however to have had a clearer
description of how the proportion of abnormal potentials
in the exposed group compared to those in the comparison group; no data on these differences in the comparison
group are given.
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To evaluate possible adverse effects of low level styrene
exposure on central and peripheral nervous systems in
fibreglass reinforced plastics workers.

outCoMeS
Symptom information was collected using the Swedish
Q16 symptom questionnaire. Tests of vibration and thermal threshold were carried out, with vibration measured
on the distal phalanx of the left index finger and the big
toe, and the thermal test on the left forearm. A number of
tests from the neurobehavioural evaluation system were
adapted for the chinese culture and language. They
included the continuous performance test, associate learning, symbol digit test, pattern comparison, pattern memory, visual digit span, switching attention, and associate
delayed recognition. In addition, information on mood
scales was collected and a vocabulary test was completed.
expoSuReS
The mean duration of employment was 8.3 years in those
with direct exposure and 8.4 years in those with low or
no exposure. Personal and area sampling was carried out
to assess levels of styrene and other chemicals in the
workplace. The styrene measures were used to divide the
population into those with none or indirect exposure
(mean styrene concentration 1.0 ppm) and those with
direct exposure including layering, cementing and spray-
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ing for whom the mean styrene concentration was 21.9
ppm. Acetone and methyl ethyl acetone were detected
rarely and at very low levels.
analySIS
Multiple regression was used to adjust for possible confounding and the Bonferroni Inequality used to take
account of multiple comparisons.
ReSultS
No difference was found in either acute or chronic symptoms between the low and higher exposure groups. on
behavioural testing the scores on the continuous performance test were significantly lower in those with more
exposure, having taken account of the effects of age, sex,
educational level and alcohol consumption. The vibration
perception threshold was higher in both the hand and the
foot for the exposed but no significant difference was
seen on the thermal threshold.

showing confounding does indeed suggest that they
were rather similar (except, perhaps, for years of education which is about 10 months longer in the less exposed).
There is a comment that when the analyses were repeated
using the vocabulary test instead of years of education,
the results for the continuous performance test was marginally less significant (p=0.06). Vibration perception has
been used rather little in styrene workers and has the disadvantage it may be affected by a low motivation to perform well. However it is of interest that the vibration
threshold but not the thermal threshold is considerably
different in exposed and non-exposed, suggesting that
such motivational factors may not be very important.

Viaene M, Veulemans H, Masschelein R.

Experience with a vocabulary test
for workers previously and still
exposed to styrene.
Scand J Work Environ Hlth 1998; 24:308-311.

authoRS’ ConCluSIonS
The authors conclude that acute symptoms are not found
below 25 ppm. They note that chronic symptoms were not
significantly related to exposure in this study but there
was a tendency for those with high exposure to be more
likely to complain of chronic symptoms. They note that
having allowed for confounders the continuous performance test was significantly and adversely affected and
feel this result agrees with a consensus that reaction time
seems to be the most prominent effect of styrene exposure.
They interpret the higher threshold for vibration as indicating that styrene affects the function of faster myelinated fibers. They conclude by saying that subtle but significant changes involving neurobehavioural performance
and peripheral nervous function were detected in workers
exposed to styrene at a mean dose of 22 ppm.

Viaene M, Pauwels W, Veulemans H, et al.

Neurobehavioral changes and
persistence of complaints in workers
exposed to styrene in a polyester
boat building plant: influence of
exposure characteristics and
microsomal epoxide hydrolase
phenotype.
Occup Environ Med 2001; 58:103-112.
These two papers present data from the same study
and are considered together below.
aIM

RevIeweR’S ConCluSIonS
Although workers were tested away from the factory, the
time away from exposure may have been for as little as 16
hours and it is not certain that the effects involved, for
example on the continuous performance test, were due to
chronic rather than acute effects of the substance. While
this paper shows the generally weak design of comparing
exposed with unexposed workers, where issues of bias
and confounding are difficult to overcome, in this instance
all were working in the fibreglass factories and the table

The earlier paper seeks to explain, in terms of styrene
exposure, an observed difference in vocabulary score
between present and current workers. The later paper has
three aims, to compare symptoms and behavioural test
scores in workers who have been exposed to styrene and
comparison workers who have not; to assess the relation
between symptoms and test scores and industrial hygiene
data in the exposed group; to examine whether there was
a link between microsomal epoxide hydrolase (mEH) and
test performance in workers exposed to styrene.
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deSIgn

analySIS

This was a mixture of a cohort and cross sectional
designs. To enter the cohort workers had to have been
employed in a single boat building plant sometime
between 1984-1987. A comparison group was chosen
from amongst people working in another plant, without
exposure, at the time of follow-up. Although exposure
measurements had been made in 1984-1987, all outcome
data was collected at a single point, from 1992-1993.
Blood for phenotyping was collected in 1994-1995.

In the earlier paper, vocabulary score was related to duration of exposure, having adjusted for years of education
and age, in the group as a whole and in those previously
exposed compared to those currently exposed. In the second paper, where the comparison group is included,
comparisons were made between scores in those currently exposed, those formerly exposed and the comparison
group. The statistical analysis included one-way analysis
of variance, Fisher’s exact test, multiple linear regression
and multiple logistic regression.

SubjeCtS
185 workers who had been previously involved in exposure studies of styrene were traced and of these 117 participated. A comparison group of 64 non-exposed workers were recruited from a possible 111.
expoSuRe
detailed hygiene studies had been carried out in plant by
the research group in 1984-1987. Individual records were
kept for every worker on the tasks he carried out and this
permitted calculation of the exact number of hours of
exposure to styrene from 1982-1989 for formerly exposed
workers (who were laid off at this point) and to 1993 for
current workers. currently exposed workers (n=27) had
an average of 4700 hours of lamination compared with
3610 hours of lamination in the formerly exposed (n=90).
The mean time weighted exposure for currently exposed
workers was only 68 mg/m3 and for formerly exposed 17
mg/m 3. concentrations while laminating were 148
mg/m3 and 157 mg/m3 respectively.
outCoMe
Behavioural testing included, as reported in the earlier
paper, the dutch version of the vocabulary test of the
Neurobehavioural Examination System and, as reported
in the later paper, performance tests from the same battery; namely, hand-eye coordination, simple reaction
time, symbol digit substitution, associated learning, associated recall, digit span and color word vigilance. The
subjects completed a 60 item questionnaire (the neurotoxicity symptom checklist) and were interviewed about
their memory of complaints while they were at work
with styrene and, if never exposed, in their present job.
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ReSultS
The earlier paper showed a significant relation between
vocabulary score and duration of exposure that appeared
to be similar for those still employed and those formerly
employed. No relation was found with level of exposure.
The vocabulary score of the still exposed group was significantly lower than that of those who had been laid off
three years earlier. In the later paper scores on the symbol
digit substitution, digit span forward and hand-eye coordination (in former employees) appeared to be worse
than those for the comparison group. The information
given in the text does not appear to be identical to that in
the tables but the text has been given priority. The
exposed workers (including those currently exposed)
remembered having more complaints at work than the
comparison group did, and that diminished taste sensitivity persisted to the time at which the inquiry was carried out. Full details are not given of the results of the 60
item questionnaire but it appears that formerly exposed
workers had worse scores than currently exposed. In a
model including duration of exposure those with higher
mEH (the faster metabolizers) did worse on the symbol
digit substitution test, on the color word vigilance test
and on the digit span test.
ConfoundIng
Substantial differences were found in the educational
level of currently exposed (the lowest), formerly exposed
(intermediate) and comparison group (highest) educational level. This is a serious problem (see below). other
comparisons made included alcohol consumption, hours
slept at night, smoking, and motivation. No statistical
data are given but these appear to be very similar. No
mention is made of any other chemicals that may have
been present in the work environment.
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authoRS’ ConCluSIonS

Viaene M, Pauwels W, Veulemans H, et al.

In the earlier paper, the authors conclude that the use of
short vocabulary tests to estimate pre-morbid capacity
(as “hold tests”) may be limited as they are affected by
exposure. In the second paper, the authors conclude that
some subjective symptoms or complaints and neurobehavioural effects in workers were persistent even at TWA
exposure concentrations thought to be safe in the 1980s.
The results suggest that less than 10 years of exposure to
a mean concentration of styrene of 155 mg/m3 may result
in persistent neurotoxic effects.
RevIeweR’S ConCluSIonS
This study has many problems. First, the design is very
weak. The collection of symptom complaints from a
group of workers who had been laid off for three years,
and for whom the method of parting may not have been
ideal, raises serious questions of interpretation. As in
almost all symptom studies, the use of an unexposed
comparison group does not permit any firm conclusions.
As such, the symptom data in these papers is not very
useful. The data from behavioural testing is also difficult
to interpret. First there is the problem of the earlier paper
in which duration of exposure was seen to be associated
with vocabulary score. As might be expected, vocabulary
score is related to years of education in this study.
Amongst the former workers those who agreed to take
part had a higher educational level than those still
employed, but as is apparent from the second paper,
those who refused to participate had a much lower one.
years of education was also negatively correlated with
duration of exposure (not significantly). In interpreting
this entire study it is critical to decide whether the relation between duration of exposure and vocabulary score
is due to inadequate adjustment for confounding or is a
real effect. The authors conclude it is real, but it is somewhat strange that they make no mention in the second
paper of the fact they have this vocabulary test data. It
would have been interesting to know if adjusting for
vocabulary score would have removed all the neurobehavioural differences described.

Neurobehavioral changes and
persistence of complaints in workers
exposed to styrene in a polyester
boat building plant: influence of
exposure characteristics and
microsomal epoxide hydrolase
phenotype.
Occup Environ Med 2001; 58:103-112.

See Viaene M, Veulemans H, Masschelein R.

Experience with a vocabulary test
for workers previously and still
exposed to styrene.
Scand J Work Environ Hlth 1998; 24:308-311.

Welp E, Kogevinas M, Andersen A, Bellander
T, Biocca M, Coggon D, Esteve J, Gennaro V,
Kolstad H, Lundberg I, Lynge E, Partanen T,
Spence A, Boffetta P, Ferro G, Saracci R.

Exposure to styrene and mortality
from nervous system diseases and
mental disorders.
Am J Epidemiol 1996; 144:623-33.

aIM
To examine mortality from diseases of the nervous system, mental disorders and suicide in relation to styrene
exposure.
deSIgn
cohort mortality study.
SaMple
41,167 workers at 660 reinforced plastic plants were identified from 6 European countries. Those with no styrene
exposure or with unknown date of birth, date of first
employment or gender were excluded, leaving 35,443. of
these 44.8% were from denmark, 20.9% from the UK,
15.2% from Italy, 8.5% from Sweden, 5.9% from Finland
and 4.8% from Norway. Most of the workers were
believed to be in laminating tasks.
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expoSuRe
An exposure matrix was constructed by country and calendar period using job title, type of product and method
of production. The methods used were not clearly stated
in the paper but it appears that a database was created
using personal exposure measurement and urinary
metabolites, with extensive data before 1970 only being
available for denmark. occupational records were
obtained from payroll data at each plant or, in denmark,
from the national pension scheme. Exposure levels were
thought to have decreased from around 200 ppm before
1970 to around 40 ppm by 1990.
The time from first exposure, cumulative exposure,
average exposure, and duration of exposure were calculated.
outCoMeS
No description is given of the method of determining
vital status or cause of death. causes of death of particular
interest were mental disorders, diseases of the nervous
system and suicide. For internal comparisons a more
detailed examination of cause of death was possible.
analySIS
Standardized mortality ratios were calculated using
national mortality rates by sex, age and calendar period.
The follow-up for the mortality study started at the first
exposure to styrene or the first date from which complete
payroll information was available. The period of followup differed between countries with the longest being
1945-1990 in the UK and the shortest 1970-1990 in
denmark. A total of 446,784 person years with an average
of 12.6 years of follow-up was available for the external
analysis and 405,967 with an average of 12.4 years for the
internal comparisons. Poisson regressions were used for
the internal comparisons with the pattern of the dose
response for duration and cumulative exposure being
examined using more complex regression models.

parisons 27 of the 30 deaths from diseases of the nervous
system were analysed in relation to time since first exposure, duration, average exposure and cumulative exposure having adjusted for country, age, calendar year and
sex. Trends were observed by each of these exposure variables, with significant trends being seen for duration of
exposure and cumulative exposure. consistent trends
with exposure parameters were also seen for sub-groups
of epilepsy (N=7) and for the 11 deaths from degenerative
nervous system diseases, of which 7 may have been ALS.
Both mental disorders and suicide were more frequently
seen in those with exposure duration of less than one year.
ConfoundIng
The internal comparisons adjusted for country, age, calendar year and sex but no information was available on
other workplace or lifestyle confounders.
authoRS’ ConCluSIon
Mortality from central nervous system diseases and especially those from epilepsy increased with exposure to
styrene. They comment that selection out of employment
by sick individuals will have attenuated the dose response
relationships. They also point out that, because of the
small numbers, the results must be treated with caution.
RevIeweR’S ConCluSIonS
Although the numbers of cases overall, and for epilepsy
in particular, are very small, the pattern of increased risk
with duration and cumulative exposure is suggestive of
some risk associated with styrene. However the estimates
must be considered very unstable and this follow-up of a
cohort is probably too soon, with less than 7% of deaths
within the cohort to date, to truly evaluate whether
styrene was related to degenerative disease of the nervous system. In any further follow-up the lack of information on confounding by lifestyle factors might be an
important limitation.

ReSultS
The external comparison showed no excess from all causes
(SMr=0.96, 95% cI 0.92-1.00) from mental disorders
(SMr=1.01, 95% cI 0.62-1.54) or from disease of the nervous system (SMr=0.76, 95% cI 0.51-1.09). There was an
excess of external causes of death (SMr=1.13, 95% cI 1.021.25) which was reflected in an increased rate of suicide
(1.10) and other violent causes (1.17). For the internal com-
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Wong O, Trent LS.

Mortality from nonmalignant
diseases of the respiratory,
genitourinary and nervous systems
among workers exposed to styrene
in the reinforced plastics and
composites industry in the United
States.
Scand J Work Environ Hlth 1999; 25:317-25.
aIM
To determine mortality from diseases of the nervous system and other diseases in a US cohort of styrene exposed
workers.
deSIgn
cohort mortality study.
SubjeCtS
The cohort consisted of 15,826 styrene exposed workers
in 30 plants with inclusion limited to those who had
worked in areas with styrene exposure for at least six
months between 1 January 1948 and 31 december 1977.
expoSuRe
A job exposure matrix had been established by a team of
occupational hygienists who visited each plant around
1980. This was based on job titles (reduced to a list of 19 job
categories) and history of job functions, work practices,
past industrial hygiene measurements, process changes,
engineering control and personal protective equipment in
use. Levels of styrene were measured in 1980. These were
used to produce a cumulative exposure in ppm-years. In
addition 6 process categories were created. Typical exposures were low, with the majority of jobs being estimated
to have exposure of 10 ppm or less. Exposure information
was truncated in 1977, at the end of the initial study.
outCoMe
Vital status at 31 december 1989 was determined by all
means available. This information was used to obtain
death certificates from individual state health departments. Analysis against external referents used US

national age-gender-year specific death rates to compute
cause-specific standardized mortality ratios. Because race
was not generally available, the entire cohort was
assumed to be white. Internal analyses were performed
using cox’s proportional hazards analyses.
ReSultS
In the SMr analysis no excess was found for diseases of
the nervous system with only 14 (all male) deaths (2 from
epilepsy); indeed the SMr 0.56 (95% cI 0.51-0.95) suggested a deficit of such disease. When these 14 cases were
divided into time since first exposure there was an
increase in SMr from 0.10 for those with less than 10
years from first exposure to 0.68 for those exposed 10-19
years and 1.13 for those exposed for more than 20 years.
When a similar analysis was carried out by duration of
exposure the highest SMr (1.03) for diseases of the nervous system was seen for deaths in those who had a
duration of more than 10 years, the highest exposure category. For cumulative and average exposure, the highest
SMr was for intermediate categories. When the deaths
were broken down by industrial process no death from
diseases of the nervous system was seen for those in the
open mould process or mixed and closed mould processes, where exposure would be expected to be highest. A
cox regression with age and cumulative exposure as
independent variables showed no relation to diseases of
the nervous system. A further analysis including age,
cumulative exposure, duration and average intensity also
showed no excess risk for this outcome.
ConfoundIng
The cox regression adjusted for age and gender and the
SMr for era. Information was not available for lifestyle
factors that may have acted as effect modifiers (particularly alcohol). computation of SMrs by major process
categories might have allowed identification of other
workplace exposures that were acting as confounders.
authoR’S ConCluSIonS
The authors conclude there was no increased mortality
from diseases of the nervous system in general or from
epilepsy in particular and that no pattern of mortality
was found in relation to styrene exposure. They go on to
comment that the levels of exposure in the US cohort
were relatively low and that the number of deaths was
small. They concluded that the power to detect a modest
increase in risk was low.

The SIrc review November 2006

97

neuRopSyChologICal effeCtS of StyRene expoSuRe:
RevIew of lIteRatuRe publIShed 1990 – 2003

RevIeweR’S ConCluSIonS

deSIgn

With only 14 deaths the opportunities for analysis of this
cohort was limited. However, it would have helped to
have seen more detail of the internal analyses. There is
some uncertainty about the interpretation of Table 7 and
8 as there may well have been considerable correlation
between age (measured when?) and cumulative exposure
and, in Table 8, cumulative exposure, duration and average intensity. It would have been helpful to have some
tabulations of rates by grouped factors from the internal
analysis. While this would have been informative, it is
unlikely to detract from the overall conclusion of the
paper that no excess is present.

cross sectional study with an external comparison group
of unexposed subjects.

Yokoyama K, Araki S, Murata K.

Effects of low level styrene exposure
on psychological performance in
FrP boat laminating workers.
Neurotoxicology 1992; 13:551-556.

See Murata K, Araki S, Yokoyama K.

Assessment of the peripheral,
central and autonomic nervous
system function in styrene workers.
Am J Ind Med 1991; 20: 775-784.

Yuasa J, Kishi R, Eguchi T, Harabuchi I,
Arata Y, Katakura Y, Imai T, Matsumoto H,
Yokoyama H, Miyake H.

Study of urinary mandelic acid
concentration and peripheral nerve
conduction among styrene workers.

SubjeCtS
32 exposed subjects (27 men and 5 women) were identified in three Japanese factories employed in the manufacture of plastic materials. The comparison group existed of
23 men and 5 women who were clerical workers.
outCoMe
Measures of conduction velocity were made in the ulnar
and peroneal nerves and of sensory conduction in the
ulnar and sural nerves. Latency, amplitude and duration
of the action potential were also measured. Six symptoms
of peripheral neuropathy were examined.
expoSuReS
Subjects had been exposed for a mean of 11.6 years (range
1.3-27 years). They were exposed to styrene for 7 hours
daily and wore gloves but not masks. End of shift urine
samples were collected on the Monday evening after a
shift at work. Mandelic acid concentrations were grouped
into low and high, where “high” was more than 250
mg/l. The maximum airborne concentration was 117
ppm but levels were usually less than 10 ppm.
analySIS
Paired t-tests and analysis of variance were used to compare the nerve conduction parameters between exposed
and comparison groups. Pearson correlations were used
to examine the relationship between urinary mandelic
acid and nerve conduction. Multiple regression adjusted
for confounding.

Am J Ind Med 1996; 30:41-7.
ReSultS
aIM
To determine whether a low level of styrene exposure can
affect the central nervous system and to clarify the parameter of electrophysiological response is most sensitive
to early change in styrene exposed workers.
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Motor distal latencies in the ulnar and peroneal nerves
were longer for the group with the highest mandelic acid
than for those with low exposure or in the comparison
group. Motor nerve conduction velocity was significantly
slowed in the group with the highest level of mandelic
acid and some depression in sensory cV was seen also.
There was in general no correlation between mandelic
acid and the neurophysiological measures, but there was
a weak relation with peroneal motor distal latency. In a
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multiple regression analysis, having included estimates
of relevant confounders (age, height, weight, body mass
index, number of cigarettes smoked, alcohol consumption and skin temperature) urinary mandelic acid concentration was significantly related to ulnar and peroneal
motor distal latencies. No relation was found between
reported symptoms and exposure.
ConfoundIng
Information was collected, and included in parts of the
analysis, on height, weight, body mass index, skin temperature and alcohol intake. No mention is made of other
chemicals at work that might have acted as confounders.

3. challenor J, Wright d. Aggression in boat builders: a
search for altered mood states in boat builders exposed to
styrene. occup Med (oxford) 2000; 50:185-92.
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authoRS’ ConCluSIonS

6. Geuskens r, Klaauw M, Tuin J. et al. Exposure to
styrene and health complaints in the dutch glass-reinforced plastics industry. Ann occup Hyg 1992; 36:47-57.

A low concentration of styrene affected the peripheral
nervous system. Motor distal latencies of the upper and
lower extremities seem to be sensitive parameters for
toxic neuropathy induced by styrene exposure.

7. Jegaden d, Amann d, Simon JF, Habault M, Legoux B,
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of the relatively low levels in which they observed effects
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be noted that no overall difference on any neurophysiological factor was seen. All the differences reported are
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The Effect of Styrene Exposure on
color Vision: A review
Gregory W. Good, OD PhD, Jason J. Nichols, OD MS MPH1

ABSTrAcT
Introduction
Styrene (cAS rN 100-42-5) is an organic,
lipid soluble chemical that has been reported to have several health effects. In
humans, styrene exposure in the workplace
has been primarily associated with effects
on the nervous system. As such, it is
thought that color vision assessments may
play an important role in determining the
neurotoxic status of individuals exposed to
styrene. The purpose of this report was to
review the scientific literature in order to
determine the relation between styrene
exposure and color vision loss.
Methods
A primary literature search was conducted
using MEdLINE and other scientific journal sources for the terms “styrene” and
“color vision,” and 23 articles were identified. However, not all 23 articles identified
from the primary search were reviewed;

Styrene exposure, at
high levels, is associated
with color vision
deficiency. however, the
magnitude of these
deficiencies is relatively
minor, especially
relative to congenital
color vision defects and
it is unlikely that the
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three were in a non-English language, and
four were review-type articles or peripherally related to the topic.1-7 Two letters to the
editor, 14 original research articles, and
three case series/animal studies were
included in the review and assessments.
Articles were reviewed generally in terms
of their overall study design and epidemiological methods, color vision test methods,
styrene exposure assessment, sample size,
control selection, recruitment procedures,
statistical methods, internal and external
generalizability, and impact of results on
the workforce/workplace (if applicable).

level of defect would
have much functional
significance.

