SUMMARY REPORT
OF THE EXTERNAL PEER REVIEW OF THE DRAFT
TOXICOLOGICAL PROFILE FOR

STYRENE

Submitted to:
The Agency for Toxic Substances and Disease Registry
Division of Toxicology
1600 Clifton Road NE, MS F-32
Atlanta, GA 30333

Submitted by:
Eastern Research Group. Inc.
110 Hartwel1 Avenue
Lexington, MA 02421-3136

August 9, 2007

Printed on Recycled Paper

QUALITY NARRATIVE STATEMENT
ERG selected reviewers according to selection criteria provided by ATSDR. ATSDR canfioned that the
scientific credentials of the reviewers proposed by ERG fulfilled ATSDR's selection criteria. Reviewers
conducted the review according to a charge prepared by ATSDR and instructions prepared by ERG. ERG
checke~ the reviewers' written comments to ensure that each reviewer had provided a substantial
response to each charge question (or that the reviewer had indicated that any question[s] not responded to
was outside the reviewer's area of expertise). Since this is an. independent external review, ERG ~id not
edit the reviewers' comments in any way, but rather transmitted them unaltered to ATSDR

TABLE OF CONTENTS

Section I: Peer Reviewer Summary Comments ..................................................... ,...................... I
Dr. George Cruzan ................................................................................................................ 3
Dr. Teresa Leavens .......................... ,.................................................................................... 15
Dr. Jean Rabovsky ................................................................................................................ 23

Section II: Additional References and Data Submitted by Reviewers ........................................ 39
Dr. George Cruzan ................................................................................................................ 41

Section III: Annotated Pages from the Draft Profile Document.. ................................................ 341
Dr. George Cruzan ................................................................................................................ 343
Dr. Teresa Leavens ............................................................................................................... 387
Dr. Jean Rabovsky ................................................................................................................ 465

"

SECTION!
PEER REVIEWERS' SUMMARY COMMENTS

2

SUMMARY COMMENTS RECEIVED FROM

George Cruzan, Ph.D., DABT
Toxicologist, ToxWorks
Bridgeton, NJ 08302
Email: toxworks@aol.com

3

4

1153 Roadstown Road
Bridgeton, NJ 08302
phone: 856-453-3478

fax:

856-453-3479
e-mail: ToxWorks@lol.com

Comments on Styrene Draft Review
From George Cruzan, PhD,

DAB~ea~~

July 20, 2007

In general this is a good review. I hav'c made some comments on text. There are a few
issues I would like to raise. I do not have access to high speed photocopying, so I have
not provided copies of some of the articles cited, but have provided full citations.
I. In several cases, differences from controls arc listed in tables or text as "impaired",
e.g., "impaired color vision". It should be noted that none of these studies reported
"impaired color vision". I.e., in no cases are the responses of the styrene exposed workers
outside the normal range for color discrimination. I have enclosed a copy of a review
article by Drs. Gregory Good and Jason Nichols from Ohio State U., which was
published in the SIRC Review. CCI values for the styrene exposed workers range from
1.10 to 1.30 in various studies_ Congenitally color blind people score 2.5 or bigher, while
those with an anomalous pigment score greater than 1.5. A better tenn would be
"decreased color discrimination". (Copy of The SIRC Review included)
2. The meta analysis by Benignus et al. (2005) is accepted as a valuable contribution to
understanding the neuropsychological effects of styrene and is used as the basis for an
MRL (p. 9 and 16). It needs to be noted that 2 of the 4 studies included by Benignus for
reaction time are not studies generally considered as reaction time studies. They also
were quite selective in the studies included for color discrimination. Further, they found a
time-response only because of they assumed there was and estimated effects for different
amounts of exposure. Only one of the studies had data for people exposed for different
amounts of time; that study concluded that duration of exposure had no impact.. I have
included an analysis of the Benignus paper performed by 4 independent consultants (for
SIRe). - (Commentary article- final.doc)
I do not think this should be the basis for MRL.
3. Comments are included that styrene incre'ases prolactin in humans. The authors of the
papers listed make those claims. In all the studies cited, nearly all individuals (exposed or
not) have prolactin values within the normal range <20 ng/ml for females and <IS ng/ml
in males. The Arfmi etal. study used a supraphysiologic dose ofTRH to elicit a response,
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so the significance of the· observations are unclear; in fact the editor of the journal
included a note to be cautious in interpreting the results.
4. p. 22 Discusses human studies of respiratory system. You should add: Odkvist et al.
(1985) found no cellular changes in the nose ofa small group of workers exposed to at
least 50 ppm in reinforced plastics work. Dalton et al. (2001 )[in your reference list]
reported that styrene exposure in reinforced plastics workers did not result in a change in
the ability to detect standard odors or in the odor detection threshold of phenylethanol.
p. 29 cites a number of acute studies; the study by Ska et al. 2003 should be included.
Volunteers were exposed for 8 hours at either 25 or 50 ppm TWA styrene.
5. PBPK models - p. 61. The Filser et aI. (1994, 2003) model is useful in understanding
that the mode of action for styrene induction of mouse lung tumors is NOT related to
styrene oxide. It is NOT useful for understanding carcinogenic risk from styrene because
it does not explain the differences between rats and mice and does not explain the MOA
for styrene. The 2003 version of the model treats lung as a unifonn organ, assumes
metabolism of styrene is uniform throughout the 40 cell types in the lung, and that
styrene metabolite concentration is uniform across cell types. Studies from Carlson's lab
deomstrated the styrene metabolism occurs only in Clara cells. The model predicts
relatively small differences in average lung styrene oxide between rats and mice. A recent
study by Dr. Filser's lab using isolated perfused lungs verified that there was little
difference in styrene oxide in rat and mouse lung and concluded that styrene oxide was
not the carcinogenic agent. (Hofinann et a!., 2006). The Sarangapani et a!. 2002 model
should be included because it attempts to relate phannacokinetics to mode of action.
Because toxicity (and metabolism) occurs only in terminal bronchioles, the· Sarangapani
model estimates the concentration of styrene oxide in tenninal bronchioles, as well as
liver.

6. It has often been presumed that styrene-7,S-oxide is the causative agent (via
genotoxicity or non-genotoxicity) for any tumorigenic properties of styrene. This is
doubtful. 1. Blood level of styrene oxide is more than 100 times higher in rats at non
tumorigenic doses (1000 ppm) than in mice at tumorigenic doses (40 ppm). 2. Oral
administration of styrene oxide did not result in lung tumors in rats or mice. 3. Blood
levels of styrene oxide from the oral doses in the mouse carcinogenicity study are about
100 fold higher than from inhalation of styrene at 40 ppm.
The mode of action data are summarized below:
Postulation of a Mode of Action for Tumors Induced by Styrene in the Mouse Lung