Key Words: Styrene, dose response, color
vision, dyschromatopsia, cAS rN 100-42-5
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Results
Most all studies reviewed were cross-sectional in nature, whereby individuals were
sampled based on styrene exposure with
the assumption that they would have
altered color vision. control groups were
generally sampled from other manufacturing plants, or from other sources (i.e., convenience samples). Styrene exposures were
assessed by air samples (personal or area)
for ambient levels and through urinary
concentrations of mandelic acid (MA) or
phenylglyoxylic acid (PGA), which are the
major urinary metabolites of styrene. Most
studies used the Lanthony desaturated d15 (dd-15) panel arrangement color test to
assess color vision, given its sensitivity to
very mild color vision alterations; the test
was usually scored using the color
confusion Index (ccI). Seven studies
showed that, compared to controls,
styrene-exposed workers had significantly
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higher ccI values where the range of the ccI for the high
exposure groups was 1.14 to 1.33, while the range of ccI
values for the low exposure groups was 1.02 to 1.17.
Studies tested for further dose-response type effects of
styrene exposure by dichotomizing ccI values based on
various styrene exposure levels, or through correlation
and/or preferably, regression analyses in which styrene
exposure was used to predict the ccI in the exposed
sample. Six studies showed a relation between higher
exposures (greater than 20-50 parts per million) and color
vision deficiency, compared to control groups. often, low
exposure groups did not significantly differ from the control group, or population, age-specific normal values for
the test. Two studies were able to show that styrene exposure levels were able to predict the ccI. Some preliminary evidence suggests that the mechanism of color
vision loss associated with styrene is retinal, rather than
in the optic nerve or higher processing levels.
Conclusions
Styrene exposure, at high levels, is associated with color
vision deficiency. However, the magnitude of these deficiencies is relatively minor, especially relative to congenital color vision defects and it is unlikely that the level of
defect would have much functional significance. The literature seems to support the notion that styrene levels
above 50 ppm may lead to alterations in color vision,
although the exact exposure dose is unclear. Workers performing tasks associated with high styrene exposure levels should use precaution and personal protective devices
when possible (i.e., respirators). Questions that remain
unanswered included the contributing exposure (i.e.,
local vs. systemic), the proximate toxicant (styrene or its
metabolites), functional significance of the color vision
defect, permanency of color vision loss associated with
the exposure, the type of color vision (i.e., red-green vs.
blue-yellow), and the exact mechanism of action of
styrene exposure on color vision loss in the ocular system.
INTrodUcTIoN
Theories of Color Vision and Congenital Color Vision
Deficiencies
Human color vision is possible due to the three component (trichromatic) color processing system in a normal
visual system.8 The perception of color is based on the
differential responses across these three systems; i.e., the
short-wavelength (blue), middle-wavelength (green), and
long-wavelength (red) sensitive systems. About 92% of
males and over 99% of females possess these normal reti-
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nal components.9 of the 8% of males and 0.4% of females
who have inherited abnormal components, color discrimination can vary from near normal to severely inferior.
Many non-human land-animals possess dichromatic
visual systems.10 only the short wavelength-sensitive and
a single, medium wavelength-sensitive photopigments are
present to allow color interpretation. Although some
humans inherit a dichromatic color system, this is an
abnormal condition. Normal human color vision is tri chromatic, arising from the three types of retinal cone cells.
The genes for the middle (green) and long (red) wavelength-sensitive photopigments are carried on the x chromosome.11 As the abnormal genes are recessive in nature,
red-green color vision deficiencies are therefore inherited
in a sex-linked recessive pattern. The two longer wavelength-sensitive pigments in human photoreceptors are
extremely similar in chemical composition (vary at only
15 of the 364 amino acid sites). Additionally, the two
genes responsible for their development are in juxtaposition near the distal end of the long arm of the x chromosome. The close proximity of the two genes and the nearly identical amino acid sequences suggest that these two
photopigments evolved from a single gene. The presence
of these two photopigments sensitive across the long
wavelength end of the spectrum allows for greater discrimination of greens from yellows from reds, and thus is
thought to provide for better ability to search for ripe
fruit and vegetables.12
red-green color vision deficiencies affect 8% of males
and 0.4% of females. Approximately 2% of males (and
0.05% of women) are limited by a two color system
(dichromatic). These individuals must judge all colors
using only the short wavelength-sensitive and either the
middle or the long wavelength-sensitive systems.
Although these individuals are not totally “color-blind,”
their color is substantially reduced. colors which are easily perceived as different by color vision normals can look
identical and be confused by dichromats, and therefore,
color naming errors are commonplace.
Six percent of males (and 0.35% of women) have three
component systems, however, one of the two longer
wavelength-sensitive components (either the middle or
the long wavelength sensitive components) has an abnormal sensitivity. The abnormal red-green photopigments
have sensitivities that are shifted relative to normal such
that less difference between the middle and long wavelength sensitive photopigments is found. These anomalous
trichromats can have widely varying color discrimination. Mild anomalous trichromats can perform most color
discrimination tasks as well as those with normal color
vision, while severe anomalous trichromats have very
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nent” color theory. In this theory, red is opposed to green,
yellow is opposed to blue, and white is opposed to black.
Modern day ‘zone’ theories of color vision describe
trichromatic processing at the outer-retinal (receptor)
level and opponent processing within the inner retina
and along the visual pathway to within the visual cortex.
due to the paired color opponents and the differential
mode of inheritance, color vision defects are often termed
as either red-green or blue-yellow.

fIguRe 1
cIE-xyZ color diagram. The monochromatic spectral
colors are represented as shown. White is at the “middle”
of the diagram at x=0.33, y=0.33. colors add in the diagram
along straight lines according to the “center of gravity”
principle. If equal amounts of color A and B are added, the
resulting color, c, is on a straight line exactly halfway
between the two. colors are graphed within this diagram
by measuring the relative amount of each of three primary colors (colors x, y, and Z for this standard diagram)
which must be mixed in the precise amounts to exactly
match the color in question. The relative amount of primary x in the mixture is represented along the “x” axis, while
that for primary y is represented along the “y” axis.
0.9
520
0.8

540

0.7
560
0.6

B

500
0.5

580

y

reduced color discrimination and often can not be differentiated functionally from dichromats.
The gene for the short wavelength photopigment is
present on chromosome 7.13 Although a genetic abnormality in the short-wavelength photoreceptor is considered
rare, its inheritance pattern is dominant. The prevalence
of congenital tritanopia is thought to be 1 in 10,000. 14
Because of the rarity of the condition, testing for its presence is seldom accomplished in normal clinical practice.
red-green color vision defects in females are relatively
rare due to their sex-linked recessive inheritance pattern.
An interesting note is that females that are heterozygous
for color vision defects may show mildly abnormal discrimination abilities. This can occur with the inactivation
of the dominant gene in a cell of the developing fetus.
This process was first described by Lyon and has been
termed “lyonization.”15 Thus, a single cell, and ultimately
all of its daughter cells, may display a “recessive” characteristic in spite of a dominant allele being present.
Lyonization occurs in many x-linked conditions of the
eye.16 Modern genetic testing has shown that this x-inactivation is related to methylation and unmethylation on
the activated x-chromosome and inactivated chromosome, respectively.17 The process is random, thus, portions of the retina will display a color vision defect, while
others will not.18
Several investigators have described mildly reduced
color discrimination for female carriers of color vision
defects.18-22 These deficiencies are relatively minor and
have little effect upon everyday activities; however, when
conducting color vision research or when assessing the
effects of toxins and the mild acquired defects they may
cause, it is imperative to be aware of this effect.
Approximately 15% of females will be heterozygous for
color vision deficiency. Therefore, care must be taken
when choosing females for test and/or control subjects
for color vision testing.
color vision is possible for humans because of the
three cone photopigments present in the normal retina.
Very early in the visual pathway, however, opponent
neural processing is found.8 This color-opponent processing leads to the presence of 4 fundamental colors instead
of 3; red, yellow, green, and blue. The red, green, and blue
fundamental colors are typically believed to result from
direct input from the long (red), middle (green), and
short (blue) wavelength sensitive retinal photopigments.
The input for the yellow signal results from the neural
addition of the middle (green) and long (red) wavelength
sensitive systems. In 1870, Ewald Hering recognized that
colors had specific opponent colors which lead to various
perceptual effects. This led Hering to propose his “oppo-
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fIguRe 2
color confusion Lines on cIE-xyZ diagram. The color confusion lines for the three types of dichromats (A-protanope,
B-deuteranope, c-tritanope) with the lines of color confusion radiating from the confusion points. colors which graph
along a confusion line appear identical to the respective type of dichromat.
a.

b

0.9

0.9

520

0.8

C
0.9

520

0.8

540

0.7

540

0.7
560

0.6

560

480

0.1
0

0.1

0.2

y
480

0.3

0.4

0.5

0.6

0.7

0.8

0.0

0

0.1

0.2

0.3

x

0.4

0.5

0.6

0.7

x

Color Space and Color Discrimination Deficits
The “trichromatic” nature of human color vision was first
expressed in a formal theory by Thomas young around
8
1800. The functional consequence of a three-receptor
color system is that all colors can be exactly matched by
mixing together only three appropriately chosen primary
colors. Precisely mixing three colors to match all possible
colors allows for color space to be mathematically represented. Figure 1 illustrates the cIE (commission
Internationale de l’Eclairage) xyZ color diagram.8 The
positions of specific colors are determined by the relative
amounts of each of 3 primary colors (primary x, primary
y, and primary Z) which must be mixed to match a specific color exactly. The relative amount of the x primary is
represented along the “x” axis, while that for the y primary is represented along the “y” axis. The relative amount
of the Z primary required in the mixture of primaries is
not shown on the diagram. This value can be calculated,
however, by knowing that within the diagram, the x, y
and z coordinates always sum to 1. Using this diagram,
the color resulting from a mixture of two colors (color A
and B in Figure 1) is found along a straight line joining
the two colors at a point determined by the amount of
each of the two colors in the mixture (center of gravity
principle).
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color vision defectives that have only a two-receptor
visual system (dichromats) do not see the wide range of
colors seen by color vision normals. The color diagram,
therefore, provides excess information for these dichromats. Figure 2 illustrates “confusion lines” for the three
types of dichromats. All colors along a single line will be
confused, i.e., seen as identically matching, for the indicated type of defect. These lines of confusion are used
when designing color vision tests. For example, color
tests using pseudoisochromatic plates will use color “A”
in Figure 3 for background dots on plate and use color
“B” for the test numeral. For this example, red
(protanopic) or green (deuteranopic) dichromatic subjects
will not see the difference in color and will be unable to
recognize the numeral. color vision normals will be able
to discriminate the different colors for the background
and the test numeral and will see the “hidden” numeral.
The background and numeral colors do not lie along the
same confusion line for blue (tritanopic) dichromats.
Thus, a tritanopic subject will also be able to see the figure.
Because the protanopic and deuteranopic color confusion lines are nearly parallel in most of the color diagram,
it is difficult to use many color vision tests to discriminate
between these types of defects. The tritanopic color confusion lines, however, are drastically different than the “red-
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fIguRe 3
color Plate design using color confusion Lines. color A
may be used as the background dots in a color Plate
Test, while color B would be used for the “hidden”
figure. A red-green color vision defective would not be
able to see the “hidden” figure, as both colors lie close to
confusion lines for protan and deutan type defectives.
color vision normals would be able to easily see a difference in color between the background and figure.
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green” confusion lines. When analyzing the results of
color vision testing, the “axis” of the color confusions is
noted to help diagnose the type of defect that is present.
coNGENITAL VErSUS AcQUIrEd coLor VISIoN
dEFEcTS
deficiencies in color discrimination are frequently caused
by genetic abnormalities resulting in congenital color
defects. As mentioned previously, these defects are most
often confined to the long and middle wavelength sensitive photopigments (i.e., the red and green sensitive systems). These defects are combined to comprise inherited
red-green defects. Abnormalities of the short wavelength
sensitive system are also possible, but as previously stated, they are much rarer.

Individuals with inherited color abnormalities have
stable color discrimination deficiencies which are relatively predictable and easy to diagnose.10 The color discrimination losses in the two eyes are comparable; therefore, testing can be done with both eyes viewing. Besides
the color discrimination deficits, these individuals have
otherwise relatively normal visual functioning.
Individuals with acquired color deficits, however,
have less predictable losses which typically progress in
severity over time.10 The two eyes can show very different
effects; therefore, tests of color discrimination must be
performed monocularly. Very often, acquired defects initially show discrimination loss more typical of blue-yellow defects. Additionally, as these defects result from
“damage” along the visual system, changes in visual acuity or other visual measures may accompany the color
discrimination loss. Although initial damage to the visual
system may be confined to a single color-processing
channel (for example the blue-yellow system), as the condition progresses, more diffuse vision losses result which
are often difficult to categorize.
While many acquired color vision losses begin by
affecting blue-yellow discrimination, some initially affect
red-green discrimination. Köllner’s rule10 provides a general rule to predict the type of color vision loss to be initially present depending upon the location within the
visual system. This rule states that blue-yellow defects
are found with diseases affecting the outer retina, while
red-green defects accompany inner retina and the conductive pathways to higher visual levels. Verriest (1963)
more thoroughly investigated acquired losses and
described Type I, Type II and Type III defects. These classes are described in Table 1.
EFFEcTS oF dEFEcTS oN EVErydAy AcTIVITIES
The ability to perform everyday activities with mild or
severe color vision defects is highly varied. The effects of
color deficiencies on these activities depend upon the
depth of the defect and the types of activities performed.
Steward and cole23 surveyed 102 red-green color vision
defectives and 102 color vision normals concerning various activities and the role color discrimination plays in
ease of their accomplishments.23 While a reporting by
color vision normals of having a difficulty with color was
rare, only 7% of the color defective patients reported no
problems at all with color discriminations.
overall, a greater percentage of dichromats reported
having some difficulty with everyday activities than did
anomalous trichromats; however, even some dichromats
reported having few difficulties related to color discrimi-
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table 1
Verriest classifications of Acquired color Vision defects
Name

description

Examples of causation

Type I (red-Green)

Protan type of defect with

1) cone dystrophy

shift of luminous efficiency

2) chloroquine toxicity

from photopic to scotopic
Type II (red-Green)
Type III (Blue-yellow)

deutan type defect with

1) optic neuropathy

milder blue-yellow loss

2) Ethambutol toxicity

Tritan type defect

1) Glaucoma
2) diabetes

vision status (for inclusion
or exclusion from a study,
for example), it is imperative
that clinical tests be performed to ensure diagnostic
accuracy. relying on patient
reporting of color vision status is an inadequate method
to determine color vision
normalcy. This is an important consideration when
studying acquired color
vision deficiencies, as
patient-reported history of
color vision defects is poor.

3) Nuclear cataracts
Clinical Color Vision Tests
clinical tests of color vision
5) Macular degeneration
are designed to evaluate different aspects of color discrimination. For example,
pseudoisochromatic plates are typically designed to
determine if an individual has “normal” color vision.
That is, does the individual possess the three, normal retinal receptors? other tests are designed to determine color
discrimination ability regardless of the normalcy status
(arrangement tests). It is a basic tenet of color vision testing, that when trying to predict the ability to perform a
vocational color discrimination task, it is best to use a test
which simulates the vocational task as closely as possible.
Therefore, when determining a subject’s overall color
vision aptitude, a battery of tests is typically administered. Several standardized color vision tests are
described along with their vocational uses.
4) Aging

nation. Examples of tasks in which the most difficulties
were reported are selecting colors of clothes and other
objects (automobiles, furniture, carpets, etc.) and distinguishing colors of wires, threads, and other things with
craft work and hobbies. other tasks to which fewer problems were reported were assessing by color if meat is fully
cooked, recognizing when fruit and vegetables are ripe,
and recognizing skin conditions such as sunburn. None of
the control subjects with normal color vision reported any
difficulty with these particular tasks involving color.
In general, the more severe the defect as indicated by
color vision testing, the greater the number of respondents reporting difficulties. It should be noted, however,
that some individuals described as having severe deficiencies reported no difficulties and some having relatively
minor deficiencies reported several areas of difficulties.24
For example, 1 of 7 anomalous (deuteranomalous) trichromats that reported no difficulties judging color failed
the relatively easy Farnsworth d-15 test, and 27 of 44
anomalous (deuteranomalous) trichromats that reported
some difficulties passed the Farnsworth d-15 test. The
reasons for these unexpected responses can be related to
the different types of color discriminations these individuals require in their daily lives and individual differences
in their desires for precision.
An additional note reported by Steward and cole was
that 5% of the dichromats (2 of 37) and 25% of the anomalous trichromats (16 of 65) were unaware of their color
vision defect at the time of their participation in the study.23
Therefore, when assessing subjects to determine color
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Pseudoisochromatic Plates (PIP). These tests are the most
used tests in clinical practice. Subjects must report which
figure made from dots or spots is seen against a similar
background. The tests are typically designed to identify
congenital red-green color defective subjects.10 In this
regard, they usually do an exceptional job. Nearly all
color vision defectives fail the tests, while nearly all color
vision normals pass. Few false positives or negatives are
found. While, in general, mild defectives make relatively
few errors and severe defectives make many, the number
of errors made on the tests are not highly correlated with
functional performance. PIP tests are easy to administer,
however, and are frequently used as color vision screening instruments. Individuals that fail the PIP screening
test are referred for further testing.
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Farnsworth Panel D-15. The Farnsworth d-15 test is an
arrangement test using 16 color caps. one of the caps is
affixed to the test tray. 10 The other 15 caps must be
replaced into the tray according to color (similar to the
FM 100-hue test). The difference in color between adjacent
caps is much larger than for the FM 100-hue test. The test
was designed for vocational evaluation to fail only those
with moderate to severe color vision defects. Individuals
fail the test when two or more errors (major errors) of
replacement are shown which demonstrate gross color
confusions from across the color circle. The test is simple
to administer and typically takes less than five minutes
for administration and grading. Approximately 50% of
congenital color defectives fail the test.25
Lanthony Desaturated D-15. The Lanthony desaturated d15 (dd-15) is similar in design and administration to the
Farnsworth d-15. The principle differences between the
two are the boldness of the colored caps and the degree of
color difference between adjacent caps. The dd-15 has colors which are lighter and less intense than the Farnsworth
d-15 colors. It is much more difficult to complete and was
designed specifically to evaluate subtle color discrimination changes as a result of acquired color vision defects.
The test has been also used as an indicator of fine color
discrimination. It is quickly administered and the results
are relatively easy to evaluate. Approximately 20% of
congenital color defectives pass this test.26
Anomaloscope. An anomaloscope is an instrument designed
to diagnose the color vision status of subjects.10 Two spectral colors are mixed to exactly match in brightness and
color a third spectral color. The precise mixture ratio of the
mixed colors and the range of acceptance of this ratio provide a diagnosis of the exact color vision status. It is the

only clinical test which accurately differentiates normals
from mild defectives. Although the test is very useful in
clinical practice, the results do not always predict absolute
functional ability. Therefore, individuals measuring
abnormal on the anomaloscope typically are tested using
an arrangement test to determine functional aptitude.
The Color Confusion Index (CCI)
In numerous studies that investigate the toxic effects of
chemicals upon color vision, the dd-15 Panel Test is used
to assess fine color discrimination. Small caps of different
colors are replaced into a tray according to color. The caps
vary gradually in hue from blue around a color circle to
purple. The order with which the caps are replaced gives
an indication of which colors may be confused.
The dd-15 is similar to the Farnsworth d-15, however,
with the Lanthony test, the caps are lighter and possess
less color; i.e., they are more white. Figure 4 shows the
positions of the caps for the Farnsworth d-15 and dd-15
tests in cIE-LAB color space. The cIE-LAB color space is
a transformation of the cIE-xyZ color space (Figure 1).
color discrimination across the cIE-LAB diagram is
more uniform than for the xyZ diagram. distances across
the cIE-LAB diagram are used to represent measures of
subjective color differences.8

fIguRe 4
Farnsworth d-15 and Lanthony desaturated d-15 Tests
graphed in cIE-LAB color Space.
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Farnsworth-Munsell (FM) 100 Hue Test. The FM 100-hue
test was developed to measure the fine color discrimination in persons with normal color vision and to evaluate
losses in those with defective color vision.10 The test consists of 85 caps of color from around the color circle. The
colors of the caps were chosen so that approximately
equal perceptual steps of color are represented from one
cap to the next. Subjects work with one-fourth of the caps
at a time and must replace the caps into a tray in order
according to color. The test can be very difficult for a person with defective color vision as the difference in color
between adjacent caps is very small. The test is not frequently used for vocational evaluations due to substantial testing time that is required (may take 15 to 20 minutes per eye for administration).
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table 2
Average age-specific color confusion Index scores for
color vision normal subjects.
Age range
(years)

Bowman et al,
198428 (n = 120)

Muttray et al.,
199829 (n = 296)

10-19

1.083

1.041 (n = 3)

20-29

1.043

1.061

30-39

1.099

1.081

40-49

1.149

1.086

50-59

1.254

1.185

60-69

1.303

1.153 (n = 2)

Bowman27 recommended a scoring method for the
Farnsworth d-15 arrangement test which also can also be
used for the dd-15.27 The method calculates the total distance in cIE-LAB color space represented by moving
from cap to cap for each specific replacement order. This
total difference provides the Total colour difference
Score (TcdS). For perfect replacement with the
Farnsworth d-15 the TcdS is 116.9. The color chips for
the dd-15 are graphed in cIE-LAB color space inside the
Farnsworth color circle. Therefore, the circumference, i.e.,
the TcdS, is much less, being 56.4.
The color confusion index (ccI) is calculated by dividing a given TcdS by the distance representing perfect
replacement.28 Bowman and coworkers28 and Muttray28, 29
and coworkers have reported ccI values for the dd-15
for subjects of different ages with normal color vision.28, 29
color discrimination decreases with age due to both optical (transmission changes through media of eye) and
neural reasons. These values are summarized in Table 2.
In his paper, Bowman28 provides the color space distance
values when going from any given cap to any another, so
that other investigators can use this scoring algorithm.28
These values, however, are based upon the locations
within color space for the Farnsworth d-15 test. Values
for the dd-15 test were not listed, which has led to some
confusion when analyzing the dd-15 using the ccI
method. At least one investigator using the dd-15 test has
apparently used the Farnsworth d-15 cap locations to calculate the TcdS while using the dd-15 test.30 When investigators report dd-15 test results using the ccI instead of
the TcdS, it is not possible to determine if the correct cap
positions were used or whether the Farnsworth d-15 values were incorrectly substituted. Muttray and cowork-
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ers29 provide color space distance values for both the
Farnsworth and the Lanthony tests. (An analysis of the
functional significance of incorrectly using the
Farnsworth d-15 cIE-LAB positions for grading of the
Lanthony dd-15 test is provided in Appendix A.)
The analysis of studies reporting to have used the dd15 is further confused by the similarity in name of a scoring method termed the color confusion Score (ccS).31
This method assigns a score equal to the percentage
increase in distance traveled around the color circle based
upon the specific color cap replacement. castillo and
coworkers32 report using this method and reference it
appropriately but report scores more indicative of the
color confusion Index.32 Although the dd-15 test is a
desaturated version of the Farnsworth test, the color
space locations are not equivalent, even in relative terms.
Therefore, errors in analysis can occur if the distances
used in calculating the color confusion Index are not
from the appropriate test.
When assessing the fine color discrimination of a
group exposed to a potentially toxic substance, it is
important to eliminate congenital color vision defectives

table 3
color confusion Index scores resulting from the
examination of a sample of red-green color vision
defectives using the dd-15. red-green deficiency
confirmed by anomaloscope.
red-Green Anomalous
Trichromats

red-Green dichromats

1.00

2.38

1.00

2.48

1.04

2.50

1.10

2.79

1.15

2.81

1.16

3.02

1.21

3.07

1.37

3.21

1.48
1.74
1.89
2.30
2.35
2.41
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from both the test and control population groups. The
effects of age, alcohol consumption, smoking and various
other known toxins are small compared to the drastic discrimination deficits accompanying many congenital
defects. ccI values for 22 known red-green defectives are
shown in Table 3 for comparison.19 Many of the studies
investigating the effects of styrene on color vision report
that potential subjects with congenital dyschromatopsia
(color vision deficiency) have been eliminated from the
subject pool. However, as Sheedy has noted, often these
studies fail to explain how the diagnosis of dyschromatopsia has been made.33 Steward and cole report that
approximately 18% of the 102 color vision defective subjects they studied were unaware of having a color vision
defect prior to participation in that particular study.23 This
is important to remember when evaluating the effects of
toxins on color vision. If a color vision defective is erroneously selected as a test or control subject, a significantly high ccI value may bias results. Many of these ccI’s
for color vision defectives shown in Table 3 are well outside the 95th percentile values of color vision normals
reported by Muttray and coworkers.29
calculating the color confusion Index for arrangement color vision tests has often been used to document
fine color discrimination. The method does provide an
objective measure of fine color discrimination. The
method, however, provides only a measure of the total
distance around the color circle relative to the specific cap
replacement. The specific colors that are confused (i.e.,
the axis of the defects) is not mathematically provided
and must be evaluated subjectively.
Vingrys and King-Smith34 have described a method of
evaluation for arrangement tests (FM 100 hue,
Farnsworth d-15, and dd-15) which provides mathematical measures of both the color discrimination loss and the
primary axis of confusion.34 This method utilizes vector
analysis of the improper replacements to calculate the
magnitude and orientation of the principal color confusions. The value of the “c’ index” representing a given
color deficit is highly correlated with the ccI, and thus
provides the same color discrimination information. For
the sample values for color vision defectives in Table 3,
the correlation coefficient between the c’ index and the
ccI is 0.976. Therefore, when using the Vingrys/KingSmith method, the same color discrimination information
is provided as when using the color confusion Index.
However, the Vingrys/King-Smith method provides
additional information concerning the orientation of
color confusions which is not provided by the ccI (i.e.,
red-green vs. blue-yellow). A computer program utilizing
the Vingrys/King-Smith method can be obtained from P.

Ewen King-Smith at The ohio State University: kingsmith.1@osu.edu.
Styrene
Background, Sources, and Exposures
Styrene (i.e., vinylbenzene, ethenylbenzene, styrole, cAS
rN 100-42-5) is a colorless liquid that is often detected by
its somewhat sweet odor. It is very lipid soluble but not
very soluble in water, and a volatile liquid at room temperature. due to its lipid solubility, it is found in higher
concentrations in animal tissues such as brain, myelin,
and adipose, and can impair neural membranes interfering with the propagation of nerve impulses or neurotransmitters.35-37
Styrene is one of the top 50 chemicals produced
worldwide, although it occurs naturally as well (i.e., cinnamic acid containing plants). About 10 billion pounds
are produced each year. The major uses of this chemical
include plastics, latex paints, synthetic rubbers, and polyesters. Styrene can be detected in the atmosphere, generally at low levels, which is mainly due to industrial and
auto emissions associated with its production and use.
Thus, air is the primary exposure route for most individuals. one study conducted in canada sampled 18 urban
sites not related to styrene manufacture or processing,
and showed that the range of ambient styrene exposures
was 0.09 to 2.35 µg/m3 (where 1 part per million (ppm) of
styrene is equivalent to 4,260 µg/m3).38 Another recent
study estimated that total daily exposure of individuals is
between 18.2 to 55.2 µg/person based on a review of the
literature. 39 The World Health organization (WHo)
reports that general ambient air levels are 0.3 µg/m3 leading to an estimated daily intake of between 6 and 40
µg/person for nonsmokers in industrialized nations.40 In
general, typical ambient exposures are thus thought to be
less than 1 part per billion. Although it is difficult to estimate these exposure levels due to the numerous factors
involved, it is generally believed that daily ambient
styrene exposure levels are very small. This is because
styrene is very reactive in the presence of hydroxyl radicals and ozone found in air; thus, much of it is oxidized in
the first two hours after release.
Polluted air and the close physical proximity to
styrene-associated manufacturing plants have been
shown to be associated with higher styrene levels,
although ambient styrene levels in the monomer production and the polystyrene industry are much lower than
41
the reinforced plastics industries. This workforce
includes a number of industries including styrene and
polymer production, reinforced plastic/rubber produc-
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tion, and other products containing styrene. Typical occupations include reinforced plastics workers involved in
the manufacture of boats, automobile parts, pipes, protective coatings, and baths/showers. one study sampled the
vicinity of seven reinforced plastics industries in the
United States showing ambient styrene levels ranging
from 0.29 to 2934 µg/m 3. 42 LeMasters and coworkers
(1985) examined occupational styrene exposure values (n
= 1,500) from 28 reinforced-plastic manufacturers in the
United States showing that the open mould process (24 to
82 ppm) is associated with styrene levels that are two-tothree times greater than the closed mould process (11 to
26 ppm).43 The WHo reports ranges between 20 and 30
µg/m3 for in Europe, with an estimated intake of 400 to
600 Bg/person for individuals involved in this process.
other sources of styrene and routes of exposure
include automobile emissions, cigarette smoke, food,
drinking water, and the elimination (thermal degradation) of styrene-containing materials. cigarette smoke has
been reported to contain between 18 and 48 µg/cigarette
of styrene, although the WHo reports that active smoking may be associated with styrene exposures levels
between 400 and 500 µg/day. 44, 45 Small amounts of
styrene may migrate from polystyrene packaging into the
packaged food; small amounts of styrene may also be
present in some foods that have not been packaged in
styrene-derived materials. Although styrene has been
measured in drinking water, it is thought to evaporate to
air rather quickly.
Pharmacokinetics
Absorption of airborne styrene occurs primarily through
the lungs, but also occurs through the dermis and other
mucous membranes. Styrene is distributed readily
through the body, and can accumulate in fatty tissue. Its
elimination is linear at low concentrations of ambient
styrene. The main metabolic end products of styrene
include mandelic acid (MA; 57 to 80% of inhaled styrene)
and phenylglyoxylic acid (PGA; 10% of inhaled styrene),
which are both found in human urine. Wieczorek and
Piotrowski showed that urinary excretion of these two
metabolites is biphasic, with the first half-life occurring at
about 2.5 hours and the second occurring at about 30
46
hours. The relation between inhaled styrene and MA is
linear up to 150 ppm (639 mg/m 3). Some prefer MA
assessment over ambient styrene measures as it allows
one to measure the dose of the agent received, although
both are generally used together. In general, MA sample
collected at the end of a workshift is indicative of acute
exposures.
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Health Effects in Humans
There has been concern about the association between
styrene exposure and cancer; studies have shown a relation in mice and humans between styrene exposure and
lung cancer.47, 48 However, the International Agency for
research in cancer (IArc) has concluded that there is
limited evidence for carcinogenicity in human.49 other
health effects anecdotally reported include symptoms of
irritation of mucosal tissues such as the throat, respiratory tract, and eyes, central nervous system depression,
ototoxicity, pulmonary toxicity, asthma, and contact dermatitis.5, 50-52 Given styrene’s lipid-soluble characteristic, it
is often associated with several neurotoxic effects resulting from depression of the central nervous system (e.g.,
slower reaction times, vestibulomotor alterations, weakness, headache, fatigue, malaise, dizziness, and nausea).
An additional effect on the nervous system that has been
reported is impairment in color vision discrimination.32, 53-63
Prior to 1997, the American conference of
Governmental Industrial Hygienists (AcGIH) established the Threshold Limit Value (TLV) for safe occupation exposure at 50 ppm based on the potential for neurotoxicity. In a previous literature review on the impact of
styrene on color vision, Sheedy concluded that “High
exposure levels are associated with color vision deficiency, whereas low exposure levels are not.” 33 However,
since that time, AcGIH has reduced the limit for safe
occupational levels from 50 ppm to 20 ppm, which is presumably based on more recent ‘neurotoxic’ evidence.
There have also been several new reports evaluating the
impact of styrene on color vision discrimination, some of
which have evaluated the association between lower levels of styrene exposure.32, 56, 59-63 The purpose of this report
is to further evaluate the issue of styrene exposure and
color vision discrimination through a critical assessment
of the literature.
METHodS
A MEdLINE search for “styrene” and “color vision”
yielded 23 articles or letters to the editors published prior
to June 2003. However, not all 23 articles identified from
the primary search were reviewed; three were in a nonEnglish language, and four were review-type articles or
peripherally related to the topic.1-7 Two letters to the editor, 14 original research articles, and three case
series/animal studies were included in the review and
assessments. Each of these 17 “studies” (non-letters to the
editor) were critically reviewed based on the following
principles, and are presented in a temporal sequence:
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1. overall study design and epidemiological methods
2. color vision test methods
a) Appropriate testing conditions
b) Test scored appropriately
c) Examiners masked in regards to exposure status
(when applicable)
3. Styrene exposure assessment
a) Ambient styrene measures (i.e., personal vs. area
sampling)
b) Biological monitoring (MA or PGA assessments)
4. Sample size and recruitment
a) Inclusion of control group
b) General comparison of the exposed and nonexposed groups
c) Matching conducted
5. Statistical methods
a) Assumptions met
b) Sufficient power
c) dose-response analyses
d) consideration of interactions between variables and
effect modifiers
6. External generalizability of results
7. Impact of results on the workforce/workplace (if
applicable)
crITIQUES
Pratt-Johnson (1964)
The author presents a case of retrobulbar neuritis associated with exposure to styrene. The individual was a 48
year old male who had a sudden, painless loss of vision
over the course of one week. His history revealed that he
worked in the fiberglass industry and he frequently used
styrene without protection. His medical history was
unremarkable. His examination revealed a visual acuity
of 20/400 in each eye, but no refractive error. The anterior
and posterior segments of his eyes were unremarkable
for any disease and his intraocular pressures were normal. However, visual field testing revealed centrocecal
scotomas in each eye. Laboratory blood and urine analyses were unremarkable. The patient was diagnosed with
bilateral toxic retrobulbar neuritis and was treated initially with daily intramuscular injections of vitamin B compound, nicotinic acid tablets, and Prednisolone. After 10
days, there was no improvement in the patient’s vision or
visual field. The vitamin B and nicotinic acid were continued for 6 months and one year after first presentation, the
patient’s vision and visual field had returned to normal.
64

Assessment
This case presentation is notable as it is one of the first

references in the MEdLINE literature regarding the effect
of styrene on the visual system. Given what is known at
present about styrene exposure and vision, this patient
must have been exposed to extremely high levels of
styrene in order for this to occur. As we know, patients
with retrobulbar optic neuritis experience very early
color vision losses associated with parvocellular visual
loss, although there is no indication of color vision testing
in this patient case report.65, 66 Additionally, there is a good
possibility that there is a strong nutritional deficiency
component to this case.
Kohn (1978)67
In this study, 345 workers (338 men) who were exposed
to styrene were questioned via case history and underwent a visual examination. The author reports that the
exposure level for these workers averaged 5 ppm; however, the range of exposure levels was wide, and could
have been up to “a few thousand parts per million
momentarily during heating of commercial polystyrene.”
ophthalmic findings included one individual with an
afferent papillary defect, although this was accounted to
ocular toxoplasmosis. There were “infrequent” reduced
visual acuity findings (< 20/30), and causes associated
with reduced acuity included macular scars and amblyopia. conjunctival irritation was noted in 22% of workers
by history and was more common in workers exposed to
levels above 50 ppm. By history, several workers reported
“styrene beads imbedded in their corneas.” There were
no cases of retrobulbar neuritis or central vein occlusions,
which had been suggested in previous reports as an ocular complication associated with styrene. The author concludes, however, that exposure to styrene is correlated
with conjunctival irritation.
Assessment
This report was important as it was one of the first ‘studies’ to evaluate the ocular effects of styrene. Although no
reasonable study design was outlined in the publication
and the methods are insufficient, it was one of the first
manuscripts to address the impact of styrene on vision.
There is no real quantification of exposure assessment.
The biological mechanism for conjunctival irritation associated with styrene exposure is unclear. Unfortunately,
there was no indication of an assessment of color vision
in this patient sample.
Skoog & Nilsson (1981)68
The authors note that information regarding styrene
exposure and central nervous system effects is scarce. The
purpose of this research was to evaluate the effect of
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styrene on the electroretinogram (ErG) and standing
potential (SP) of the eye. The effect of toluene on these
outcomes was also examined, but is not reported on in
this review. cynomolgus monkeys (two male, and three
female) were anesthetized and the animals were coupled
with the apparatus. Following baseline recordings, the
animals were infused with styrene by intravenous injection (0.3 to 15 mg/kg body weight). Blood styrene levels
were monitored through venous samples and gas chromatography. The results indicated that the c-wave amplitude nearly doubled about 10 minutes after injection with
15 mg/kg. In addition, the standing potential of the eye
followed with similar changes after these styrene injections, especially with higher doses. The authors conclude
that the c-wave and standing potentials evoked are
approximately proportional to the injected styrene, and
no apparent changes were seen in the a- or b-waves. The
lowest dose of styrene in these monkeys evoking c-wave
changes was 3 mg/kg which corresponded to about 4
ppm in the blood. The authors suggest that it is difficult
to relate blood concentrations of styrene with ambient
levels. Finally, they state that “It is not possible to explain
the observed effects on the c-wave and the SP on the basis
of the present study” although both potentials are generated primarily in the retinal pigment epithelium.
*Note: The ErG essentially consists of 4 main elements:
the a, b, c, and d waves. The a-wave is seen first and is
thought to reflect the summed effect of the photoreceptors
within the retina. Under certain testing conditions, the
effects of rods versus cones can be seen separately. The bwave is next seen and is thought to be generated within
the retinal Mueller cells. Although Mueller cells are support cells within the retina and don’t directly participate
in the transmission of the visual signal, the b-wave, however, is thought to reflect receptor (rod and cone) activity.
The c-wave is the long-standing potential within the ErG
and is present as long as the light stimulus is on. It is
thought to be generated with the retinal pigment epithelium but again to reflect rod and cone activity. The d-wave
signals the end of the light stimulus (off-effect) and also
reflects post-receptor processing (similarly to the b-wave).
The standing potential of the eye is that potential which is
used when measuring the electro-oculogram (EoG). It is
the potential difference between the front and the back of
the eyes. It changes slowly over time and can be reflective
of the overall integrity of the retina.
Assessment
This study examined the acute exposure of styrene on the
visual system, thus, it is difficult to draw conclusions
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about the effect of styrene in this regard on altered retinal
function and color vision impairment. Additionally, the
route of administration of styrene in this study was different than that for workers exposed on the job. However,
this is an interesting article in that it places potential damage from styrene to the visual system within the retina.
Also, it is interesting to note that the ErG returned to
normal after the styrene blood level dropped.
Gobba and Coworkers (1991)53
This study examined a cross-section of styrene exposed
industrial workers for color-vision deficiencies; comparisons were made with a group of ‘normal’ subjects. The
styrene exposed sample included workers from seven
small fiber-glass plastics factories and there were 34 men
and 41 women included in the sample. The 60 normal
individuals (34 men and 26 women) were workers in a
rock wool plant. There is no discussion of sampling methods used or sample size considerations. Exclusion criteria
included the following: 1) congenital dyschromatopsia, 2)
a medical history of hypertension, diabetes, or cerebrovascular disease, 3) use of medications associated with color
vision loss, 4) alcohol use greater than 250 grams per
week, and 5) poor visual acuity (worse than 20/32).
Biological sampling (MA and styrene concentration in
urine) was conducted at the end of the workday and environmental monitoring was conducted via personal passive sampling; both were conducted on a Thursday to
allow for workweek accumulation. The primary study
outcome was acquired dyschromatopsia, assessed by the
Lanthony dd-15 panel at the beginning of the workday
under a fluorescent daylight lamp (color temperature
5000K). Study subjects were tested monocularly with no
time limit. The test was scored using the color confusion
Index (ccI). Visual acuity was measured as well,
although the chart type is not specified. A questionnaire
was administered which examined work history, occupational and recreational exposure to solvents, and alcohol
and drug use. Statistical methods included testing for data
normality (Kolmogorov-Smirnov test), the Mann-Whitney
U test and paired t-tests, Spearman’s correlation coefficient, and multiple linear regression (dependent variable
was the ccI and predictor variables included age, seniority, and exposure levels).
Although the authors stated that they tested their data
for normality, there is no indication that such tests were
done in the results. The mean (± Sd) ambient styrene for
the exposed sample was 69.02 ± 3.6 mg/m3, while the
mean urinary styrene was 49.5 ± 44.8 µg/L and the mean
MA was 342.9 ± 425.3 mg/L . correlation results indicated a significant relation between age and ccI in the
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exposed (r = 0.44, p < 0.01) and control groups (r = 0.37, p
< 0.01). As such, the authors stratified their data by age
(Group 1= ≤ 29 years, Group 2 = 30-39 years, and Group 3
= ≥ 40 years) and then compared the median ccI for the
exposed and unexposed groups. The only difference was
in Group 3, whereby the exposed had a significantly
higher median ccI value than the control group (1.301
vs. 1.203, p < 0.05). Given the smaller sample sizes associated with this subgroup analysis, it is not known what
the observed power was in any of the group comparisons. However, in another post-hoc analysis, the authors
‘matched’ subjects on age (± 2 years), and then statistically compared ccI values. The results showed that the
mean ccI for the styrene exposed workers was significantly higher than in the control group (1.265 vs. 1.151, p
< 0.01). Environmental sampling data were used to examine a dose-response effect, whereby subjects exposed to
styrene levels above the ‘threshold limit value’ (i.e., 215
mg/m3 = 50 ppm) showed significant increases in ccI
values when compared to the low-exposure group (p <
0.05). There was also a significant relation between urinary styrene excretion and ccI in the exposed group (r =
0.27, p = 0.02). Although the results are not presented, the
authors state that a similar correlation was found for
ambient styrene and ccI, but not for MA and ccI.
Finally, multiple regression results revealed that age,
ambient styrene, and urinary styrene concentration were
significant predictors of ccI, although self-reported
styrene exposure duration was not a significant predictor.
Twenty styrene-exposed workers underwent dd-15 testing on one month later, and although no data are presented, the authors state “…no tendency toward a restoration
of color vision was observed.” In general, styrene
exposed workers showed blue-yellow shifts in color
vision, although it is noted that “in a few styrene workers, red-green discrimination also was affected.”
There are five general conclusions put forth by these
authors which include:
1) Age is correlated with ccI values in both styreneexposed workers and normal controls;
2) Blue-yellow discrimination is primarily affected in
styrene-exposed workers.
3) ccI values are higher in styrene exposed workers than
in age-matched controls;
4) ccI values are higher in a high styrene exposure group
(> 50 ppm) compared to controls, but the low exposure
group did not statistically differ from the normal controls; and
5) ccI values can be predicted in multivariate analyses
by age, ambient styrene, or urinary styrene excretion, but
not MA concentrations.

Assessment
Although the analyses supporting the conclusions were
appropriate, there are several issues with the study methods and design that should be addressed. First, there is
no discussion of the sampling methods used to identify
styrene-exposed subjects within the seven fiberglass
plants, nor the control group. It is important to know the
total number of styrene-exposed workers in all plants,
and a random sample could have been taken from this
subject pool eliminating any potential selection bias. With
the currently described method, it is possible that certain
low-exposure subjects may have been excluded due to the
tendency to select those with more severe disease or exposures. There is no mention of masking of the examiners
performing the test procedures regarding the exposure
status of the subjects. Another issue regarding the subjects
is that females were included in the styrene-exposed
group. This may pose a problem as up to 15% of women
are heterozygous for color vision deficiencies and will
show errors on the dd-15 panel. This could spuriously
inflate the ccI values associated with the styrene-exposed
group leading to significant differences from the control
group. The styrene-exposed sample should have included only male subjects free of congenital color vision deficiencies. Muttray and coworkers also suggested in a corresponding letter to the editor that alcohol use should
have been controlled for in the analyses even when weekly consumption values were less than 250 g/week.29 This
too could have increased the ccI values; however, alcohol consumption would have affected the ccI values in
both the styrene-exposed and control groups.
Again, a concern in this study was the apparent lack of
testing data for normality; inspection of the data shows a
highly skewed range of data. This could have accounted
for the significant differences found between agematched groups. The authors did not perform the appropriate analysis to derive the fourth conclusion regarding
a dose-response effect. Given that three groups were present in the subgroup analysis, the appropriate statistical
analysis would have been analysis of variance (ANoVA)
with post-hoc testing of groups as necessary. The
ANoVA technique would have allowed the authors to
control for the effects of age as well. It is unclear why
excreted MA did not predict ccI values. It is unfortunate
that the authors did not provide any sort of power calculations for their observed findings in this case as it
appears as there is much variability in the styreneexposed group in this outcome (i.e., the standard deviation is larger than the associated mean for MA concentration). Also, it is dissatisfying that data and analyses were
not presented regarding the affect of short-term elimina-
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tion of styrene exposure (i.e., the 4 week vacation) on
color discrimination. This is an important outcome that
needs resolution. overall, this study provides some evidence for the impact of styrene on color vision.
Fallas and Coworkers (1992)54
This study examined a cross-section of 60 shipyard workers who worked in the construction of glass reinforced
polyester materials. The sample was composed entirely
of men who ranged in age from 20 to 56 years, and whose
styrene exposures varied from one to 29 years (mean
exposure duration = 6.5 years). The workers were placed
in four subgroups based on their styrene exposure duration [Group 1 (n = 14) = less than 1 year, Group 2 (n = 18)
= 1-5 years, Group 3 (n = 14) = 5-10 years, Group 4 (n =
14) = more than 10 years]. Styrene exposure was quantified for a period of three months by gas phase chromatography and mass spectrometry via 16 sampling
units in the work area. In addition, urinary excretion of
MA and phenylglyoxylic acid (PGA) were measured at
the end-of-shift by high performance liquid chromatography. A 60 member male control group was assembled,
and the controls were additionally matched to the
styrene-exposed workers on age, intellectual level, and
ethnicity. Members of the control group were unskilled
workers, boilermakers, and warehousemen. Two styreneexposed workers were excluded for hypertension and
alcoholism, and three controls were excluded—“one for
education and two for psychiatric history.”
color vision was assessed using the Farnsworth 100
hue test during working hours and in the daylight. The
test was scored using the number of errors subjects made,
and comparisons of the error scores were made in relation to age. It is unclear what statistical test was used for
this. The chi-square test was used to compare the number
of subjects in the red-green and blue-yellow range for the
Farnsworth test results. other outcomes included a psychometric examination developed by the World Health
organization (WHo), which included a social and medical history, occupation, drug usage, mood assessment,
reaction time, and other neurobehavioral items.
The mean value for MA was 230 mg/g creatinine (range
= 2 to 1460) and the mean value for PGA was 57.4 mg/g
creatinine (range = 0.4 to 421.2). The mean Farnsworth
100 hue error score for the styrene-exposed workers was
259.9 ± 136.9, while the mean for the controls was 262.7 ±
114.0; these values did not differ statistically. There were
32 workers with red-green and/or blue-yellow ranges in
the styrene-exposed group compared to 20 in the control
group (p < 0.05). The authors conclude that exposure to
styrene “may lead to impairment of colour vision in the
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form of the anomalies already reported for workers
exposed to mixtures of solvents,” and suggest that the 50
ppm exposure limit may be too high given this finding.
Assessment
There is one general conclusion put forth by these
authors—that is, styrene exposure leads to impairment of
color vision. They go on to speculate that the damage
occurring in the visual system may be either retinal
and/or optic nerve. However, this conclusion is less than
substantiated by the results presented. First, there was no
statistical difference in error scores when comparing the
styrene-exposed workers and the control group. The
authors did not state whether one orientation of defect
class was more prevalent than the other nor how they
determined whether a defect was predominantly redgreen or blue-yellow. The analyses presented are of poor
quality, and there is no mention of controlling for confounders (i.e., age). It is likely that the analysis of error
scores was probably underpowered to find a difference
between these two groups given the variability presented. Although age-based subgroups are proposed in the
methods, there is no indication that statistical analysis of
these groups was carried out in the results. Further, it is
questionable why there was no attempt to evaluate any
association between urinary MA concentration, PGA, and
color vision test results (i.e., after controlling for age in
the styrene-exposed workers, does MA or PGA predict
the error score). There is lack of sufficient details regarding the sampling methods used in order to ascertain any
potential selection bias associated with subject recruitment. There is no mention of masking of the examiners
who performed the testing regarding subject exposure
status. Finally, the styrene exposure sampling method
was for the workshop rather than through personal monitors and there is no indication duration or frequency of
exposure to the peak styrene levels (469 ppm).
Interestingly, the actual error scores presented are
much higher than what might be expected, both in the
styrene-exposed workers and the control group. The
authors stated that they used “a specially devised automated procedure for analysis of the results” but do not
sufficiently describe the method. Further, the actual testing methods used for color vision testing are not
described sufficiently. The lighting used is not optimal,
and there is no mention of whether testing and scoring
was carried out monocularly or binocularly.
In a subsequent letter to the editor, Muttray (1993) criticized this study for several reasons. Muttray and
coworkers concluded that the work by Fallas et al. does
not provide evidence of an effect of styrene on color
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vision.54, 69 The criticisms are listed below:
1) Improper illumination used for color vision testing.
2) Lack of control over subject’s glasses and contact lens
status (i.e., colored lenses).
3) Failure to exclude those with congenital color vision
defects.
4) The term “range” was not defined.
5) Failure to screen vision or for ophthalmic conditions.
6) Skepticism of error score results given their high
means compared with other studies.
7) Testing of subjects during the workshift with concurrent exposure to styrene. It is suggested that this would
impact the ability to differentiate between acute and
chronic effects of styrene in terms of color vision.
In response, Fallas and coworkers suggested the following:
1) They clarify the lighting used by stating that “The
Farnsworth Munsell procedure guidelines indicate that
“sunlight” is irrelevant and that “daylight” together with
fluorescent lighting is more appropriate. We have therefore applied the Farnsworth Munsell procedure.”
2) They claim that none of the subjects wore colored
glasses or contact lenses.
3) They state that acquired and congenital color vision
defects are difficult to differentiate, and state that “it is
hard to understand why workers exposed to styrene
should be more affected by congenital defects than those
of a control population living in the same area and
matched for age, sex, and ethnic origin.”
4) The term “range” referred to circumferential errors
associated with the Farnsworth-Munsell test.
5) Screening examination were conducted on an annual
basis by an occupational physician.
6) They did not discuss the issue of above average mean
error scores.
7) They state that they make no claims as to the chronic or
acute effects of styrene on color vision and their study
was not designed to address this issue.
Although some of the criticisms of Muttray and
coworkers (1993) are somewhat artificial, the responses
provided by Fallas and coworkers are less than reassuring.54 It becomes more clear that this group is unfamiliar
with many aspects of color vision, including the disease
itself and testing methods. The response to the issue of
lighting alone leads one to this conclusion, and it is still
unclear exactly what was done in this regard. Further, the
use of the term “range” also suggests the researcher’s lack
of familiarity with the testing method used in this study.
The lack of details regarding the scoring method used for
the test results does not allow one to determine if improper scoring is associated with the high mean error scores.