1. Description of Postulated Modeaf Action
The characteristics of the styrene tumor data (increased lung tumors in mice after 2 years,
but not 18 months, of exposure by inhalation; by oral exposure lung tumors equivocally
increased in mice; no other organs in mice had increased tumor incidence and none were
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increased in rats exposed by oral or inhalation routes) suggest a non-genotoxic mode of
action. The metabolism of styrene in mouse lung Clara cells produces high levels of
styrene metabolites which cause Clara cell toxicity. The cellular damage results in
reparative responses involving increased Clara cell proliferation and hyperplasia of Clara
cells; an increase in lWIg tumors occurred after 24 months. Rats and humans have a lower
metabolism of styrene in lung and more rapid removal of metabolites, thus they do not
develop toxicity, increased cell prQliferation, hyperplasia, or lung tumors.
2. Key Events
In mouse or rat lung, styrene is metabolized nearly exclusively in Clara cells, not in type
II cells. Styrene is metabolized by CYP2F2 to cytotoxic metabolites. CYP2E 1 appears to
playa less important role. Using enriched cell fractions, rat and mouse Clara cells
produce about the same amount of the S enantiomer of SO per cell, but mice produce
five-fold more per cell of R-SO than do rat Clara cells. The production of SO, especially
the R enantiomer, is inhibited by 5-phenyl-l-pentyne, an inhibitor ofCYP2F2. Using
human lung tissue, very little, if any SO is produced and the S enantiomer predominates.
Inhalation of 80 ppm or greater styrene also results in glutathione depletion in mouse, but
not rat, lung tissue. In rats, no depletion is seen at levels below 300 ppm and only
marginal depletion occurs at higher levels.
Compared to rats, a large proportion of the cells in the terminal bronchioles in mice are
Clara cells, the cell with the highest metabolism of styrene. Humans have even fewer
Clara cells than rats. In mice, exposure to 40 ppm or greater results in Clara cell
cytotoxicity after a single exposure. Continued exposure results in increased Clara cell
proliferation, measured by increased BrdU labeling for at least the first two weeks. By
thirteen weeks, cellular crowding .is seen histologically in the tenninal bronchioles. By 12
months, hyperplasia is seen histologicaIIy in the tenninal bronchioles. With continued
exposure, the extent of the hyperplasia increases and it is seen at lower styrene
concentrations and a greater percentage of the mice are affected. No toxicity, cell
replication or hyperplasia is seen in mouse type II cells. Similarly, no toxicity, increased
cell replication, or hyperplasia are seen in rat lung, either for type II or Clara cells.
Furthennore, inhibition of styrene metabolism by 5-phenyl-I-pentyne eliminated the
cytotoxicity and increased cell replication in mouse Clara cells.
In summary, the metabolism of styrene by CYP2F2, primarily to R-SO, in mouse lung
Clara cells results in cytotoxicity. increased cell proliferation, cell crowding, hyperplasia
and eventually lung tumors. Rat lung tissue, with fewer Clara cells and much less
CYP2F4 in those Clara cells, does not produce toxic quantities of styrene metabolites, as
evidenced by lack of increased cell proliferation, absence of histopathologic effects in
lungs and no increase in lung tumors. In humans, with barely detectable levels of
CYP2Fl (the human equivalent of CYP2F2) and no measurable production of SO by
CYP2Fl, even less SO is produced than in rats and that which is produced or diffuses
into lung from the blood stream is removed more efficiently by epoxide hydrolase. Thus
humans have even less likelihood of developing styrene-induced lung cytotoxicity,
increased cell proliferation or lung tumors than rats.
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3. Strength, Consistency, Specificity
Mice have a much greater number of Clara cells than do rats in the lung. which have a
much greater number than humans. In addition. mouse Clara cells have much more
CYF2F and produce much more R-SO than do rat Clara cells; human lung cells have
barely detectable levels of CYP2F and no detectable production of SO. Thus mice have
the greatest number of target cells for styrene toxicity and those target cells have the
greatest capacity to produce toxic metabolites of styrene. Increased production of SO,
especially R-SO, in mouse lung has been shown by the use of microsomes and isolated
cell fractions. Using i.p. injection, R-SO was shown to be more pneumotoxic (increased
GGT and LDH in BALF) than S-SO, consistent With the increased production ofR-SO in
mouse lung. Thus. styrene-induced toxicity in mice occurs in the organ where increased
tumors are seen.
Styrene toxicity in mice occurs in 3 organs: liver (acute necrosis, but cells replaced with
resistant hepatocytes), nasal olfactory mucosa (chronic cytotoxicity, limited cellular
replacement. cells replaced with respiratory-like cells), and lung (chronic cytotoxicity,
rapid cellular replacement in kind. hyperplasia). These are the organs highest in CYF2F2.
In both lung Clara cells and nasal olfactory mucosa, metabolism of styrene per cell is
markedly greater than that in mouse hepatocytes and the fonnation of R-SO is preferred
even more than in mouse hepatocytes. Toxicity in both olfactory mucosa and Clara cells
is prevented if CYF2F2 is inhibited by 5-phenyl-I-pentyne. In rat lung and liver, with
very little CYF2F2, styrene is metabolized via CYF2EI. Rat nasal olfactory tissue
contains a moderate amount ofCYF2F2. in addition to CYF2EI. In rat lung and liver the
ratio ofR-SO to S-SO is less than I, but in rat nasal olfactory tissue, it is about 3. Thus
the only rat tissue that contains measurable amounts of CYF2F2 (rat olfactory
epithelium) is the only tissue that produces a high proportion ofR-SO and is the only rat
tissue to display styrene induced cytotoxicity.
The induction of lung tumors in mice does not appear to be related to the fonnation of
styrene-DNA adducts because:
The formation of DNA adduct$' following styrene exposure is low in rats, mice and
humans «I per 107 nuc1eotides).
No unique styrene-DNA adducts have been found in mouse lung.
The level of DNA adducts in mouse lWIg is less than in mouse liver.
The level of DNA adducts in mice is not greater than in rats.
The induction of hmg tumors in mice appears to involve mouse lung-specific metabolism
of styrene, and is independent of the blood level of SO. In the chronic inhalation studies,
the blood levels of SO in rats exposed to 1000 or 200 ppm styrene were 170 and 47 fig/I
(male and female averaged), respectively, while mice exposed to 160 ppm had blood SO
levels of27 fig/!. It should be noted that in the chronic study 11 of20 mice exposed to 40
ppm for 73 weeks had no detectable blood SO, and none of those exposed to 20 ppm had
detectable blood SO. Yet Clara cell toxicity was seen in mice exposed to 20 ppm and
greater. Effects seen in mouse lung are not likely the result of the influx of SO from the
bloodstream because: 1) exposure concentrations in rats (up to 1000 ppm) that did not
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cause increased lung tumors resulted in higher blood levels of SO than exposure levels in
mice that did result in increased lung tumors, and 2) effects were seen in mouse lung
following exposure to 20 ppm where SO was not detected in the blood.