However, as Sheedy suggests, this is likely the cause of
the inflated mean.33 He also suggests that the researchers
probably included the base value of “2” for each color
chip in the test.33 correcting for this factor would make
their mean error scores in line with what might be expected based on the results of other studies. In summary, the
data and analysis presented by Fallas and coworkers
(1992) does not substantiate the claim that styrene exposure is associated with acquired color vision deficiencies.54
Gobba and Cavalleri (1993)55
This publication represents data presented previously
(Gobba, 1991) in addition to some new data.53 Two groups
of subjects from 10 fiberglass reinforced plastics factories
were included. Seventy-five styrene-exposed workers
from seven of these plants (Gobba and coworkers, 1991)
composed Group A and 40 workers from the remaining
three plants composed Group B. The control group for
Group A included 60 unmatched normals, while the control group for Group B styrene-exposed workers included
40 normals that were matched on gender, age (± 3 years),
alcohol consumption (± 10 gm/day), and tobacco smoking (± 10 cigarettes/day). Further exclusion criteria
included alcohol consumption greater than 50 gm per
day, congenital color vision deficiencies, diabetes, hypertension, cerebrovascular disease, color vision altering
medications, and visual acuity worse than 20/40.
Ambient styrene exposure was assessed via personal
passive sampling on Thursdays. Urine collection was
used for sampling styrene and MA concentrations at
three time points: prior to the workshift, noon, and endof-workshift. In addition, blood samples were taken at
noon on Thursdays for styrene determination.
The primary study outcome was color vision discrimination, assessed by the dd-15 panel. Scoring was conducted using the method of Bowman (1984), in which the
ccI is calculated. All color vision testing was conducted
prior to beginning the workshift under a daylight fluorescent lamp (5000K color temperature).28 Testing was conducted monocularly, although results presented represent the average of both eyes. Statistical tests used to
compare group data included the paired t-test, MannWhitney U test, the Wilcoxon test, the chi-square test, and
ANoVA. correlations were determined using
Spearman’s method and multiple linear regression was
used to determine predictors (i.e., age, seniority, exposure
levels) of the ccI index.
As discussed in the assessment of Gobba and coworkers (1991), there was a significant correlation between age
and ccI in the 75 styrene exposed workers and the control group.53 However, because these groups were not
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matched on age, the styrene-exposed workers were significantly older than the control group (37.6 years vs. 32.0
years respectively), which could artificially inflate the
ccI associated with the styrene-exposed workers. The
authors state that this is the reason for their assembly of a
second group of styrene-exposed workers—in order to
match for potential confounder. In this second group, the
mean ambient styrene exposure was 68.2 mg/m3 while
the mean urinary styrene was 41.4 µg/L. The average
MA concentration for this new group is not presented.
The mean (±Sd) ccI for styrene-exposed workers in this
new group was 1.206 ± 0.200, while the mean (±Sd) ccI
for the control group was 1.053 ± 0.070 (p < 0.001). The
authors state that only one styrene-exposed worker could
perform the test perfectly, while 16 controls were able to
do so (chi-square test, p < 0.01). In order to assess a doseresponse affect of styrene on color vision, subgroup
analysis was performed on styrene-exposed workers
whereby these workers were divided based on ambient
styrene exposures above and below the threshold limit of
213 mg/m3 (the American conference of Governmental
Hygienists, 1992). The results indicated that subjects
above the limit had higher mean ccI values compared to
those below the threshold limit (1.29 vs. 1.11, p < 0.05)
respectively. Finally, there was a significant correlation
between urinary styrene concentrations and ccI (r = 0.27,
p = 0.02), and environmental styrene levels and ccI
(analysis results not presented), but not between MA and
ccI (analysis results not presented). The authors state
that “These results were confirmed by applying multiple
regression analysis” but the results of the analysis are not
presented. In a small group of styrene-exposed workers,
the color vision testing was repeated about one month
later with interrupted exposure to styrene and the results
were found to be similar to previous testing.
From these results, the authors draw the following
conclusions:
1) Styrene exposure can impair color vision.
2) Styrene and age appear to have a “synergistic” impact
on color vision impairment.
3) There is a dose-response effect of styrene on color
vision.
4) Short-term discontinuation of styrene exposure does
not reduce the color vision impairment.
5) Blue-yellow color discrimination is primarily affected
(data not presented).
Assessment
As mentioned above, some of this work has been previously presented. However, due to potential problems
associated with the sample of the first group (i.e., no
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matching was conducted), a second sample was assembled, with age, gender, alcohol, and tobacco matched controls. Although this strengthens the study’s validity, there
is still lack of details regarding sampling methods used to
assemble the styrene-exposed workers and controls. With
the new sample, the conclusion that styrene exposure can
impair color vision seems valid. However, the conclusion
that age and styrene exposure have a synergistic effect on
impairment of color vision is not supported. As far as one
can tell, no interaction terms were examined in the multiple regression analyses. As such, it is not appropriate to
suggest this relation between these two predictor variables on color vision impairment. The data as presented
suggest that there is a dose-response affect of styrene on
color vision when comparing high and low level styrene
exposure groups. However, as in their previous work
(Gobba and coworkers, 1991), it appears as if the low
exposure ccI mean (1.11) probably does not statistically
differ from the control group mean ccI (1.053). This finding in a second sample of patients may suggest that low
exposures of styrene (< 50 ppm) do not impair color
vision. In fact, the low exposure group ccI mean (1.11) is
actually very similar to the previous control group ccI
mean (1.151). The conclusion that short-term eliminations
of styrene exposure does not seem to be supported by the
data presented, as only a very small sample of patients
underwent this test protocol. The authors conclude that
most color vision discrimination alterations are blue-yellow in origin, although no data are presented to that end.
Finally, it is unfortunate that there is no discussion of
masking of the examiners who performed testing in
terms of exposure status of the subjects. overall, this article provides moderate evidence that styrene exposure
alters color vision.
Campagna and Coworkers (1994)70
The authors state that this publication is part of a larger,
prospective study examining the reversibility of neurotoxic effects of styrene. Three reinforced plastics manufacturing plants were used to sample workers exposed to
styrene. Personal passive sampling was conducted and
data were analyzed using gas chromatography. Urinary
samples were taken after the work-shift and were analyzed for MA concentration, corrected for urinary creatinine. Workers completed a questionnaire assessing sociodemographic information, work environment and
history, and medical outcomes including ophthalmic
symptoms (eye irritation, tearing, and blurred vision).
color vision was assessed using the dd-15 panel tested
monocularly, and near contrast sensitivity was assessed
using the Vistech 6000 at five spatial frequencies. color
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table 4
descriptive results from campagna and coworkers,
1994.70
outcome

Mean Percent

Workers with Environmental Styrene
Above AcGIH limit of 213 mg/m3

31.8%

Urinary MA concentration Above
0.6 mmol/mmol creatinine

23.9%

Eye Irritation

37.5%

Blurred Vision

33.0%

Tearing

23.9%

vision and contrast sensitivity testing was conducted 12
hours after cessation of styrene exposure. Individuals
were considered to have acquired color vision deficiency
if the caps were misplaced by at least 2.
Study exclusion criteria included less than six months
of exposure in the plant, “poor” near visual acuity, ocular
injury, congenital dyschromatopsia, cataracts, diabetes,
ophthalmotoxic medications, and incomplete exposure.
one hundred fifty one individuals were eligible to participate in the study, 128 agreed to participate, and this publication represents the data from 88 individuals. No information is presented on statistical procedures used or
model parameters.
The mean (±Sd) age of the sample was 29 ± 8 years
and the mean (±Sd) time on the job was 5 ± 4 years. The
average education level was 11 ± 1.7 years. The average
alcohol consumption was 160 gm/week. Some descriptive results from this study can be found in Table 4.
Workers with styrene levels above 213 mg/m3 reported eye irritation more frequently than those below that
level (chi-square, p < 0.01). Similarly workers with MA
concentrations greater than or equal to 0.6 mmol/mmol
creatinine reported eye irritation, blurred vision, and
tearing more commonly than those below that level (chisquare, all p < 0.05). of the 88 workers, 34.1% were found
to have acquired dyschromatopsia, and workers with
MA concentrations at or above 0.6 mmol/mmol creatinine were more likely to be those with acquired dyschromatopsia than those lower than this level (57% vs. 27%
respectively, chi-square, p < 0.05). There was no relation
between ambient styrene and acquired dyschromatopsia
(33% vs. 36%, chi-square, p = not significant) or symptom
reporting and acquired dyschromatopsia (data not

reported). regression models showed that age and alcohol consumption were associated with color vision loss;
as such, models were adjusted for these factors. The final
models showed that the adjusted ccI was predicted by
log of the MA concentration (F = 5.95, p < 0.05) and the
log of ambient styrene for those not wearing masks (F =
9.39, p < 0.01). There was no relation reported by styrene
exposure and contrast sensitivity. The authors conclude
that color vision losses occur with styrene exposure at
higher levels, and the fact that no relation was observed
between exposure and contrast sensitivity or symptoms
indicates very early impairment.
Assessment
Although this is a somewhat short, technical publication,
it does provide evidence of the fact that styrene exposure
does impact color vision, especially at higher levels. The
study’s validity would have been strengthened by the
inclusion of a control group of individuals not exposed to
styrene. This is particularly important in this regard as
examiners are not masked regarding exposure status in
the current design. Additionally, there is no mention of the
distribution of men and women in this patient sample. It
would have been appropriate to exclude women from
these analyses given their possible heterozygous genetic
color vision status. As such, the inclusion of women in this
sample could have spuriously inflated the ccI values
reported. overall, this article provides moderate evidence
that styrene is associated with color vision deficiency.
Chia and Coworkers (1994)30
The purpose of this study was to evaluate the effect of
styrene exposure on color discrimination, as well as to
evaluate the effect of styrene exposure on neurobehavioral function. Included in the study sample were 21
workers (out of a population of 70 workers) from a fiberreinforced plastic boat manufacturing facility. Subjects
were only included in the sample if they had at least 5
years of work experience and if they did not have central
or peripheral nervous system diseases. Medical examinations were used to screen for these illnesses. Workers generally wore gloves, but not masks, during the workshift.
A control group of 21 workers was also assembled from
the same factory (the carpentry division), and the authors
state that “their workplace was inspected to ensure that
there was no exposure to any neurotoxic chemicals.”
However, ambient sampling does not appear to have
been completed in the carpentry area. control group subjects were matched on age, years of education, and
socioeconomic status to the styrene-exposed group subjects. However, it is also stated in the methods that the
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styrene-exposed workers and the control group did not
differ on smoking and drinking history as well—on average, neither group reported drinking more than 50 grams
of alcohol per day. The workers were also asked to
restrain from alcohol use for the three days prior to testing. It is stated that none of the workers used any longterm medications that might affect their test results.
Urine collection was completed at the end of the
workshift on the day of color vision testing for determination of MA and PGA concentrations. Personal, ambient
styrene sampling was not determined in this study.
However, they estimated that the workers were exposed
to less than 10ppm from previous studies conducted in
the factory.
Testing was conducted on Monday mornings, and one
trained worker who was masked to exposure status completed all testing. color vision testing was conducted by
the dd-15 panel under a daylight fluorescent lamp providing 1,000 lux. All subjects wore their habitual visual
correction, and it is not stated if the test was conducted
monocularly or binocularly. The authors state that scoring was conducted via the method of Bowman, although
a total color difference score is reported. Statistical analysis of the data was conducted using log transformations.
The chi-square test, Fisher’s exact test, correlations, and
ANoVA were used to examine the data. As an additional
precaution, age, years of education, and alcohol use were
controlled for in the ANoVA models.
The mean styrene exposure duration was a period of
18.8 years (range: five to 23 years), although 18 workers
had more than 15 years of exposure. The mean MA concentration in the styrene-exposed group was 84.0 mg/g
creatinine (median = 21.4 mg/g creatinine, range = 1.3 to
504.1 mg/g creatinine), and in the control group was 3.3
mg/g creatinine (median = 2.9 mg/g creatinine, range =
1.6 to 9.6 mg/g creatinine). The mean concentration of
PGA in the styrene-exposed group was 66.0 mg/g creatinine (median = 30.1 mg/g creatinine, range = 0.3 to 297.4
mg/g creatinine), while in the controls, the mean concentration of PGA was 0.7 mg/g creatinine (median = 0.58
mg/g creatinine, range = 0.3 to 1.9 mg/g creatinine).
The total color difference score for the dd-15 panel in
the styrene-exposed group was 164 (standard error =
0.04) and was 131.8 in the control group (standard error =
0.04); these values were reported to differ statistically (p =
0.0006). They report that there was not a significant correlation between the total color differences score and MA (r
= 0.33, p = ns) or GA concentrations.
The authors conclude that styrene exposure can
impair color vision. Secondarily, they conclude that most
color discrimination errors in that group are “in the blue-
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yellow and red-green ranges.” Finally, they suggest that
even though these workers were exposed to low levels of
styrene (less than an estimated 10 ppm), their long-term
exposure to the chemical may be associated with their
color vision deficiencies.
Assessment
Unfortunately, the conclusions made by the authors are
obscured by several factors. First, the total color difference scores reported by the authors do not appear consistent with the scoring mechanism proposed by Bowman
and coworkers (1982). The ccI value associated with the
case group (≈ 1.40) appears to be quite large, and may
reflect the inclusion of individuals with congenital color
vision deficiencies (there was no mention of exclusion of
congenital deficiencies and with a sample size that is so
small, the inclusion of just one individual in this group
could skew this mean). This significantly impacts the
validity of this study. Another factor of concern is the lack
of personal air sampling for styrene. We believe that no
conclusions can be drawn regarding the effect of styrene
exposure on color vision from the data and results associated with this study.
Campagna and Coworkers (1995)58
The purpose of this work was to examine the relation
between “internal and external” styrene exposure factors
with color vision discrimination and contrast sensitivity
at near. A sampling frame of 151 workers was composed
from three canadian reinforced plastics factories, and
from this, 128 volunteered to participate in the study. An
additional 49 workers were excluded for the following
reasons: “poor” near visual acuity (n = 11), additional solvent exposures (n = 1), medications affecting vision (n =
2), acute styrene exposures (< 6 months, n = 8), incomplete background data (n = 12), and “diabetes, color
blindness, ocular disorders and injuries” (n = 13). In summary, a total of 81 final subjects were included (79 male, 2
female) with a mean age of 29 ± 8 years and an average of
5 ± 4 years of seniority on the job.
Styrene sampling was conducted via personal passive
sampling monitors worn for about 4 hours during the
workshift. End-of-shift urine was collected to determine
MA concentration and were analyzed using HPLc (corrected for urinary creatinine). outcomes assessed included sociodemographic information, work condition, work
history, and general and ocular symptoms (i.e., eye irritation, tearing, and blurred vision). Near visual acuity was
tested monocularly with habitual correction using the
National optical Visual chart at 0.4 meters. color vision
was assessed monocularly using the dd-15 panel, and

The SIrc review November 2006

the effeCt of StyRene expoSuRe on ColoR vISIon: a RevIew

subjects were classified with either a blue-yellow or redgreen loss. Scores for subjects were used to calculate ccI
values according the Bowman’s method, with an average
presented from both eyes. Subjects were further classified
for color vision deficiencies if he or she misplaced a color
cap by 2 in the following categories: type III blue-yellow
loss, type II red-green with concurrent blue-yellow loss,
and type I red-green loss. one cap misplaced was considered normal. The Vistech chart (VcTS 6000) was used to
assess near contrast sensitivity at 0.4 meters monocularly.
There is no statement about the use of habitual visual correction during this test. Five spatial frequencies were tested and the data are presented as a mean of both eyes.
Statistical analyses included the log transformation of
some data due to non-normal distributions including
alcohol consumption, seniority, ambient styrene, and MA
concentrations. Paired t-tests and Spearman’s correlation
coefficients were used to examine the relation between
variables. Multiple linear regression was used to examine
predictors (i.e., age, seniority, alcohol use, mask use, and
MA) of either the ccI or contrast sensitivity. Logistic
regression was used to examine predictors (those aforementioned) of either one subjectively reported symptom
or “qualitative dyschromatopsia.”
The average self-reported alcohol intake was 160 ± 181
grams per week. The average MA concentration of the
group was 0.36 ± 0.52 mmol/mmol creatinine and the
average ambient styrene concentration was 205.78 ±
262.35 mg/m3. For the group, there was a significant difference between the two eyes on the ccI (1.20 ± 0.22 vs.
1.09 ± 0.12, p < 0.0001) and contrast sensitivity, although
the spatial frequency for this difference in contrast sensitivity between the eyes is not reported. The between-eye
average ccI was 1.14 ± 0.16. Investigation of the data
shows that the difference between eyes in contrast sensitivity may apply to all spatial frequencies. Linear regression models show that both age (95% confidence interval
[cI] for β = 0.003 to 0.013) and urinary MA (95% cI= 0.052
to 0.263) predicted the ccI. contrast sensitivity at 12 and
18 cycles/degree) were associated with age, while at 6
and 12 cycles/degree, it was associated with MA. In separate regression models, mask use and ambient styrene
were used as predictors of the ccI and contrast sensitivity. In general, mask use was associated with reduced ccI
values, while ambient styrene was associated with
increased ccI values. However, when controlling for
mask use in the day of exposure assessment, ambient
styrene was no longer significantly associated with
increased ccI values. In general, mask use and ambient
styrene was not associated with contrast sensitivity loss.
of the 81 styrene-exposed subjects, 25 (30.9%) were

considered to have the “profile of acquired dyschromatopsia.” of these, 22 had blue-yellow defects, one had
a red-green defect, and two had mixed defects. They also
state that six other workers had defects with nonspecific
axes. Logistic regression was used to predict acquired
dyschromatopsia, and after controlling for age, alcohol
consumption, and mask use, neither MA concentration
nor ambient styrene were significant.
Eye irritation was reported by 35 subjects, followed by
blurred vision (n = 31), and tearing (n = 23). Logistic
regression was used to examine predictors associated
with symptom reported. MA significantly predicted eye
irritation (or = 5.50, 95% cI = 1.28 to 23.67), tear (or =
4.73, 95% cI = 1.07 to 20.87), and blurred vision (or =
6.47, 95% cI = 1.43 to 29.28), after controlling for age and
alcohol consumption. Ambient styrene predicted eye irritation (or = 1.53, 95% cI = 1.09 to 2.14), but not tearing
(or = 1.36, 95% cI = 0.95 to 1.95) or blurred vision (or =
1.37, 95% cI = 0.98 to 1.93).
The authors make several conclusions from this work
including:
1) color vision loss occurs during 8 hour exposures to
styrene in workers who do not wear masks;
2) The effect occurs through respiratory absorption rather
than through the mucous membranes of the eyes;
3) Styrene exposure induces blue-yellow defects;
4) The effect may be due to an alteration of the liposoluble fraction of the cones or through altered dopaminergic
modulation in the horizontal cells;
5) MA concentration is associated with altered high spatial frequency contrast sensitivity caused by “changes in
neurooptic transmission rather than ocular defects;” and
6) These workers reported visual symptoms “more frequently than others” caused by a local effect on the eye.
Assessment
This study was generally well-conducted and the analyses and results were carefully described. Unfortunately,
the major criticism associated with this study however, is
the lack of a control group in order for comparisons to be
made. Although inferences can be made from the present
study, a control group would have improved the validity
of the results. That being said, the study does provide
convincing evidence of color vision loss associated with
both ambient styrene and MA. In terms of the contrast
sensitivity, especially as the testing is down at nearpoint,
the losses at the higher spatial frequencies could be due
to refractive error and optical blurring. This fact greatly
limits their findings relative to contrast sensitivity testing.
optical blurring would have little effect upon color
vision testing.
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Eguchi and Coworkers (1995)57
The purpose of this research was to examine the effect of
low-dose styrene exposure (< 20 ppm) on color vision in
a sample of Japanese workers. The original styreneexposed sampling frame included 69 workers (five
women) from six reinforced plastics factories, and the
control group included 84 workers (15 women) from
those same factories in addition to others. Patients were
excluded if they had a congenital color vision defect,
hypertension, poor vision (< 6/10), high alcohol use (>
250 g/week, were female, or used color vision-altering
medications). Thus, the final sample included only 64
styrene-exposed men and 69 controls (all men).
Ambient styrene exposure was monitored by area
sampling rather than personal passive sampling. Urine
was collected at the end of the workshift on the day of
color vision testing for MA concentration determination
by HPLc. The dd-15 panel was used to assess color
vision on Mondays at the beginning of the workday. The
test was performed monocularly under a daylight fluorescent lamp providing 1,000 lux and habitual glasses
were used. If subjects scored two or more errors, they
were classified as red-green or blue-yellow as appropriate. Further, the total color difference score (TcdS) and
ccI values were calculated. Pearson’s correlation was
used to evaluate the relation between ccI and age, while
Spearman’s correlation was used to evaluate the association between ccI and MA concentration. In addition, the
Mann-Whitney U and Wilcoxon signed rank tests were
used to make group comparisons. Multiple linear regression was used evaluate the relation between ambient
styrene and ccI using a backward selection technique.
Ambient styrene was 18.5 ppm (range 6.6 to 36.4
ppm). In general, MA concentrations were low with a
mean concentration of 0.22 g/l (range of 0 to 48 g/l).
About 56.3% of workers had MA concentrations < 0.3 g/l,
34.4% had concentrations 0.3 to 1.0 g/l, and 9.4% had
concentrations > 1.0 g/l. There was a significant correlation between TcdS and age in both styrene-exposed
workers (r = 0.39, p< 0.01) and the control group (r = 0.48,
p < 0.01). Following this analyses, post-hoc matching was
conducted based on age (± 3 years). The average ccI in
the styrene-exposed workers was 1.220 ± 0.235 while in
the age-matched controls, the average ccI was 1.120 ±
0.128 (Wilcoxon signed rank test, p < 0.01). Styreneexposed workers were subdivided based on MA concentrations (Group 1 < 0.42 g/l and Group 2 ≥ 0.42 g/l,
where 0.42 g/l N 30 ppm), resulting in a reduction to 57
individuals in each group. The mean MA concentration
in Group 1 (n = 40) was 0.20 g/l (≈ 8 ppm) and in Group 2
(n = 17) the mean MA concentration was 1.06 g/l (N 93
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ppm). These two groups were then compared with the
age-matched control group in terms of the average ccI
and the results showed that only Group 2 differed statistically (Wilcoxon signed rank test, p = 0.12 and p < 0.01
for Groups 1 and 2 vs. controls respectively). However,
for both of these groups, there was not a significant correlation between MA concentration and ccI values (Group
1 r = – 0.24, p = 0.12 and Group 2 r = 0.32, p = 0.18).
The stepwise multiple regression analysis showed that
age (β – 0.007, p < 0.01), smoking (β = – 0.006, p < 0.05),
and urinary MA (v = 0.16, p < 0.01) were significant predictors of the ccI in the styrene-exposed workers.
Insignificant outcomes included volume of alcohol consumption, frequency of alcohol consumption, education,
exposure duration, and the interaction of exposure duration and urinary MA. The adjusted r2 for the model was
0.328. Finally, the authors state that most of the defects
found in this sample were blue-yellow, although some
showed “complex loss.”
The authors conclude from the results that:
1) ccI values of styrene-exposed workers were significantly higher than controls;
2) Urinary MA is a predictor of color vision loss;
3) There is a dose-response function whereby those wither higher MA concentrations have more significant color
vision losses; and
4) duration of styrene exposure is not related to color
vision loss.
Assessment
This study was conducted in a similar fashion to that of
Gobba and coworkers (1991) including the design and
analysis of the results (i.e., post-hoc data matching). It
was appropriate to exclude women from the analyses as
previously discussed, although the authors do not recognize the heterozygous deficits associated with females as
the reason for their exclusion. The study does seem to
provide evidence for the conclusions that ccI values of
styrene-exposed workers are higher than controls, especially in higher styrene exposure levels measured
through urinary MA concentrations. This was not the
case for the low styrene exposure group, which did not
statistically differ from the control group. A limitation of
this study included area rather than personal ambient
styrene sampling; this may be why the authors chose not
to evaluate this variable as a predictor of color vision loss.
An additional limitation of this study was that there is no
mention of masking patient identifiers regarding their
status as a styrene-exposed worker or a member of the
control group. overall, this study provides moderate evidence regarding the impact of styrene on color vision.
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Mergler and Coworkers (1996)61
The purpose of this report was to examine the effect of a
styrene-reduction intervention on neurotoxic effects associated with this chemical. The study design included a
longitudinally-assessed cohort of styrene-exposed workers. A battery of neurofunctional tests was administered
to will participants mainly composed of the Neurobehavioral core Test Battery (NcTB) and the Field Assessment
Using Sensory Tests (FAST) battery. The dd-15 and near
contrast sensitivity (Vistech 6000) are the two components in the FAST battery. In addition, self-administered
questionnaires including sociodemographic information,
work and medical history, and drug, smoking, and alcohol use were administered. Styrene exposure measures
were made by personal passive sampling and end-shift
urinary MA concentrations were measured. A daily timeweighted average was used for each of these outcomes.
Following baseline measures, styrene reduction recommendations were made to the plants which included the
installation of local ventilation systems and personal protective device reinforcement. one plant heeded the recommendations, while the other two plants did not.
Baseline outcomes were compared following two years of
additional exposure in the three reinforced plastics plants
using paired t-tests, Mann-Whitney U tests, or paired ttests depending on the nature and distribution of the data.
At baseline, 118 workers completed the testing protocol, although only 75 were still employed 2 years later
and 57 of these workers agreed to participate again (18
refused participation). No information regarding gender
is provided in this study. At the 2-year follow-up, the 18
workers who refused to participate did not statistically
differ from participants in terms age (29.0 vs. 32.3 years
respectively) or years of education (10.7 vs. 10.7 years
respectively). The participants were, however, more
experienced than non-participants (6.0 years vs. 3.7 years,
p < 0.05). At baseline, the participants had higher ambient styrene exposures (75 mg/m3 vs. 18 mg/m3, p < 0.01)
and urinary MA concentrations (0.11 mmol/mmol creatinine vs. 0.05 mmol/mmol creatinine, p < 0.01), although
they did not statistically differ in these two outcomes at
their 2-year follow-up.
At the 2-year follow-up, there were significant reductions in ambient styrene (p < 0.05) and urinary MA concentration (p < 0.001) compared with baseline at Plant 3.
This was not the case at the other two plants. of the final
57 workers completing both phases of the study, there
was no difference in their average ccI score when comparing baseline (mean ± Sd = 1.18 ± 0.20) to the 2-year
follow-up (1.19 ± 0.35). However, the authors found that
contrast sensitivity (averaged over six spatial frequen-

cies) was significantly reduced two years later (mean ±
Sd baseline 69.5 ± 20.8 to 62.1 ± 20.6, p < 0.01). When
workers data was stratified by plant (i.e., plants 1 and 2
compared to plant 3), their mean differences in ccI
scores (baseline – follow-up) were not significantly different from zero. The mean difference in ccI score for plants
1 and 2 was –0.12 ± 1.17 and for plant 3 it was 0.20 ± 0.78.
contrast sensitivity was reduced only in plant 3 (mean
difference – 0.62 ± 1.05, p < 0.01).
Longitudinal changes associated with styrene exposure were examined by separating workers on the basis
of their change in MA concentration (baseline – followup). The workers were grouped as follows: those with an
increase ≥ 0.1 mmol/mmol creatinine (n = 17), those who
remained within ± 0.1 mmol/mmol creatinine (n = 22),
and those who had decreased by ≥ 0.1 mmol/mmol creatinine. The authors state that there was a strong correlation (p < 0.001) between increase in MA concentration
over the two years and an increase in the ccI index,
although they do not provide the actual correlation coefficient. data for contrast sensitivity are not provided.
Based on these results, the authors make the following
conclusion. differences in neuro-outcomes were associated with changes in MA concentrations—“the strongest
relation is with color vision which may be particularly
sensitive on a short term basis to increases and decreases
in exposure.”
Assessment
overall, the results supporting the relation between
styrene exposure and color vision loss associated with this
study are not substantial, although it is notable that this
study represents the first full-scale longitudinal evaluation of exposure and color vision loss. For most neurofunctional outcomes, including color vision, there was no
difference between baseline and the 2-year follow-up,
although there were measured reductions in ambient
styrene and MA levels (Plant 3). This is also somewhat
true for Plants 1 and 2, who showed changes in styrene
and MA levels, although workers showed no change in
their ccI values. There is no mention of the sample’s gender in the manuscript; thus, it is not possible to determine
the percent of females. This might be problematic if ccI
comparisons from this patient sample were made with
normal individuals from other studies as the index may
be slightly inflated. Finally, there was no control group
used for statistical comparisons and changes in outcomes
over time limiting the interpretation of the results.
Campagna and Coworkers (1996)59
The purpose of this work was to specifically evaluate the
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potential dose-response effect associated with styrene
exposure and color vision loss. data that were used for
these analyses included that collected and analyzed in
two previous reports by campagna and coworkers (1995)
and by Gobba and coworkers (1991). For these analyses,
subjects were excluded if they had medically confounding conditions (i.e., diabetes, hypertension, or cerebrovascular disease, cataracts), were taking ophthalmotoxic
medications, and those with a history of poor near visual
acuity, eye trauma, congenital dyschromatopsia, vocational exposure to other solvents, and those with incomplete data. Subjects were also excluded if they wore protective masks on the job, consumed alcohol more than
200 gm/week. No control subjects were included in these
analyses, although data were collected on control subjects
by Gobba and coworkers, 1991. The final sample thus
included 118 individuals.
Individuals were assessed throughout the workshift
for environmental styrene via passive dosimeters. color
vision discrimination was assessed using the dd-15
panel, and ccI values were used to quantify the data.
The authors state that the test was administered in the
same format and conditions across both study samples.
Multiple linear regression was used to first examine the
effects of age and alcohol use on color vision discrimination, which were both found to be associated with
increased ccI values. As such, the ccI was then adjusted
in further analyses by “adding the mean score to the
residual.” Spearman’s correlation was then used to examine the relation between the adjusted ccI and styrene
exposure. A maximum likelihood technique was then
used to determine the threshold styrene exposure associated with color vision abnormalities.
There were no statistical differences in the patient
samples from each of the two studies in terms of average
age, alcohol consumption, work seniority, styrene exposure, or ccI values. The average adjusted ccI values
were 1.14 ± 0.14 from the canadian sample and 1.18 ±
0.16 from the Italian sample (p = not significant). The
adjusted ccI showed a positive relation with styrene
exposure (Spearman’s r = 0.246, p < 0.01, n = 118). The
maximum likelihood value was 3.8 ppm, where the chi
square value was 6.8. The upper bound for the 95% confidence interval associated with this styrene level was 25.7
ppm (lower limit could not be determined).
The authors conclude with the following points:
1) There is an association between styrene exposure and
color vision discrimination loss across studies.
2) The threshold limit associated with color vision loss is
about 4ppm, which is much lower than many current
threshold limits for styrene exposure.
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Assessment
There are two novel aspects associated with this manuscript. First, the data used for these analyses represented
two distinctly separate patient samples (although they
were shown to be very similar in terms of their respective
demographics). In general, we would expect this to
improve the generalizability of any results identified, as
we have included a more diverse sample of patients and
exposures. It does appear, however, that as this was
somewhat of a post-hoc analysis, this may be problematic
as the one cannot be entirely sure that the methods used
were the same for both studies. The second novel aspect
of this work is the specific dose-response analysis conducted from the overall data set. This method is based on
a change point, which assumes no relation between exposure and the outcome of interest for low levels of exposure, but a relation for higher levels (i.e., where a doseresponse may exist). However, the threshold of 4 ppm for
color vision impairment is a bit surprising. other studies
have found no relation between styrene exposure and
ccI for such low levels.53, 57 The upper limit associated
with this threshold value was 26 ppm, although the correlation coefficient associated with this limit was only
0.21. Typical ambient concentrations are around 1 part
per billion (ppb) and 20 ppm in fiberglass-reinforced
plastics plants today.
Given that this work represents the re-analysis of previously reviewed studies, many of the same previously
identified problems still exist. These problems include
the lack of masking examiners in terms of case (or control
status) and the potential inclusion of females in the samples, who may give spuriously higher ccI values
depending on their genetic status.
Gobba and Cavalleri (2000)56
The purpose of this report was to investigate changes in
color vision associated with continued styrene exposure
over a period of time. Although not relevant to this
report, the investigators also examined the effects of percholorethylene (PcE) and metallic mercury on color
vision in two separate samples of individuals. Two samples of styrene-exposed workers were examiner (n1 = 39
and n2 = 30). The authors indicate that styrene exposure
was assessed by biological monitoring or personal passive sampling, although they are not specific. A questionnaire assessed work and medical history, exposure to
other toxic solvents, alcohol and smoking habits, and
ophthalmotoxic medication usage. Subjects were excluded if they used more than 50 g of alcohol per day, smoked
greater than 30 cigarettes per day, and had visual acuity
worese than 20/32. controls were used for comparisons
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in outcomes (with equal participants as the case samples)
and were matched to the cases on gender, age, and alcohol and cigarette use.
color vision was assessed using the dd-15 panel and
expressed using the ccI. Each eye was tested individually,
and testing was conducted in the morning before exposure under a daylight fluorescent lamp (1200 lux). The
examiners were “unaware of exposure levels of workers.” Statistical assessments were made after first testing
data normality. The paired t-test was used for comparisons between groups on ccI data, and correlations were
assessed using Spearman’s correlation coefficient.
First, 41 styrene-exposed workers were assessed for
color vision deficiencies “during the last weeks before
summer holidays.” The mean ccI from this group was
1.25 ± 0.22, which was significantly higher than controls
(1.15 ± 0.14, p < 0.01). color vision was then assessed the
morning of the first day returning to work (30 days without work-related styrene exposure) in 39 of these same
individuals. The mean ccI was 1.23 ± 0.19, which did not
statistically differ from the baseline ccI value for these
same workers (1.20 ± 0.21, p > 0.05). Styrene exposure
levels were not reported for this analysis.
In a second group of 30 styrene-exposed workers
(mean exposure = 13 ppm), the average baseline ccI was
1.24 ± 0.21 which was significantly higher than controls
(1.14 ± 0.14, p < 0.01). This group was then assessed again
12 months later. Exposure levels were increased in 10 of
the 30 workers, although this increase was not statistically significant (time 1 = 10.9 ppm vs. time 2 = 16.2 ppm, p
> 0.05). The exposure levels were slightly reduced in 20
members of this sample, although this reduction was not
statistically significant (time 1 = 14.1 ppm vs. time 2 =
10.2 ppm, p > 0.05). The authors suggest that the ccI values increased in the workers with increased styrene exposures, although the analysis did not show significance in
this group (time 1 = 1.18 ± 0.16 vs. time 2 = 1.29 ± 0.21, p =
0.08). The workers with slightly reduced exposures
showed no difference in ccI values over this 12 month
interval (time 1 = 1.27 ± 0.18 vs. time 2 = 1.29 ± 0.16, p >
0.05). The authors conclude that the increased exposure
level in the 10 workers was associated with increasing
errors in color discrimination.
Assessment
Although the Methods section of this article is well organized and presented, the results and conclusions are less
than satisfying. There is adequate discussion regarding
controlling for potential confounders (i.e., age, alcohol
use), although it does not appear that individuals with a
congenital color vision deficiency were excluded from

participation. The assessment of urinary MA concentrations would have also been a nice supplement to the data
and comparisons. The authors do not discuss gender in
their sample, which is problematic as the inclusion of
females could have spuriously increased any ccI values
reported. This may not be problematic if both the case
and control groups have equal number of females,
although we cannot be sure of this as the data was presented. Further, there is inadequate discussion regarding
the control group, including it selection, demographics,
and work history. Given the nature of the research, the
selection of the control group could have just as much
impact on the outcomes of interest as the selection of the
cases. The statistical analyses as presented are appropriate given the desired comparisons, yet the actual results
of the study do not correspond with the conclusions
drawn by the authors. For the first group including 41
styrene-exposed workers, there was a significant difference as compared to the control group in terms of ccI
values. However, there was no statistical difference in
ccI values after 30 days without styrene exposure in the
control group. Again, in the second group of 30 styrene
exposed workers, there was a difference in ccI values
when compared to a control group at baseline. However,
there was not a statistical increase in styrene exposure
over the twelve month period nor was there a statistical
change in ccI values. No data were reported for the control group over this same time period. This draws into
question the conclusion that any changes in color vision
occur over time with changing levels of styrene exposure.
Kishi and Coworkers (2001)60
The purpose of this report was to supplement previous
work conducted to assess a dose-response relation
between styrene exposure and color vision loss. The
authors specifically state the need for a larger sample size
in order to achieve this aim relative to their previous
study including 69 exposed workers.57 In this study, 105
male subjects from seven reinforced plastics factories were
included in the styrene-exposed group. A control group of
117 males was also assembled from the same and other
factories; however, none of the controls reported any
exposure to styrene or other solvents. A questionnaire was
used to assess work history, solvent exposure, and alcohol
and drug use. Subjects were excluded from participation
for the following reasons: congenital dyschromatopsia,
hypertension, ophthalmotoxic drug use, poor visual acuity (worse than 20/32), and alcohol use greater than 250
g/week. collection of urine occurred at the end of the day
of color vision testing for MA concentration determination
and area sampling was used for ambient styrene levels.
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color vision was assessed using the dd-15 panel on
Mondays or Tuesdays at the beginning of the work-shift
under a daylight lamp (1000 lux). Testing was conducted
monocularly with visual correction. The test was scored
in two ways. First, individuals were categorized as
abnormal (blue-yellow or red-green) with two or more
errors in either eye. Second, a ccI score was calculated
for each individual. correlation coefficients (Pearson’s
and Spearman’s) were used to assess the relation between
ccI and age and ccI and MA concentration, respectively.
The Mann-Whitney U test was used to make comparisons in outcomes between individuals. Multiple linear
regression was used to examine the relation between
styrene exposure and the ccI, while controlling for age.
Finally, the ccI was adjusted for age and cigarette consumption and a threshold effect of styrene was determined using the maximum likelihood technique
described by campagna and coworkers(1996).
The average ambient styrene level was 21 ppm (range:
6.6 to 36.4 ppm) and the average MA concentration was
0.21 ± 0.44 g/L for styrene-exposed workers. The authors
state that there were “no large difference for age, alcohol
consumption, the number of cigarettes/day, and educational attainment among these workers,” which appears
to be true upon inspection of the data although no statistical comparisons were made. It does appear that the control group consumed more alcohol as compared to the
styrene-exposed workers, although no statistical comparison was made. There was a significant linear relation
between the ccI and age for both styrene-exposed workers (r = 0.43, p < 0.001) and controls (r = 0.37, p < 0.001).
After matching for age (87 pairs for this comparison), it is
reported that there was a difference in the mean ccI values when comparing the two groups (Mann Whitney U,
p < 0.01) although the data are not presented nor is an
indication of which group had larger ccI values.
The styrene-exposed group was categorized based on
urinary MA concentrations: Group 1 (< 0.1 g/L N 8 ppm
ambient styrene), Group 2 (0.1-0.2 g/L N 8 to 16 ppm
ambient styrene), and Group 3 (> 0.2 g/L N > 16 ppm
ambient styrene). The mean ccI values for these groups
were 1.21 ± 0.26, 1.23 ± 0.20, and 1.27 ± 0.27, respectively,
which did not statistically differ from one another
(ANoVA). The ccI values from Group 2 differed from
age-matched controls (1.12 ± 0.12, Wilcoxon signed rank
test, p < 0.05), as did the ccI values from Group 3 compared with age-matched controls (1.13 ± 0.14, Wilcoxon
signed rank test, p <0.01).
The results from the multiple regression procedure
showed that age (p < 0.001), urinary MA (p < 0.001), and
smoking (p < 0.05) predicted the ccI in styrene-exposed
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workers. Exposure duration, alcohol use, and educational
attainment were not significant predictors of the ccI in
these workers. Using the maximum likelihood analysis, a
threshold urinary MA concentration of 0.39 g/L (95% cI
= 0.32 g/L to 0.48 g/L). This is equivalent to an ambient
styrene level of about 30 ppm.
The authors conclude that for moderate and high
styrene exposures, ccI values differ from age-matched
normals indicating that there is a dose-response affect.
Further, the lowest observed adverse effect level
(LoAEL) was 0.39 g/L and most individuals had a blueyellow defect associated with styrene exposure (no data
presented).
Assessment
The Introduction and Methods sections associated with
this article are clear and concise. Both the case and control
samples seem to be appropriately selected, with very little differences between them other than the exposure of
interest. No females were included in the analyses, which
is appropriate. However, the authors state in the
Introduction that the purpose of this report was to evaluate a dose-response affect of styrene on color vision with
a ‘larger sample of patients’; yet only 105 styrene-exposed
workers were included. It is unclear as to how this sample size was determined to be large enough for the analyses required. The statistical analyses appear appropriate
as they were conducted. The article suggests that color
discrimination is altered in styrene-exposed individuals
compared with age-matched controls, although no data
are presented in this regard. In terms of dose-response
evaluations, it appears that the analyses were underpowered to detect a difference between low, moderate, and
high exposure groups. However, an additional analysis
comparing these groups to age-matched controls shows
that the ccI is significantly higher in the moderate and
high-exposure groups than the control group. Thus, there
is some evidence of a dose-response affect. The maximum
likelihood threshold analysis shows a LoAEL of about 30
ppm, which is much larger than that of campagna and
coworkers. 59 The value found in the current work of
about 30 ppm seems much more reasonable given the
findings of this and other studies that higher levels of
styrene exposure seem to impact color vision rather than
low levels. It is unclear why no data were presented
regarding the quantitative analysis of color vision (number of blue-yellow and red-green defects in the sample).
In summary, this work does provide evidence that higher
styrene exposures do impact color discrimination greater
than low levels, which may not impact color vision.
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table 5
ccI data from Triebig and coworkers (2001).62
ccI Monday Prior
Morning

ccI Thursday After
the Workshift

After 4 weeks
Vacation

cases

1.24 ± 0.25

1.29 ± 0.27

1.11 ± 0.11

controls

1.10 ± 0.11

cases

1.11 ± 0.11

controls

1.10 ± 0.16

Test Period
Baseline
10 Months
Later

p = 0.11
p = 0.61

Triebig and Coworkers (2001)62
The purpose of this report was to examine how styrene
exposure affects color vision and to examine changes in
color vision over time after styrene exposure was
stopped. A sample of thirty male laminators (out of 50
styrene-exposed workers) was included in the study;
similarly, 27 males from the same company served as a
referent group. The exclusion criteria for participation
were as follows: congenital dyschromatopsia, diabetes,
hypertension, visual acuity worse than 20/32, alcohol use
greater than 30 g/day, ophthalmotoxic drug use, ophthalmic or systemic diseases altering color vision, and a
MA and PGA sum of greater than 50 mg/g creatinine
(control group). Given these restrictions, eight cases and
16 controls were eliminated from participation, leaving
the sample with 22 cases and 11 controls. The article
states that there were no significant differences between
styrene-exposed workers and controls in terms of age,
alcohol use, cigarette use, and seniority.
The examination included the following procedures:
questionnaire, physical examination, Ichikawa color plate
test, complete eye examination (including visual acuity,
intraocular pressure, fundoscopy, and perimetry), and
the dd-15 panel. The dd-15 was conducted under a daylight lamp (1000 lux) binocularly (“due to time constraints”). The test was scored using the ccI, and comparisons to age-dependent referent values were made to
a “assess whether the ccI is normal or abnormal.”
Styrene exposure was assessed by urinary MA and PGA
assessments, which were collected at the end of the workshift on Thursdays. An intervention was conducted in
which a ventilation system was installed to reduce
styrene levels and subjects were re-tested ten months
later. The sum of MA and PGA were used as an assessment of total styrene exposure. Statistical analyses
included the use of the U-test, Fisher’s exact test, the

1.10 ± 0.09
1.16 ± 0.14
1.08 ± 0.11

p= 0.05
p= 0.18

Not Assessed
1.05 ± 0.06
1.04 ± 0.06

—
p= 0.56

Wilcoxon signed rank test, Spearman’s correlation coefficients, and linear regression.
Following the ventilation intervention, there was a
significant reduction in MA plus PGA levels in styreneexposed workers (baseline = 472 and 10 months = 273, p
= 0.02). This was not the case in the control group who
showed no statistical change in styrene levels (baseline =
15 and 10 months = 24, p = 0.25). ccI data and analyses
are presented in Table 5.
Further comparisons were made using these data. For
both cases and controls, there was no statistical difference
when comparing the ccI values from Monday morning
and Thursday following the work-shift at baseline or at
the assessment following the intervention 10 months
later. However, there was a significant reduction in the
ccI values taken Monday morning in the styreneexposed workers following a 4 week vacation period. The
mean baseline ccI was 1.24 compared to 1.11 after vacation (p = 0.01) while the mean ccI ten months later following the intervention in these same workers was 1.11
compared to 1.05 following the 4 week vacation period (p
= 0.01). A categorical analysis is done whereby individuals were classified on the basis of an abnormal ccI result,
although it is unclear how the authors define this term.
The analysis suggests that eight styrene-exposed workers
compared with one control worker had an abnormal ccI
value on Thursday at baseline (p = 0.05); no other comparisons between styrene-exposed workers and controls
with abnormal ccI values at any test period showed significance. They also state that “regression analyses
revealed significant and positive correlations between the
amount of internal styrene during the first examination
phase and the score of ccI, but not for PGA alone.”
However, the regression equation and slope of the line
between MA prediction of ccI score is actually insignificant (p = 0.07). Spearman’s correlation coefficients are
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then reported for the relation between MA an ccI (r =
0.61, p = 0.01) and between MA plus PGA and ccI (r =
0.59, p = 0.01); the correlation coefficient between PGA
alone and ccI was not significant (r = 0.28, p = 0.28).
Finally, another attempt was made to examine a possible dose-response affect of styrene on color vision by categorizing styrene-exposed workers on the basis of a normal
or abnormal ccI and then evaluating MA plus PGA levels
for each of these groups. No specific details are given
regarding the ccI cut-point used. The result presented is
such that “MA plus PGA of approximately 500 to 600
mg/g creatinine was associated with a normal ccI score.”
The authors make several conclusions based on the
results of the study including:
1) Styrene-exposed workers generally have worse color
discrimination than normal controls.
2) MA plus PGA of approximately 500 to 600 mg/g creatinine (≈ 20 ppm ambient styrene) is associated with the
upper, age-normal values for the ccI.
3) Styrene-induced color vision deficiencies are
reversible, both with complete elimination of styrene for
a period of 4 weeks, after an “exposure-free weekend,”
and after an intervention to reduce styrene exposures in
those workers.
4) There was too much overlap in blue-yellow and redgreen errors in the styrene-exposed workers to come to
any conclusions regarding discriminatory defects.
Assessment
In general, this article is well presented, and the methods
and analyses seem to support the conclusions brought
forth by the authors for the most part. color vision testing was conducted binocularly rather than monocularly,
which was done due to “time constraints.” Unfortunately,
this rationale is less than satisfactory as the test takes in
general between one and three minutes to conduct.
Urinary MA and PGA were sampled on controls in this
research, which improves the internal validity of the
study. Most other studies seem to use a self-reported
assessment from control subjects that they have not been
exposed to styrene. Although subjects were excluded due
to heavy alcohol consumption, it would have been nice
for the investigators to actually examine the affect of lowto-moderate alcohol use in the styrene-exposed workers
and referent group, controlling for this as needed. It is
stated in the Methods section that “results were considered significant if < 0.05;” however, none of the regression procedures evaluating MA, PGA, or MA plus PGA
as predictors of ccI showed significance at this level,
although the authors suggest significant positive relations from these analyses. The authors do show signifi-
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cant Spearman correlations between ccI and MA and
ccI and MA plus PGA, although this sort of analysis is
less satisfactory. The significance of these nonparametric
correlation analyses suggest that the variables of interest
did not meet the assumptions required for the linear
regression.
From the data and analyses presented, there is no reason
to doubt that styrene-exposed workers have worse color
discrimination than normal, non-exposed individuals. We
also believe that although the sample sizes in both the
styrene-exposed and control group in this study were
small, there is no methodological reason to doubt that the
discrimination losses are reversible both after short-term
elimination and long-term reduction in exposure. This differs from the result of Gobba that showed no improvement
in color discrimination after a four week vacation period.53
In that study, 20 styrene-exposed workers underwent dd15 panel testing after one month of reduced exposure.
Although no data are presented, the authors stated “…no
tendency toward a restoration of color vision was
observed.”53 Triebig and coworkers (2001) explain this difference by suggesting that the stricter alcohol consumption
exclusion criteria employed in the current study may have
lead to the finding. Mergler and coworkers (1996) also conducted a similar study, reducing ambient styrene levels and
MA concentrations in 29 workers in one reinforced plastics
plant did not statistically improve their color discrimination.61 It is unclear why these discrepancies exist, and future
studies need to address the issue. It is unclear how repeated
applications of the dd15 panel influence these sorts of outcomes, especially when the test is administered binocularly.
overall, this study provides moderate evidence of the relation between styrene exposure and color vision function.
Castillo and Coworkers (2001)32
The purpose of this study was to examine potential
changes in visual function associated with long-term
styrene exposure in a cohort of workers.58, 61 The investigators hypothesized that cumulative styrene exposure
reduces near contrast sensitivity, and current styrene
exposure is associated with color vision alterations. All
workers examined in this study participated in both previous assessments and remained employed at the plant.
The plant from which individuals were sampled was a
shower and bathtub manufacturers. There were 32 workers still employed who participated in the previous follow-up assessments, and 24 decided to participate (6 more
were eliminated due to poor near visual acuity). There
was an intervention in the plant after the first data collection period, in which additional ventilation was installed
and respirator use was highly encouraged. Ambient
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styrene was measured with personal passive devices and
urinary MA was measured at the end-of-shift at the end of
the work-week (corrected for urinary creatinine).
data were corrected for respirator use, and a cumulative exposure index (cEI) was determined for each worker using styrene exposure data. Visual function assessments were conducted Saturday mornings, and included
near visual acuity (monocular, habitual correction) and
color vision (dd-15, monocular). It was reported that the
color confusion Score (ccS) was used to quantify color
vision test results. All data were log-transformed, and
ANoVA and two-sample t-tests were used to compare
year-specific data for individuals with each job classification. Job groups were also compared between years using
Friedman’s ANoVA (nonparametric). data were combined when no differences existed.
Average ambient styrene levels ranged up to 600
mg/m3 at the first data collection period, 430 mg/m3 at
the second follow-up period, and 300 mg/m3 at the current follow-up period. Median MA levels ranged from
0.25 mmol/mmol creatinine at the first follow-up period,
0.1 mmol/mmol creatinine at the second follow-up period, and 0.075 mmol/mmol creatinine at the current follow-up period, which represented a significant decrease
over time (p = 0.015). For the 18 workers in this analysis,
the range of cEI values was 198 mg/m3 to 6,022 mg/m3.
Workers were divided into three exposure groups based
on the cEI: < 1,000 mg/m3 (n = 6), between 1,000 and
2,500 mg/m3 (n = 6), and greater than 2,500 mg/m3 (n =
6); there was no difference in alcohol intake between
these groups (p = 0.42).
The authors examined the influence of age, education,
and alcohol as confounders for reduced ccS or contrast
sensitivity finding that age was the only factor associated
with these outcomes. Thus, scores associated with each
outcome were age-adjusted. The authors made paired
comparisons using Wilcoxon signed rank test showing
significant increase in ccS scores between 1990 and 1992
(median values of 1.07 vs. 1.045 respectively, p< 0.05), but
not between 1992 and 1999 (median values of 1.045 vs.
1.16 respectively, p = not reported). There was no relation
between the current ccS outcome (1999) and ambient
styrene exposure, MS, or cumulative exposure. There was
a significant difference between years at 3.0 cPd
(Friedman’s ANoVA, p < 0.05), but not at 1.5, 6.0, 12.0, or
18.0 cPd. Group individuals by the cEI, there was a significant difference between groups at 3.0, 6.0, and 12.0
cPd (p < 0.05). The authors conclude that long-term,
cumulative styrene exposure is not related to color vision
loss; rather, it is associated with contrast sensitivity loss.
Although not addressed in analyses, the group also sug-

gests that as MA levels were low (< 0.25 mmol/mmol creatinine) suggesting “These low levels of actual exposure
probably account for the absence of a dose-dependent
relation between color vision loss and exposure.”
Assessment
This work represents a third follow-up period to the previous two assessments of a group of workers in the reinforced plastics industry. As with the other studies, the
results here are not all that impressive. The authors found
a significant increase in the ccS score between the first
two assessment periods, but not between the 1992 and
1999 assessments. It is somewhat confusing that the
authors chose to analyze color vision in terms of the ccS,
rather than the traditional ccI, which they used in their
previous reports. The ccS differs from the ccI in that it
assigns a score equivalent to the percentage increase in
distance traveled around the color circle based upon the
specific color cap replacement. Thus, it makes it difficult
to compare across studies, and it is unclear why the
authors chose to analyze data in this manner.
Another cause of concern is the analysis of longitudinal data in this study. The statistical models may not be
appropriate, as repeated measures ANoVA was not used.
repeated measures ANoVA is generally a more powerful
design, as it is based on within-subjects variance, providing a more precise estimate of experimental error. If
repeated measures ANoVA was used here, it may have
shown a significant difference between the three color
vision assessment periods in terms of the ccS. It would
have also allowed the investigators to control for age,
although age adjustments appear to have been made.
Additionally, when using vision testing at nearpoint
within a longitudinal study, it is extremely important to
control refractive status. The normal reduction in uncorrected near vision seen with age can greatly influence
visual acuity and contrast sensitivity testing.
Gong and Coworkers (2002)63
The purpose of this report was threefold: 1) to determine
the relation between current styrene exposure concentration and color vision, 2) to determine previous/cumulative styrene exposure and color vision, and 3) to determine the maximum level of previous styrene exposure
and color vision. Patients were excluded from the control
group if they had congenital color vision loss, eye disease
(not specified), hypertension, diabetes, cerebrovascular
disease, prior head trauma, ophthalmotoxic drug use,
poor habitually corrected visual acuity, or alcohol consumption greater than 250 gm/week. Thus, a total of 57
styrene-exposed workers (all males) from a reinforced
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plastic factory and a control group of 69 males were
included in analyses. A history was conducted to examine work/lifestyle characteristics, previous solvent exposures, alcohol, cigarette, and drug use, and anamnesis.
From 1991 to present, workers were required to obtain
physicals 2 or 3 times per year, and end-shift MA concentrations were measured during this physical. This
allowed for the determination of a cumulative Exposure
Index (cEI), which was calculated based on the number
of previous health-related physicals. current exposure
was also assessed by personal passive sampling monitors
and end-shift MA concentration measures on Mondays
(subjects were asked to abstain from drinking alcohol on
these days). Urinary MA was corrected for urinary creatinine concentration. color vision was assessed monocularly using the dd-15 test under a 1,200 lux fluorescent
daylight lamp. Although the same examiner performed
color vision testing to both groups, they were masked in
regards to their exposure status. The ccI was used to
quantify dd-15 test results. The Wilcoxon signed rank
test, Wilcoxon rank sum test, Shirley-Williams test (a nonparametric test for comparing several dose levels with a
zero dose control), and general linear model (GLM) were
used to analyze the data.
Urinary MA concentrations were highest early on
(≈40-60 ppm between 1991 and 1993), and decreased to
about 25 ppm toward the end of the follow-up in 1998.
The average styrene exposure period was 76.6 months
and the average cEI was 77.1 months. The average current ambient styrene level in exposed workers was 49.90
± 35.90 ppm, while the average MA level was 260 ± 350
mg/g creatinine, and the average level of PGA was 0.11
mg/g creatinine.
There were significant differences between styreneexposed workers and controls in terms of age (29.3 vs.
38.3 years, p < 0.01), educational status (12.3 vs. 14.0
years, p < 0.01), cigarette smoking (11.9 vs. 8.0 cigarettes/day, p < 0.05), but not alcohol intake (89.9 vs. 77.6
gm/week, p = ns). As such, subjects were matched in
terms of age (within ± 3 years), and 43 such pairs were
obtained. Even after matching on age, there were still significant difference between the groups in terms of education and smoking status. Thus, these were controlled for
in the general linear models.
The median ccI values for the age-matched groups
were 1.31 (exposed) and 1.13 (unexposed), which significantly differed from one another (p < 0.01). No significant
relations were found between the ccI and age, alcohol
intake, cigarette use, education, MA plus PGA, or the
cEI. In order to examine a possible dose-response effect,
the exposed group was divided using a urinary MA plus
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PGA cut-point of 240 mg/g creatinine (10 ppm) and
matched on age prior to analyses. The average (±Sd) ccI
value for the high dose groups was 1.14 ± 0.24, for the
low dose group was 1.09 ± 0.13, and for the control group
was 1.02 ± 0.04 (Shirley-Williams test, high vs. control p <
0.01, low vs. control p < 0.01). Another dose-response
analysis was conducted in which subjects were categorized based on their maximal previous styrene dose.
Those with over 0.85 g/g creatinine (> 50 ppm) were considered the high dose group, and the mean age- and alcohol-adjusted ccI value for this group was 1.00, compared
to 0.95 for the low dose group (p < 0.01).
The authors conclude that styrene does lead to alterations in color vision discrimination, and given the somewhat low exposure levels in this study, the authors suggest that this is a factor in color vision loss. The authors
also imply that MA plus PGA is a predictor of ccI loss, as
it approached significance in the GLM. Finally, the
authors suggest that doses as low as 10 ppm could lead to
alterations in color vision compared to normals, and that
one-time doses of greater than 50 ppm styrene could lead
to impairments in color vision that do not resolve with
time. In other words, the reversibility of color vision
impairments due to styrene may be related to the maximum exposure dose rather than the cumulative dose.
Assessment
This article is well-written and the study appears to have
been conducted in somewhat of a rigorous fashion,
although there are several issues that cloud the conclusions suggested by the authors. The analyses suggesting
that ccI values for the MA plus PGA group with exposures less than 240 gm/gm creatinine (the low exposure
group) compared to the control group are not convincing.
The median ccI value for the low exposure group was
1.03 (95% cI = 1.00 to 1.42, n = 29) while the median ccI
value for the control group was 1.00 (95% cI = 1.00 to
1.15, n = 29). Similarly, the mean (± Sd) values for these
groups were 1.09 ± 0.13 and 1.02 ± 0.04, respectively.
These mean ccI values for even the high exposure group
are much lower than those found for the control group in
other studies and other ‘normal’ individuals (Tables 12
and 14). The authors used the Shirley-Williams test to
make comparisons of the mean ccI values between
groups, suggesting that there were significant differences
between both the high and low exposure groups compared to the control group. They base their conclusions
that 10 ppm may lead to alterations in color vision on this
analysis, although such current assessments may not
reflect previous high-level exposures that may have
induced permanent color vision defects. The regression
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analyses showed for the right, left, and average of both
eyes that MA plus PGA was not a predictor of color
vision loss (although for the right eye, the p-value was
0.058 for this predictor, and the authors imply that this is
significant). There is no real discussion about the discrepancy between analyses by the authors, and until such
issues are resolved, one must cautiously interpret the
results from this study. Additionally, we believe that the
control group may suffer from somewhat of a selection
bias; in particular, the inclusion of medical students in
addition to employees of other manufacturing processes
is not appropriate. The selection of a ‘control’ group in
this type of study is of equal or greater importance when
conducting a study of this nature than selection of the
‘case’ group. The control group must be representative of
the sample from which the cases were derived, having
the same characteristics as the cases except for the factor(s) of interest.71-73 It is highly unlikely that the styreneexposed workers were similar to medical students in
many regards. Finally, Viaene has also questioned the
result of Gong and coworkers, and has suggested that
their calculation of a cumulative Exposure Index is
naïve, and “blurs the relation between cEI and ccI.”74
dISCuSSIon
The Effect of Styrene on Color Vision: General Issues and
Threshold Levels
determining a dose-response relation is a fundamental
concept in toxicology. As such, it is an important assessment that needs to be conducted when evaluating the biological impact of chemicals such as styrene. Knowledge of
a dose-response effect provides evidence of causality in
terms of its observed effects and determines the lowest
dose (i.e., the threshold dose) in which a toxic effect is
observed. In this case, toxicity would be an alteration in
color vision, outside of which is normal for an age-specific
range. consequently, one way to determine a threshold
dose is to determine the point at which the body’s normal
ability to detoxify a chemical has been surpassed. The No
observed Adverse Effect Level (NoAEL) and Low
observed Adverse Effect Level (LoAEL) are important
parameters in such analyses as they are associated with
risk assessment. A dose-response curve would be the
‘gold standard’ assessment of the impact of styrene on
color vision; however, an animal model in which various
doses and a measured effect on color vision would be difficult due to the small, subjectively perceived differences
in color vision that may occur. Therefore, the assessment
of styrene’s impact on color vision is generally performed
using epidemiological study methods. These methods

might include observational studies (i.e., cross-sectional,
case-control, and longitudinal cohort studies), as it is
probably not feasible to randomize individuals to a chemical such as styrene. Most of the studies of styrene and
color vision are cross-sectional/case-control in nature,
although sampling is generally conducted based on
styrene exposure status with the expectation that these
people will be ‘diseased.’ When using this somewhat of a
meshed epidemiological design to study styrene’s impact
on color vision, a dose-response effect can be assessed in
one of two ways. First, styrene-exposed individuals can
be compared to ‘normal’ controls in terms of their color
vision discrimination. Second, the ‘dose’ of styrene within
the exposed group could be evaluated in relation to
change in color vision. In doing so, the investigator may
select cut-points for styrene exposure levels and examine
color vision discrimination across the exposed groups or
apply a regression procedure to describe and predict the
relation between the variables (clearly, the correlation
coefficient does not perform these functions).
Most studies evaluated in this literature review used a
control group to compare color vision discrimination
against the exposed group, and most found a small, but
significant difference between the two groups (Table
12).53, 54, 56, 57, 60, 62, 63 Seven studies showed that, compared to
controls, styrene-exposed workers had significantly higher ccI values where the range of the ccI for the high
exposure groups was 1.14 to 1.33, while the range of ccI
values for the low exposure groups was 1.02 to 1.17.
Studies tested for further dose-response type effects of
styrene exposure by dichotomizing ccI values based on
various styrene exposure levels, or through correlation
and/or preferably, regression analyses in which styrene
exposure was used to predict the ccI in the exposed
sample. Six studies showed a relation between higher
exposures (greater than 20-50 parts per million) and color
vision deficiency, compared to control groups. often, low
exposure groups did not significantly differ from the control group, or population, age-specific normal values for
the test. Two studies were able to show that styrene exposure levels were able to predict the ccI. Although this
was the case, there was lack of sufficient detail or issues
with the design in several studies which precludes their
inclusion as evidence that styrene and acquired color
vision deficiency are associated. Evidence for the association between styrene and color vision loss comes from the
following studies: Gobba (1993), campagna (1995),
Eguchi (1995), Gobba (2000), Kishi (2001), and Triebig
(2001). In particular, most of these studies support the
notion that higher styrene exposure levels are associated
with color vision discrimination loss.
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Two specific studies associated with this literature
review revealed surprisingly small apparent threshold
doses associated with color vision loss.59, 63 The study of
campagna and coworkers (1996) suggested that a dose as
low as 4 ppm could induce color vision alterations that
could be clinically detected, while Gong and coworkers
(2002) suggested that a dose as low as 10 ppm was associated with such alterations. Although these levels are significantly higher than styrene levels found in the atmosphere, most studies have shown that styrene exposure
induces color vision alterations in ‘high’ dose groups (i.e.,
greater than 20 to 50 ppm) compared with low dose
groups.53, 57, 60, 62 Because it is difficult to determine doseresponse curves in human subjects, and thus, the threshold toxic dose associated with color vision deficiency,
suggestions based on analyses like those of Gong and
coworkers might be somewhat inappropriate. The analysis of campagna and coworkers (1996) essentially fits two
lines through the high and low exposure data, and determines the intersection point. other studies that evaluated
the low dose group relative to a control group generally
show no difference in color vision discrimination. For
these and other reasons discussed in the assessments associated with the review of these studies, we believe that
these low limits of styrene exposure are unreasonable.
The question of the actual threshold associated with a
change in color vision still remains. Although a cumulative review of the relevant literature suggests that a
threshold dose of above 20 ppm appears to be associated
with color vision loss, some might suggest that 50 ppm is
a more reasonable estimate. However, one must use caution in suggest these values from a literature review as
they are somewhat arbitrarily defined. A better approach
might be to perform a meta-analysis/meta-regression to
the data abstracted from the higher quality studies to
determine a threshold value.
The application of cross-sectional/case-control
research methods in studying occupational styrene exposure and color vision is problematic for several reasons,
one being the potential measurement bias associated with
the ‘dose’ of styrene received by workers. The dose of a
substance is generally considered the amount of a substance given at any one time. In the case of occupational
styrene exposures and color vision, there are several factors that need to be considered relating to the dose
including the average level, peak level, and the duration
of the exposure (e.g., work history). Because styrene is
found in the air associated with various manufacturing
processes, it is important to consider both the exposure
dose (ambient styrene) and the absorbed dose (MA
and/or PGA); truly, these assessments must be made not
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only in the present, but also in the past in order to determine the impact of styrene on color vision. cross-sectional research designs generally address a specific dose (i.e.,
the current dose) in terms of the relation between magnitude of exposure and the outcome, although some investigators have tried to examine cumulative exposures
(years or months) of exposure without much success.
What cannot be addressed by cross-sectional methodology is the impact of previous peak doses of styrene on
altered color vision. This seems to be an important part of
the equation, as a very high peak dose might permanently alter color vision function in an individual, even
though their current exposure dose is quite low. Thus,
well-controlled, longitudinal designs clearly should be
conducted in this regard.
cross-sectional research designs also inhibit the investigator from establishing a sequence of events in terms of
styrene dosing and color vision loss.75 Although most
studies reviewed indicate that they excluded patients
with congenital color vision losses, there is generally no
mention of the screening procedure used for such exclusion, and the reader is left to presume that this screening
is by self-report. research has shown that up to 18% of
color vision defectives may be unaware of their color
vision defect.23 If appropriate screening for congenital
defects was not conducted, this may have significant
implications on ccI results.
Prospective study designs, which can assess changes
in outcomes over time and factors that might explain that
change, are considered the most rigorous of observational studies. The main advantages of using a prospective
design to study this issue are that it allows one to ascertain incidence of disease, multiple risk factors associated
with disease (including their interaction), and the ability
to make more accurate measures of potential risk factors
and confounders. For example, the interaction between
smoking and styrene exposure could be synergistic, and
these factors have not been thoroughly addressed in previous studies. Well-conducted, prospective studies are
needed to help unravel the ‘cause-and-effect’ relation
between styrene and color vision discrimination, which
cannot be determined in these cross-sectional or casecontrol studies due to the unknown temporal relation
between disease and exposures.
Other Substances and Color Vision Deficiency
Numerous substances have been identified through the
years which have detrimental effects upon color discrimination. often substances affect blue-yellow discrimination due partially to the especially vulnerable blue cones
in the retina.76 Because blue-yellow discrimination deteri-
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orates “normally” with age, it is often difficult to document the toxicity of these agents separately from the
aging processes. In addition, many ocular and systemic
disease conditions have color vision deficits associated
with them.
aging. The measures of numerous visual functions
(e.g., visual acuity, flicker fusion frequency, color discrimination) show similar age related changes. Sensitivity
increases through the teens to early twenties, remains
fairly stable for perhaps 2 decades, and then gradually
deteriorates. Verriest and coworkers, Bowman and
coworkers, and Muttray and coworkers have documented this relation with color vision using arrangement tests
that measure fine color discrimination (see Tables 3 and
4).28, 29 The decrease in color discrimination with the elderly has been shown to be due primarily to the yellowing of
the crystalline lens and causes discrimination losses principally in the blue portion of the spectrum.22, 77 The effect
is exaggerated at low to medium light levels as senile
miosis substantially reduces light levels on the retina.78
ocular disease Conditions. Type III color vision
defects are shown for both glaucoma and diabetic
retinopathy. Glaucoma color vision loss begins with a tritan-type defect that progresses in severe cases to include
a red-green loss.10 While the use of color vision tests has
not proven very beneficial in glaucoma diagnosis, several
studies have shown that visual field testing with a blue
stimulus on a yellow background (Short Wavelength
Automatic Perimetry - SWAP) may help document beginning visual loss. In diabetic retinopathy color discrimination loss can be great, again showing predominantly a tritan-type loss. As the condition progresses, red-green
defects are found such that red-green pseudoisochromatic plates are also failed. The overall discrimination loss
can be so great that an averaging technique is required
with the FM-100 hue test to identify the blue-yellow confusion axis.79
A Type II color vision defect is typically shown for
several conditions that affect the optic nerve. This is true
for an optic neuritis due to demyelination (multiple sclerosis), inflammatory disease, or vascular disease.80 A redgreen color defect is also seen with Leber’s hereditary
optic atrophy. This condition is caused from abnormal
mitochondria function and resulting degeneration of the
optic nerve fibers.
therapeutic drugs. Numerous drugs have been reported
to cause at least small changes in color perception.
Because of this color vision testing is often used as an
indicator of drug toxicity. Ethambutol is a drug used to
treat tuberculosis. With prolonged use (or large dose
short-term use) the optic nerve is affected creating a Type

II red-green color vision defect. digoxin, a cardiac glycoside, also can produce an optic neuritis and an associated
Type II color vision defect. The color vision effects from
both drugs are reversible after withdrawal from both
agents. Quinoline derivative (e.g., chloroquine, quinine)
are used prophylactically against malaria or for treatment
of arthritis. The drug stimulate pigment deposition within the retina and initially produce a Type III tritan-type
defect. Viagra is a drug used to treat erectile dysfunction.
Transient effects of blue-tint to vision and mildly reduced
color discrimination have been reported. Long-term oral
contraceptives use has been reported to cause Type III tritan defects. An interesting side note is that with even
short term use, oral contraceptives and caffeine in combination have produced reduced color discrimination.
lifestyle. The use of tobacco has long been known to
have toxic effects upon vision. Tobacco amblyopia was
first described in 1868.80 It is an optic neuropathy with
demonstrates a central visual field loss and a Type II redgreen color defect. The condition is often associated with
nutritional deficiencies and responds favorably to vitamin therapy. More recently, tobacco use has been associated with cataracts and age-related macular degeneration
(ArMd).81-84 This is significant in that both these conditions have associated Type III tritan defects similarly to
styrene toxicity. concerning the ArMd, Hammond and
coworkers has shown that cigarette smoking is associated
with reduced macular yellow pigment which serves as
protective role to potential hazardous effects of short
wavelength light on the retina.85 Muttray and coworkers
showed an association between cigarette pack years and
color discrimination loss which they attribute to subclinical macular degeneration changes.29 Erb and coworkers
noted an association between heavy smoking (20 or more
cigarettes/day) and color vision discrimination loss;
however, they were not able to determine the orientation
of color vision loss.86
chronic use of alcohol has also been associated with
ocular changes with resulting color vision loss. In alcohol
addiction malnutrition often plays a major role. Although
the color vision findings are somewhat varied, it appears
that Type II red-green defects are seen with extreme alcohol abuse. Mergler and coworkers studied the effects of
alcohol consumption on fine color discrimination (dd15).87 While determination of the relative effects of the age
and alcohol consumption could not be made from the
published results, it appears that heavy alcohol use (> 750
g alcohol/week) significantly reduced color discrimination. 33 Adding to the confusion is that heavy alcohol use is
associated with late ArMd, while moderate use has been
reported to show mild protective effects to both ArMd,
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cataract, and diabetic retinopathy. of special note is a
recent report that shows a possible interaction with alcohol and solvents (toluene, xylene, tricholorethylene, tetrachloroethylene). consumption of more than 250 g alcohol/week in conjunction with solvent exposure showed
significant detrimental color discrimination effects.88
occupational exposures. color discrimination losses
have been shown to occur after exposure to several chemicals used in industry. Iregren and coworkers (2000) provide a comprehensive review of the color vision effects
for several of these toxins.6
cavalleri and coworkers studied workers exposed to
mercury vapor using the dd-15 test.89 Workers with urinary mercury levels greater than 50 ug/g creatinine had
significantly worse ccI (mean ccI = 1.285) than controls
(mean ccI = 1.101). Urinary mercury level was correlated
with ccI (r=0.448) for exposed subjects. Subjects were
matched to controls by age, sex, alcohol, and nicotine.
They reported the color confusions were mainly along
the blue-yellow axis (Type III tritan defects). cavalleri
and Gobba (1998) reported that this effect was reversible
after the occupational exposure was reduced.90 one year
after conditions had improved, color discrimination
improved such that comparison to a control group
showed no difference.
The effects of toluene on color vision have been
reported in several recent studies. Zavalic and coworkers
used the dd-15 test (ccI) to measure color discrimination
in two groups of workers exposed to toluene and a control group.91 one group had a high exposure (132 ppm),
while the other had a relatively low exposure (32 ppm).
The ccI scores were “corrected” for both age and alcohol
consumption. The results of the study showed that the
actual ccI value for the higher exposure group and the
age and alcohol corrected ccI values for both exposure
groups were significantly higher for both the high and
low exposure groups than for the controls. The authors
did not report on the predominant “axis” (i.e., red-green
or blue-yellow) of confusion or even if one existed for
their subjects. results from this study are shown in Table
6. The authors conclude that toluene can impair color
vision even with concentrations below 50 ppm.
Scientific concerns for this study involve the different
gender make-up of the three comparison groups and how
congenital color vision defectives were eliminated from
the subject pool. The lower exposure group was predominantly female (93%). It is estimated that 15% of females
are heterozygous for congenital red-green color vision
defects and will have reduced color discrimination.19 This
would artificially raise the ccI for this group relative to
the control group. Additionally, it is not stated how con-
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table 6
Toluene exposure and the ccI (Zavalic and coworkers,
1998).91
Exposure Group

ccI

p value*

High (mean 132 ppm, n = 32)

1.29

< 0.001

Low (mean 32 ppm, n = 41)

1.17

0.205

controls (n = 83)

1.15

—

*p-values determined by comparison of exposed group
with the control group.

genital color vision defectives were identified to be eliminated from participation. Slightly fewer subjects were
eliminated from the study than is expected from general
population estimates. These concerns create doubt for the
significance of the toxic effects on color vision for the
lower exposure test group.
cavalleri and coworkers also studied toluene effects
on color vision as compared against controls and showed
significant differences between groups in both the ccI
and the Total confusion Index.92 It was reported that the
type of color confusions was primarily blue-yellow. The
overall results are summarized in Table 7. Estimation of
toluene exposure was done by measurement of urinary
excretion of unmodified toluene. The mean toluene exposure was calculated to be 42 ppm. Subjects with high
alcohol intake, smoked over 30 cigarettes/day, had poor
visual acuity, or had a congenital color vision defect were
eliminated from the subject pool. In spite of these limitations, the test and control subjects did have a significant
difference in alcohol consumption, although as subjects
with high alcohol intake were eliminated from the subject
pool, the authors downplayed this difference.
Additionally, no mention was made of the gender of sub-

table 7
Toluene and ccI and ToTcI (cavalerri and coworkers,
2000).92
Exposure Group

ccI

ToTcHI

p-value

Exposed (n = 33)

1.29

1.49

< 0.01

controls (n = 16)

1.10

1.16

< 0.001
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ject participants nor was it explained how congenital
color vision defectives were identified.
Functional Significance of Color Vision Deficiency
In order to determine the functional significance of
styrene induced color vision defects, a typical value for
this effect must be specified. Most of the studies in this
area used the dd-15 test and analyzed results using the
ccI. For researchers that published mean values, the
mean ccI for the styrene exposed subject populations
never exceeded 1.30, even for the high exposure groups.
The highest mean values were reported by Gobba (1991,
ccI = 1.26), Gobba (2000, ccI = 1.29), Kishi (2001, 1.28),
and Triebig (2001, 1.29). chia and coworkers did report a
mean equivalent ccI of 1.40 for the styrene exposed population; however, it was apparent that incorrect methods
were used to calculate the TcdS.30, 33 Therefore, for this
analysis, those results will not be included.
Table 8 provides ccI scores for several sample
replacements on the Lanthony desaturated d-15 test. It
appears that a ccI score of 1.30 can be achieved by making at least 1) three one-place replacement errors, 2) one
two-place replacement error with a one place error, or 3)
one major error across the diagram. As noted previously,
the ccI scoring calculates the distance in cIE-LAB color
space that is traversed from the reference cap to the final
cap in the tray after replacement by the subject. cIE-LAB
color space was developed based upon perceptual differences in color. The distance from one cap to the next is
proportional to color perceptions by color vision normals.
As reported by Sheedy, the total distance traversed with
perfect replacement for the Farnsworth d-15 is 2.07 times
that for the dd-15 test.33 As each test contains 16 total
caps, the average “distance” between caps in the two
tests would also vary by this same ratio.
table 8
Sample ccI score for specific cap replacement sequences
Lanthony desaturated d-15.
dd-15 cap replacement order

ccI

ref-1-3-2-4-5-6-7-8-9-10-11-12-13-14-15

1.12

ref-1-4-3-2-5-6-7-8-9-10-11-12-13-14-15

1.21

ref-1-4-3-2-5-6-7-8-9-10-11-13-12-14-15

1.30

ref-1-15-2-3-4-5-6-7-8-9-10-11-12-13-14

1.30

ref-1-3-2-4-5-7-6-8-9-10-11-12-13-15-14

1.36

ref-1-15-14-2-3-13-12-4-5-11-10-6-7-9-8

2.35

For the dd-15, if an individual that makes a single
major misplacement with return (e.g., from cap 1 to cap
15 to cap 2) with perfect replacement following, the ccI
would be approximately 1.3 (see Table 8). As only one
major error was made, it is expected that the distance
across the color circle would be near the subject’s justnoticeable-difference (jnd) in color. That is, if the subject’s
jnd were much larger than the diameter of the color circle, it would be expected that several major crossings
would be made, for example, from caps 1 to 15 to 2 to 14
to 3 etc, resulting in an extremely large ccI. Therefore,
along this axis (from cap 1 to 15) the subject’s jnd may be
expected to be approximately the diameter of the color
circle for the dd-15 in cIE-LAB color space. This individual would not be expected to make a crossing error on the
Farnsworth d-15 as its color circle is 2.07 times that of the
dd-15. An individual with a 1.30 ccI on the dd-15 would
not, therefore, be expected to make crossing errors on the
Farnsworth d-15 test. color vision defectives which pass
the Farnsworth d-15 are considered mild and would not
be expected to have difficulty with color identifications in
an industrial setting.
For the ccI values for the 22 known color vision
defectives listed in Table 3, none of the individuals with a
ccI less than 1.30 failed the Farnsworth d-15. All of these
individuals were anomalous trichromats and would be
considered very mild defectives. Additionally, all these
individuals demonstrated good color discrimination by
having anomaloscope matching ranges of 10 units or less.
As previously noted, Steward and cole have documented by survey the difficulties encountered by 102
color vision defectives.23 For the anomalous trichromat
results (n = 65) mentioned in the study, only 2 items were
mentioned where over 30% of the participants reported
to have difficulties. These items were 1) selecting colors
of clothes, cars, carpets, etc. and 2) confusing traffic signal
traffic lights with street lights. The color discrimination
situations mentioned by mild anomalous trichromats of
which difficulties are found are those where the individuals cannot see the mild amount of color in a desaturated
stimulus. For example, a green traffic signal may appear
white, or the green in a grey-green car may not be seen.
The significance of the confusion with the green traffic
signal may not be great in most circumstances as positional cues are present to aid in traffic signal color identification.
In summary, the level of color discrimination demonstrated by the styrene exposed individuals showing statistically significant color defects are mild compared to
congenital color vision defectives. The performance of
these individuals in recognizing color or in making color
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decisions in everyday activities would not be expected to
be subnormal in a functional sense.

The authors then state that there was a significant
reduction in ambient styrene (p < 0.05) and end-shift MA
(p < 0.001) after two years of follow-up for workers in
plant 3, but not plants 1 or 2 (data are not presented).
They then report mean differences in ccI values
(Baseline – 2 year follow-up) for plants 1 and 2, and plant
3 separately. The mean difference for plants 1 & 2 was
–0.12 ± 1.17 (p-value: not significantly different from
zero) and for plant 3 was 0.20 ± 0.78 (p-value: not significantly different from zero). Finally, the authors stratified
mean differences in ccI values using the criteria based
on change in MA between baseline and the 2 year followup as follows: increase by 0.1 mmol/mmol creatinine,
remained within ± 0.1 mmol/mmol creatinine, and
decreased by 0.1 mmol/mmol creatinine. Spearman’s
correlation coefficient was used to examine the relation
between the respective group and the mean differences.
No data are presented other than schematically, but the
authors report a significant correlation (p < 0.001). Thus,
the authors conclude that “the strongest relation [associated with styrene reduction] is with color vision.” This is
somewhat of a stretch, and the author certainly had to
statistically hunt to find relation between styrene reduction and color vision improvement (i.e., there were no
statistical differences in the mean differences between
visits for the ccI). correlation coefficients are particularly sensitive to sample size; thus, reporting only a p-value
is inappropriate, as it does not allow the reader to examine the actual magnitude of the correlation.
A study by Gobba and cavalleri (2000) more recently
addressed this issue. 56 After an initial assessment,
styrene-exposed workers were re-examined 12 months
later. results from this study are found in Table 10.

Recovery from Color Vision Deficiency
There are several types of toxicity that may be associated
with styrene toxicity as it related to color vision deficits.
Acute toxicity generally occurs immediately following an
exposure to a toxin (i.e., within hours or days). An acute
exposure is one that is dosed within a relatively short period of time (i.e., one or several doses within a 24 hours period). Subchronic toxic effects result from repeated exposures to a toxin over a period of one to several months, and
this is the most common exposure route for environmental
toxins. Finally, chronic toxicities result from repeated exposures to a toxin over a period of several months-to-years
resulting in cumulative damage to a tissue or organ structure. Although damage from chronic exposures may be
sub-clinical for an initial period of time, the damage may
become so severe as toxicity progresses that the tissue or
organ no longer functions normally. It is likely that styrene
exposures are somewhat chronic in this regard, although it
is not known if the toxicity to the ophthalmic system (color
vision alterations in this case) is permanent or temporary.
In other words, the permanency of color vision impairment after styrene exposure is still in question.
Gobba and cavalleri (1993) were the first to evaluate
the issue of color vision recovery following styrene exposure in a group of workers.55 In their study, a group of 39
styrene-exposed workers were examined with the dd-15,
showing a mean ccI of 1.23 ± 0.19. one month later with
no styrene exposure (they were on summer holiday), the
workers were examined again on the first of returning to
work, and their mean ccI was 1.20 ± 0.21. The authors
report that these values did
not differ.
In another study, Mergler table 9
and coworker (1996) also
evaluated the impact of overall results from Mergler and coworkers (1996).61
styrene exposure reduction
on color vision deficits. 61 outcome
Baseline
Time 2*
Baseline measures of styrene
Ambient styrene
75 mg/m3
76 mg/m3
and color vision were estab(all
3
plants)
lished, and local ventilation
0.11 mmol/mmol
0.13 mmol/mmol
systems were established in End-Shift MA
order to reduce styrene
exposures. reassessment of
these outcomes was measured again on the same
baseline workers two years
later. The results from this
study can be found in Table 9.
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(all 3 plants)

creatinine

creatinine

ccI (n = 57)

1.18 ± 0.20

1.19 ± 0.35

p-value
Not Provided
Not Provided
ns

*Time 2 is a follow-up assessment performed two years after baseline following
installation of ventilation systems.
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sure was conducted in 1999,
and reported in 2001. In this
table 10
assessment, only 18 of the
56
original participants were
results from Gobba and cavalleri (2000).
included and the authors
analyzed color vision testing
outcome
Baseline
Time 2*
p-value
using the ccS rather than
Group 1
Ambient Styrene
10.9 ppm
16.2 ppm
> 0.05
the ccI for some unknown
ccI
1.18 ± 0.16
1.29 ± 0.21
0.08
reason. This is confusing as
Group 2
Ambient Styrene
14.4 ppm
10.2 ppm
> 0.05
ccS outcomes are reported
as 100 times the percent
ccI
1.27 ± 0.18
1.29 ± 0.26
> 0.05
above the distance traveled
in color space for perfect
*Time 2 is a follow-up assessment performed one year after baseline.
replacement; it appears as
though ccI values were
reported by the authors.
This leads one to question the result and conclusions.
The authors suggest, based on these analyses, that
Scores for the three assessment period (1990, 1992, and
“These results suggest a progression in color perception
1999) are reported figuratively, and are now age-adjusted.
impairment if exposure is increased, even if the difference
Median values obtained from this figure are as follows
in ccI values was not significant.” We disagree. The
(year data obtained is in parenthesis): 1.07 (1990), 1.045
results of Gobba and cavalleri (2000) are inconclusive
(1992), and 1.16 (1999). The authors report a significant
regarding the reduction or improvement of color vision
improvement between 1990 and 1992 (p < 0.05), but no
in relation to small changes in ambient styrene. This may
difference between 1992 and 1999 (p > 0.05). Again, the
be because, again, this is cross-sectional research, and
results of this study are completely in question, and no
exposure and disease status are measured at the same
conclusions should be drawn.
time. We have no idea about the peak styrene levels
Finally, Triebig and coworkers (2001) examined the
occurring in the workplace throughout the 12 month foleffect of altered styrene exposure on color vision discrimlow-up period. Thus, it is impossible to draw any concluination.62 In this study, baselines assessments of exposure
sions from this study.
A follow-up study to Mergler and coworkers 1996
and color vision were made, and these same workers
report (based on data from 1990 and 1992) was conducted
were then again examined after a four week vacation. In a
by castillo and coworkers (2001).32 In this study, a third
second phase, the workers were again reassessed 10
months later following the installation of ventilation sysfollow-up assessment of color vision and styrene expo-

table 11
ccI results from Triebig and coworkers (2001).62
Test day
Phase

Monday
Morning

Thursday
After Work

After 4 Week
Vacation

p-value
A vs. B

p-value
B vs. c

Baseline
(MA + PGA = 472 mg/g creatinine)

1.24 ± 0.25

1.29 ± 0.27

1.11 ± 0.11

0.28

0.01

10 Months Later
(MA + PGA = 273 mg/g creatinine,
p = 0.02 compared to baseline)

1.11 ± 0.11

1.16 ± 0.14

1.05 ± 0.06

0.06

0.01

p-value: Baseline vs. 10 Month Follow-Up

0.01

0.01

0.01

The SIrc review November 2006

135

the effeCt of StyRene expoSuRe on ColoR vISIon: a RevIew

tems. A control group was initially included, but not
retested after in the follow-up periods. The results from
this study can be seen in Table 11.
This is the first study to provide substantial evidence
that color vision alterations are associated with reductions in styrene. This indicates that in some regard, these
color vision alterations may not be complete. The authors
indicate that the styrene-exposed workers included in
this study had at least 6 months of experience, although
they do not report an estimated cumulative work history
associated with styrene exposure in these workers. The
authors suggest that the finding here may be different
from other studies because stricter alcohol consumption
exclusion criteria were employed. regardless, there
seems to be no methodological or reason otherwise to
doubt there finding.
The evidence regarding the recovery of color vision
following reductions in exposure is too inconclusive at
this point to make any firm recommendations regarding
the issue. As discussed, several studies have found negative or weak results, although this may have been due to
methodological or other issues. The study by Triebig and
coworkers (2001) does provide evidence for an effect, and
other studies need to replicate this finding prior to conclusions being drawn.
Physiological/Anatomical Basis for Color Vision Deficiency
In his review of the effects of styrene exposure on color
discrimination, Sheedy makes a compelling case that the
site of initial damage for styrene’s detrimental effects
upon color discrimination to be within the retina.33 He
bases his argument on styrene’s predominantly blue-yellow nature of the color discrimination loss and that components of the electroretinogram appear to be affected.
The studies which have been performed since his review
have strengthened his argument.
Köllner observed early in the 20th century that tritan
(blue-yellow) type defects were common with conditions
that affect the outer portions of the retina, while redgreen type defects were common with those affecting the
visual pathway (inner retina and optic nerve). While several exceptions to this rule have been documented, his
observations have generally withstood the test of time.93
The reason for this is the relative vulnerabilities of the
blue visual mechanism in the retina and the red-green
chromatic processing of the parvocellular system within
the optic pathway.94
In this regard, studies investigating the initial effects
on color vision of styrene exposure on larger number of
subjects have generally described blue-yellow type
defects. Sheedy reported that campagna and coworkers,
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Eguchi and coworkers, Gobba and coworkers (1991), and
Gobba and cavalleri all found predominantly blue-yellow type defects.33, 53, 55, 57, 58 He also reported that Mergler
and coworkers reported a high incidence of mixed
dyschromatopsia (both red-green and blue-yellow) but
predominantly for the highly exposed workers.87 This is
somewhat expected as typically acquired color vision
losses begin with confusion along a given axis but as the
condition progresses the orientation of losses become less
defined. More recently Triebig and coworkers reported
color discrimination losses with styrene without a predominant red-green or blue-yellow orientation. 62 It
should be noted, however, that these reports of orientation of color confusion are subjective in nature as the ccI
evaluation method of color discrimination provides no
objective measure of predominant color system loss.
The electroretinogram (ErG) has been used to evaluation electrical activity in the retina of individuals exposed
to styrene. The ErG is a non-invasive method to measure
the relative strength of the visual signal as it progresses
through the retina. Several studies using the electroretinogram have shown abnormal retinal activity after
styrene exposure. Skoog and Nilsson (1981) studied the
acute effects of toluene and styrene on the ErG on anaesthetized monkeys.68 Both agents affect the c-wave of the
ErG and the standing potential of the eye. The c-wave is
believed to be generated by potential changes within the
pigment epithelium of the eye. The pigment epithelium is
intimately involved in metabolic support of the retinal
photoreceptors. As this study investigated the acute
effects of styrene and the route of administration was
intravenous, the generalizability of the results to chronic
exposure to humans in industry are limited.
Mirzoev and Sultanov (1989) studied the ErGs of
workers exposed to high levels of styrene.95 Their results
showed reduced a-wave and b-wave activity and long
latency. The a-wave is believed to indicate photoreceptor
activity. This is a significant finding to show styrene is
toxic to the outer retina. As Sheedy notes, however, the
study failed to control for alcohol and/or tobacco effects.33
The most compelling evidence to date to implicate
changes in the retina to cause styrene induced color
vision loss is a recent study on changes in amacrine retinal cells in rats after styrene exposure.96 Ten rats were
exposed to an atmosphere of 300 ppm styrene for 6
hours/day, 5 days/week for 12 weeks. Ten control rats
were exposed to fresh air. Exposed rats showed amacrine
cell loss and a related depletion of dopamine. dopamine
in inherently involved in the lateral processing of information across the retina (through horizontal cells) and
has been shown to play a role in color perception.97, 98
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In summary, evidence continues to mount to implicate
the retina as the site of damage causing the color discrimination losses with chronic styrene exposure. While
amacrine cell loss has been implicated by the Vettori and
coworkers on rats, detrimental effects upon the pigment
epithelium, photoreceptors, and other retinal structures
can not be ruled out.96

more susceptible subgroups (e.g., elderly, smokers). Also,
it is not known what the impact of an acquired color
vision deficit of this magnitude would have on an individual functional status. Future research is needed to
address these and other questions raised in this report.
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APPENdIx I
Color Confusion Index
In numerous studies which investigate the toxic effects of
chemicals upon color vision, the Lanthony desaturated
d-15 Panel Test is used to assess fine color discrimination.
Small caps of different colors are replaced into a tray
according to color. The colors vary in hue from blue
around the color circle to purple. The order with which
the caps are replaced gives an indication of which colors
may be confused.
Bowman (1982) recommended a scoring method for
arrangement tests by calculating the total distance in
color space represented by moving from cap to cap for
each specific replacement order. color confusion index
(ccI) is than calculated by dividing this total by the distance representing perfect replacement. In his paper
Bowman provides color space distance values when
going from any given cap to any another. These values,
however, are based upon the locations within color space
for the Farnsworth d-15 test. Values for the Lanthony
desaturated d-15 test were not listed.
The Lanthony desaturat ed d-15 is similar to the
Farnsworth d-15, however, with the Lanthony test, the
caps are lighter and possess less color (i.e., more white).
Figure 1 shows the Farnsworth d-15 and Lanthony
desaturated d-15 positions in cIE-LAB color space.
Although the Lanthony test is a desaturated version of
the Farnsworth test, the color space locations are not
exactly equivalent even in relative terms. Therefore,
errors in analysis can occur if the distances used in calculating the color confusion index are not from the appropriate test.
In order to determine the degree of error which could
be introduced, color confusion indices were calculated
for sample Lanthony desaturated d-15 results using the
appropriate locations and using the Farnsworth d-15
equivalents. results for 25 subjects with varying degrees
of color discrimination were analyzed. The ccIs using
the two methods are presented in Table 1. In general,
using the Farnsworth color space positions for each cap
instead of the Lanthony color space positions overestimates ccI when compared to the actual value and the
degree of overestimation increases with ccI. However,
for results showing few errors (i.e., ccI ≈1), the
Farnsworth analysis can overestimate or underestimate
the actual value. Figure 2 shows the Farnsworth calculated ccI graphed versus the actual values. Figure 3 shows
the ratio of the two values graphed versus the actual
value. For low ccIs, there is considerable variability of
estimation shown. overestimated and underestimated
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table 12
ccI results from studies assessing impact of styrene on color vision.

Study

Study characteristics
Average or
Median
control Ambient
Group
Exposure

Matched or Adjusted ccI Values

Gobba, 1991

y

16.2 ppm

0.34 g/L

1.26 ± 0.22

1.15 ± 0.14

< 0.01

Gobba, 1993

y

≈ 34 ppmd

≈ 0.48 g/L

1.21 ± 0.20

1.053 ± 0.07

< 0.001

chia, 1994

y

Not
Measured

84.0 mg/g
creatinine

1.40

1.13

0.0006

campagna, 1995

N

48.3 ppm

0.36
mmol/
mmol
creatinine

1.14 ± 0.16

Not conducted

Eguchi, 1995

y

18.5 ppm

0.22 g/l

1.22 ± 0.24

1.12 ± 0.13

Mergler, 1996

y

18 ppmb

0.12
mmol/
mmol
creatinine

1.18 ± 0.20

Not conducted

campagna, 1996

N

≈ 16 ppme

Not
Measured

1.16e

Not conducted

Gobba, 2000
(2 case groups,
time periods)

y

13 ppm

1.24 ± 0.21

1.14 ± 0.14

N

T1: 11ppm
T2: 16 ppme
n = 10

Average or
Median MA
Level

case

controls

p-value

d

f

T1: 14 ppmf

Not
Measured

T2: 10 ppmf

T1: 1.18
T2: 1.29
T1: 1.27

< 0.01

< 0.01
0.08

NA

> 0.05

T2: 1.29

n = 20
Kishi, 2001

y

Not
Measured

0.21 g/L

1.28 ± 0.28

1.18 ± 0.18

< 0.01

Triebig, 2001
(Baseline)

y

Not
Measured

MA + PGA:
0.472 g/g
creatinine

Mon: 1.24
Thur: 1.29

Mon: 1.10
Thur: 1.10

Mon: 0.11
Thurs: 0.05

Triebig, 2001
(10 months
later after
intervention )

y

Not
Measured

MA + PGA:
0.273 g/g
creatinine

Mon: 1.11
Thurs: 1.16

Mon: 1.10
Thurs: 1.08

Mon: 0.61
Thurs: 0.18

Gong, 2002

y

Not
Measured

MA: 0.26 g/g
creatinine
PGA: 0.11 g/g
creatinine

1.04b

1.00b

< 0.01

Mean value reported., bMedian value reported., cNot reported., drepresents the average of measures taken from Monday
and Thursday; preshift MA measures., erepresents the average of the two study sample (Italian and canadian)., f T1 and
T2 represent baseline and 12 month outcome assessments.
a
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table 13
results from studies using alternative methods of assessing color vision tests or scoring algorithms.
Study characteristics

Study
Fallas,
1992

castillo,
2001

control
Group

Average
or Median
Ambient
Exposure

y

24.3 ppm

N

Matched or Adjusted color Vision Scores
Average
or Median
MA Level
MA: 0.23 g/g
creatinine
PGA: .057
g/g creatinine

overall
Not
reported

0.08 mmol/
mmol
creatinine

cases

controls

p-value

259.9 ± 136.9

262.7 ±
114

NS

Farnsworth 100 Hue Error Score
1.17
(color confusion Score?)

Not conducted

table 14
dose-stratified ccI comparisons and regression analyses evaluating the dose-response effect of styrene on color vision.

Study

High dose
Group

Low dose /
Intervention
Group

control Group

p-value

criteria

Gobba, 1991

1.27

1.09

Not compared

< 0.05

215 mg/m3

Gobba, 1993

1.29

1.11

Not compared

< 0.05

213 mg/m3

b

b

chia, 1994

“No Significant Linear correlations were present between TcdS and MA or PGA”

campagna, 1995

“Significant positive relations were found between the internal and external styrene exposure
measurements and color vision loss adjusted for age, alcohol consumption, and seniority…”

Eguchi, 1995

1.33 ± 0.29

1.17 ± 1.19

1.12 ± 0.13

Mergler, 1996

1.18 ± 0.20

1.19 ± 0.35

Not compared

H vs. c: < 0.01 MA < 0.42 g/l
L vs. c: = 0.12
H vs. L: < 0.05
> 0.05
Intervention group included
original workers after
installation of ventilation.

campagna, 1996

“color confusion Index (adjusted for alcohol consumption and age) exhibited positive relationships
with environmental styrene exposure (Spearman r = 0.25, p < 0.01)”

Gobba, 2000

“…the exposure was unmodified or slightly decreased in 20 subjects, and d-15 outcomes remained
unchanged, while styrene levels had increased and color vision loss progressed in the other 10.”

Kishi, 2001

H: 1.27 ± 0.27
c: 1.13 ± 0.14
p < 0.01

L: 1.21 ± 0.26
c: 1.17 ± 0.19
p > 0.05

L: < 0.10 g/L
M: 0.1-0.2 g/L
H: > 0.2 g/L

Triebig, 2001

1.24

1.11*

NA

0.01

*4 week vacation—
original cases

Gong, 2002

1.14 ± 0.24a

1.09 ± 0.13a

1.02 ± 0.04a

All < 0.01

MA + PGA < 0.24
g/g creatinine

Mean value reported., bMedian value reported.

a

The SIrc review November 2006

143

the effeCt of StyRene expoSuRe on ColoR vISIon: a RevIew

values are shown depending upon the specific errors of
replacement which were made. For this sample, once the
actual ccI reached 1.25, the ccI using the Farnsworth
values always overestimated the actual value. For the few
subjects in this study with ccI below 1.25, the mean difference in the two calculations was only 0.0089 +/- 0.039.
For ccI values at 1.25 and above, the mean difference
was 0.12 +/- 0.090.
From this investigation it appears that the error introduced by using the Farnsworth test color space positions
instead of those for the Lanthony test is small; however,
the error appears to increase with ccI above ccI = 1.25.
How these small errors could affect a study’s results are
difficult to determine without having the actual data to
analyze. However, it is logical to assume that if the
exposed group had higher ccI’s, the incorrect calculation
could magnify (slightly) a small difference. Also, for
ccI’s just above 1 (and below 1.25), the incorrect calculation could add variability and help “hide” a small but
significant difference between control and exposed
groups.
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table 1
Lanthony Based Analysis

Farnsworth Based Analysis

“correct”

“Incorrect”

1.04

1.05

1.04

1.05

1.10

1.07

1.12

1.10

1.14

1.18

1.15

1.19

1.16

1.15

1.21

1.29

1.22

1.18

1.25

1.32

1.37

1.43

1.48

1.58

1.74

1.76

1.89

1.95

2.30

2.37

2.35

2.51

2.38

2.58

2.41

2.45

2.48

2.57

2.50

2.56

2.79

2.91

2.81

2.87

3.02

3.30

3.07

3.27

3.21

3.54
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fIguRe 1

fIguRe 3

Farnsworth d-15 and Lanthony desaturated d-15 Tests
graphed in cIE-LAB color Space.

ratio of Farnsworth calculated vs. Lanthony calculated
ccI graphed versus the correct (i.e., Lanthony
calculated) ccI.

30

20

Farnsworth/Lanthony calculated ccI

1.10

10

B

1.05

0

-10

1.00

reference cap
-20

Lanthony
Farnsworth

-30
-30

-20

-10

0
A

10

20

1

2
correct ccI (Lanthony)

3

30

fIguRe 2

Farnsworth cci (Incorrect)

Farnsworth calculated vs. Lanthony calculated ccI.

3

2

1
1.0

1.5

2.0
2.5
Lanthony ccI (correct)

3.0

3.5
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Quality of Life and color Vision: The
Significance of Acquired dyschromatopsias
Jason J. Nichols, OD MS MPH, Gregory W. Good, OD PhD

1

ExEcUTIVE SUMMAry
The effect of styrene exposure on color discrimination has been assessed by numerous investigators over the past 10-12 years.
There is moderate consensus that high
doses of styrene (i.e., greater than 50 ppm)
are associated with acquired color vision
deficits. These acquired deficits, however,
are mild when compared to the color discrimination difficulties exhibited by congenital color vision defectives. Quality of
Life instruments have been recently developed to help determine not only the functional deficits that accompany disease but
also the individual’s general well-being. As
such, numerous instruments are available
which are used to augment the more classic
measures of individual health. Presently,
however, there is no color vision specific
quality of life instrument; and, of the
instruments that are presently used, few
questions relate at all to color discrimination ability. Studies have been done, however, in which individuals with congenital
color vision defectives are questioned concerning the effects of their defects on life
activities. It is only those individuals with
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as the color
discrimination losses
accompanying styrene
exposure are relatively
mild, we believe that a
study that assessed the

relatively severe deficits, however, that
report any substantial detrimental effects
in everyday life. In summary, there is lack
of information and studies that have
assessed the significance of acquired color
vision deficiencies on quality of life and
everyday tasks. As the color discrimination
losses accompanying styrene exposure are
relatively mild, we believe that a study that
assessed the significance of styreneinduced color vision deficiency might
show little-to-no impairments in quality of
life and functional ability. At present, there
is not an appropriate color vision-specific
quality of life survey instrument that could
be used for this type study.

significance of
INTrodUcTIoN
styrene-induced color
vision deficiency might
show little-to-no
impairments in quality
of life and functional
ability.
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The effect of styrene exposure on color discrimination has been assessed by numerous investigators over the past 10-12 years.
There is moderate consensus that high
doses of styrene (i.e., greater than 50 ppm)
are associated with acquired color vision
deficits.1-5 recent studies have supported
previous claims that the detrimental effects
on color discrimination are at least partially
caused by changes within the retina, and
that the detrimental color vision effects of
styrene may be temporary.6 The threshold
dose and mechanism of color vision loss
associated with styrene, however, is still in
question, as is the degree of restorability of
that loss. Although there are many specific
questions that remain to be answered
regarding the relation between styrene and

QualIty of lIfe and ColoR vISIon: the SIgnIfICanCe of aCQuIRed dySChRoMatopSIaS

color vision loss, the actual significance and handicap of
the associated dyschromatopsia on an individual’s function in society and quality of life has not been considered.
The purpose of this report is to examine the scientific literature in order to provide a better understanding of the
potential significance that this and other acquired and/or
congenital color vision deficiencies may have on an individual’s quality of life.
health, dISeaSe, and QualIty of lIfe
Traditional concepts of health-care generally reflect a
“disease-based” model. This is somewhat a medical
approach whereby pathology is reflected by signs and/or
symptoms of disease. often, ill-health is reflected by a
symptom or a change in ‘usual’ function noted by the
patient. There are several traditional measures of health
which include population-based outcomes (e.g., mortality and morbidity rates), individual indicators (e.g., laboratory/diagnostic tests, patient/clinician judgments,
behavioral data), and service utilization rates. Today’s
concept of health and disease, however, has changed
such that symptom response or survival rates are no
longer enough to describe the health status of an individual or population. With the average life expectancy in the
United States at 76.2 years, society is faced with chronic
health conditions than ever before.7 These include conditions such as cancer, heart disease, stroke, and diabetes;
previously, these conditions were associated with significantly shorter periods of survival.
In 1948, the World Health organization (WHo)
defined health to be “a state of complete physical, mental
and social well-being, and not merely the absence of disease.” 8 The formation of this organization and its all
encompassing definition of health shaped the way views
on health and disease changed through next 50 years.
Although the definition guides us in our views of
‘health,’ in reality, it is somewhat complex and abstract.
For instance, how do you measure such a construct?
Typically, scientific measures occur through the application of a standard scale to some variable of interest. In the
case of ‘health,’ what do we use as the standard scale and
what variables do we measure? This is not an easy task,
and researchers and practitioners have come to rely on
the use of health indicators to make such assessments.
These health indicators represent elements of the concept
of overall health, and there has been an evolution in their
development since 1948. As previously discussed, health
indicators originated as concepts such as survival and
disease, but moved to concepts such as freedom from disease, ability to perform daily activities, and more recently,

positive themes such as happiness, social and emotional
well-being, and cognitive function. Because many of
these outcomes are subjective in nature, surveys and selfreported instruments are required in order to make
assessments. The main advantage to using these outcomes when defining health is that they provide insight
into matters of human concern such as pain and suffering, depression, cognition, functional ability, emotion, and
motivation. Because they are subjective, however, there is
concern that they are too reflective of response bias.
The term ‘quality of life’ means many things to many
people. research in this area spans numerous topics
including things like geography, urban planning, advertising, social science (e.g., sociology and psychology), and
medical science. It is somewhat of an ill-defined term, as
there is no universally accepted definition. Grant (1990)
suggested that quality of life is ‘a personal statement of
the positivity or negativity of attributes that characterize
one’s life.’ 9 For instance, general quality of life may
encompass dimensions such as adequacy of housing,
income, and perceptions of one’s immediate environment. Those involved in health-care delivery, research, or
utilization are typically concerned with ‘health-related
quality of life.’ In some sense, however, health itself is a
dimension of quality of life, rather than a overall concept.
Again, there is no clear definition of health-related quality of life. one somewhat simplistic way to think about
health-related quality of life is that it includes an assessment of two things: 1) What the person can do (e.g., functional status), and 2) How the patient feels (e.g., wellbeing). clancy and Eisenberg (1998) provided a more
sophisticated and detailed framework outlining four concepts associated with health-related quality of life.10 These
concepts include health perceptions (an individual’s rating of health or symptoms), functional measures (an individual’s ability to carry out daily activities), preferencebased measures (choosing between two treatments for
disease), and patient satisfaction (with medical care or
outcome of incident). The theoretical structure upon
which these elements are based is the previously
described WHo definition of health. Finally, Ware (1987)
suggests five inherent concepts including physical health,
mental health, social functioning, role functioning, and
general well-being.11
There are two basic types of instruments that are
developed for use in quality of life assessments: generic and
disease-specific.12 Generic instruments generally provide
assessments that are irrespective of health or disease status.
An example of a generic, health-related quality of life
instrument is the Social Function-36 (SF-36) instrument that
was developed by the rand corporation for use in the
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Medical outcomes Study.13 Although this instrument has
been used in ophthalmic research, vision researchers
mainly use the SF-36 only to show concurrent validity
with a new ophthalmic instrument. The second type of
quality of life instrument that can be used for assessment
is the disease-specific instrument. This type of instrument
targets ‘domains’ that are thought to be related to a specific disease (or similar diseases). An example of this type
of instrument is the Glaucoma Symptom Scale.14
Quality of life (QoL) instruments should be reliable,
valid, sensitive, and responsive if they are to be clinically
useful. 15 Although these psychometric properties are
interrelated, they are examined in somewhat different
ways. For instance, patients whose disease status has not
changed should, theoretically, make similar responses on
disease-specific QoL instruments each time they are
assessed. In order to distinguish responsiveness (the ability to detect change in status over time) and sensitivity
(the ability to detect differences among different patient
groups) from measurement error, it is important to assess
instrument variability when administered to clinically
normal patients on repeated occasions.16 Validity assessment consists of the accumulation of evidence over time
and across various studies to demonstrate that the scales
are rational and respond as predicted. once psychometric
properties are established, an instrument may be ready
for use in epidemiological studies or clinical trials.17, 18
QualIty of lIfe and ophthalMIC dISeaSe
Quality of life (QoL) assessments have become important
outcomes in ophthalmic research over the last 10 years.
These instruments complement and enhance our understanding of a patient’s visual status, supplementing the
traditional clinical tests, such as visual acuity, used for
patient assessment. They also supplement our understanding of how diseases such as cataracts, glaucoma,
macular degeneration, and diabetic retinopathy lead to
functional impairments and disability. Examples of ophthalmic QoL instruments include the National Eye
Institute Visual Function Questionnaire (NEI-VFQ), the
Visual Function-14 (VF-14), the Glaucoma Symptom
Scale, and the Graves’ ophthalmopathy Quality of Life
Survey.14, 19-21 recent interest in refractive surgery has also
led to the development of two refractive error-specific
QoL surveys: the National Eye Institute refractive Error
Quality of Life instrument (NEI-rQL-42) and the
refractive Status and Vision Profile (rSVP) Survey.22, 23 of
the aforementioned instruments, only the NEI-VFQ
makes any sort of assessment of the significance of color
vision on quality of life.
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ColoR vISIon defICIenCIeS
There are two generally accepted types of color vision
deficiency: congenital and acquired. congenital defects
are usually predictable, stable, symmetric between eyes,
and, thus, they are easy to diagnose.24 Patients with a congenital color vision defect usually have otherwise normal
visual function. congenital color defects are often subdivided based on the main axis of color confusion (i.e., redgreen versus blue-yellow confusions) and on the mechanism of the defect (i.e., a missing cone type within the
retina [dichromacy] or an abnormal photopigment sensitivity within a single cone type [anomalous trichromacy]). The genetic basis and clinical implications of congenital color vision deficiencies are generally well
understood, and when proper test procedures are used,
the diagnosis of congenital defects is unequivocal.
damage to the retina or optic nerve from things such
as trauma, inflammation, vascular disease, metabolic disorders, or chemical exposures may lead to an acquired
color vision deficit. Individuals with acquired dyschromatopsias have less predictable losses that may progress
in severity over time. often, the two eyes are differentially affected, and there may be an accompanying loss in
visual function (e.g., contrast sensitivity). Additionally, in
the beginning stages of acquired color vision loss, it is
often very difficult to determine if color discrimination
has been affected at all.
There are many classification schemes for individuals
with acquired color vision defects. Probably the most
often used is that from Verriest. 25 The classification
scheme is presented in Table 1. As previously stated,
recent research has indicated that color discrimination
loss from styrene exposure may be due to changes within
the retina leading initially to alteration in color vision of
the blue-yellow type.6, 26 This would correspond to a Type
III defect, similar to other toxic retinopathies and diseases
like cystoid macular edema, central serous retinopathy,
and diabetic retinopathy. While retinal damage from disease certainly affects both blue-yellow and red-green
color processing, the few short wavelength sensitive
cones (i.e., blue cones) present within the retina relative
to the large number of green and red cones makes blueyellow color processing especially sensitive to retinal
insult. Also, while an initial acquired color vision loss
often demonstrates itself as predominantly a blue-yellow
confusion, red versus green insensitivity is often found,
especially as the condition worsens. Although confusions
along the blue-yellow axis are most typically described
with styrene exposure, studies have reported confusions
of the red-green type.5, 24
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table 1
Verriest classifications of Acquired color Vision defects
Name

description

Type I (red-Green)

Protan type of defect with
shift of luminous efficiency
from photopic to scotopic

Type II (red-Green)

deutan type defect with
milder blue-yellow loss

Type III (Blue-yellow)

Tritan type defect

diabetes is a metabolic disorder exhibiting elevated
blood glucose due to an insufficiency of or insensitivity to
insulin. There is a resultant breakdown of regulatory
mechanisms, some of which lead to alterations in the
visual system. In particular, research has shown that
there are changes in the short wavelength system (bluecones) leading to alterations in visual function prior to
clinically detectable retinal vascular abnormalities. 27 A
report from the Early Treatment diabetic retinopathy
Study showed that 50% of its sample (n = 2,701) had color
vision scores worse than 95% of the normal population.28
These are patients with confirmed retinopathy, indicating
that they are more severe diabetics than the general diabetic population. The color vision defect that was most
frequent was of the blue-yellow (tritan) type.
Glaucoma is an ophthalmic disease whereby the optic
nerve undergoes changes resulting from high intraocular
pressures leading to alterations in the optic nerve fiber
bundle. This disease also has an effect on color vision.29-34
Traditionally it was thought that glaucoma leads to a
blue-yellow alteration in color vision; however, more
recent research has shown that red-green alterations may
be just as common or likely.35 It was originally suggested
that short wavelength cones may more susceptible to
damage from elevated intraocular pressure.

ColoR vISIon and eveRyday funCtIon
It has been known for well over a century that people
who have color vision deficiencies may have occupational impairments. Some of the first observations of this

were in transportation—
specifically, the railroad and
maritime industries. The
thought is that there is an
increased risk for an accident or crash with the misinExamples of causation
terpretation of a signal light.
1) cone dystrophy
These industries adopted
2) chloroquine toxicity
color vision standards in the
mid-to-late 1800’s. The air1) optic neuropathy
line industry instituted simi2) Ethambutol toxicity
lar color vision standards in
the early 1900’s. There
1) Glaucoma
seems to be no broad agree2) diabetes
ment regarding color vision
3) Nuclear cataracts
standards for personal auto4) Aging
mobile use throughout the
5) Macular degeneration
world. In the United States,
however, individuals must
be able to discriminate between a green, amber, and red
traffic signal in order to obtain a commercial driver’s
License. research has shown that a color vision deficiency alone is not a danger to safe driving.36
There seems to be even less of a consensus for color
vision standards in other occupations and trades where
color vision discrimination may be important. This may
be because many of these trades and industries are selfregulated, and are not equipped to handle such a health
standard. Nevertheless, color vision discrimination may
be quite important in many occupations, as color is one of
the most effective means of conveying information. 37
However, individuals with color vision deficits often
engage adaptive behaviors to compensate for their
deficits in color perception and discrimination.
reports on the significance of color vision on functional ability are scarce. The best assessment of this issue is
that of Steward and cole.38 In that study, the investigators
surveyed 102 individuals with congenital color vision
deficits and 102 normal controls. A questionnaire was
administered which was composed of five sections: color
vision status/perception, everyday difficulties with color,
occupational difficulties with color, difficulty with color
signal (i.e., driving), and reaction to color vision diagnosis. The results of this study were interesting. Two dichromats (5.4% of the dichromats) and 16 anomalous trichromats (24.6% of the anomalous trichromats) were unaware
prior to the study that they had a color vision deficit. The
majority of dichromats (71%) and a small minority of
anomalous trichromats (27%) reported that they became
aware of their deficit through difficulties with colors (p <
0.002). of the 18 individuals not aware of their color
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vision deficit prior to this study, the general response of
the individuals was described as “denial” or “coping.”
The results from questions about difficulties with
everyday activities, driving, and their occupations were
also interesting. In terms of everyday activities, the color
vision defectives reported difficulties with selecting colors of cloths, accessories, paints, carpet, furniture, wallpaper, and cosmetics. They also reported significant difficulty with crafts, hobbies, flower identification,
determining when fruits/vegetables are ripe, and in
sporting activities. color vision defectives also reported
difficulty with traffic signals and sometime confusing
traffic signals with street lights. Finally, between 29 and
43% of color vision defectives reported that their altered
color vision impacted their career choice, and some
reported difficulties with their current, everyday work.
The study of Steward and cole generally showed that
dichromats report more difficulty than anomalous
trichromats with most tasks, and this is expected given
the nature of these defects. They state, “Most anomalous
trichromats reported their color vision defect to be of nuisance value rather than a major handicap in their everyday life.” What is not known from this research is how an
individual with an acquired color vision deficit might
respond to these sorts of questions about functional,
everyday impairments associated with his or her color
vision loss. We might speculate that those with an acquired
color vision deficit might respond similarly to a mild
anomalous trichromat, who may have a deficit similar in
magnitude to that shown by workers exposed to styrene.

report of diabetic individuals to whom the NEI-VFQ
instrument was administered reported that the scores for
color vision were among the highest (best) reported, and
because deficits were uncommon, the scale was not used
in predictive analyses (i.e., to answer the question “is
retinopathy severity associated with quality of life-related color vision loss?”).40 This scale is surely limited, and
probably not representative of the ways in which color
vision may affect an individual’s function and health status. This issue most definitely needs further study.
ConCluSIonS
There is lack of information and studies that have
assessed the significance of acquired color vision deficiencies on quality of life and everyday tasks. cole and
Steward showed that congenital color vision deficiencies
are associated with mild-to-moderate impairments in
everyday tasks and occupations; however, styrene-associated color vision changes are relatively mild compared to
congenital color vision deficits. The significance of a
chemically-induced color vision alteration on quality of
life is uncertain, but likely less significant than that of
congenital deficits. We believe that a study that assessed
the significance of styrene-induced color vision deficiency on individuals might show little-to-no impairments in
quality of life and functional ability. At present, there is
not an appropriate color vision-specific quality of life survey instrument that could be used for this type study.
RefeRenCeS

ophthalMIC dISeaSeS and QualIty of lIfe
To our knowledge, there have been no studies that have
truly assessed the significance of color vision deficits on
quality of life. The National Eye Institute Visual Function
Questionnaire (NEI-VFQ) has a color vision ‘scale’ that is
made up of only one question (Question #12: Because of
eyesight, how much difficulty do you have picking out
and matching your own clothes?). Surprisingly, there is
no color vision-specific quality of life or functional questionnaire that has been standardized in the way in which
these sorts of instruments generally are. one study of 147
glaucoma patients showed no correlation between visual
field loss and the color vision question on the NEI-VFQ;
similarly in this same study, there was no difference in
the mean score on this question when comparing normals to glaucoma patients on this question.39 A possible
explanation is that glaucoma is a disease which mainly
affects older individuals and blue-yellow color discrimination losses are seen normally with aging. Another
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