4. Dose/Response
The non-neoplastic key events of styrene in mouse lung occurred at the same exposure
concentrations that resulted in increased lung tumors. Decreased staining of the Clara
cells (an indicator of cytotoxicity) was reported in 50-70% of the mice exposed to 20
ppm for 12, 18 or 24 months and in more than 80% of those exposed to 40, 80, or 160
ppm. Increased cell proliferation has been reported at concentrations of 40 ppm or greater
(20 ppm has not been examined). Bronchiolar hyperplasia was seen in a few mice
exposed to 40 ppm for 12 months and in most mice exposed to 80 or .160 ppm; by 24
months bronchiolar hyperplasia was seen in up to 40% of the mice exposed to 20 ppm
and in more than 75% of those exposed to 40, 80 or 160 ppm. Because the non-neoplastic
effects of styrene are seen in nearly all mice at exposure levels of 40 ppm and above, it is
not surprising that there is not a clear dose-response in tumor formation.
5. Temporality
In mice, increased lung tumors were seen only at the end of the study. Short-term studies
and interim assessments during the chronic study indicate that all the described precursor
lesions preceded the formation of lung tumors. Single exposures to styrene result in the
production of large amounts of metabolites in mouse lung and produce cytotoxicity
following a single exposure. After a few exposures, increased repair is measurable as
increased labeling of Clara cells. Continued exposures of a few weeks result in Clara
cells that stain less well with eosin and crowding of Clara cells, which could be described
as an increased number of cells but not extra layers of cells. Sometime between 13 and 52
weeks, this increase in cells become great enough that extra layers of cells are detectable;
this is described as hyperplasia of the terminal bronchioles. With continued exposure, the
hyperplasia extends into the alveolar ducts. Lastly between 18 and 24 months increased
lung tumors appear.

6. Plausibility and Coherence
The lung tumors found in styrene exposed mice fit with a non-genotoxic mode (single
species, single organ, late occurring). In addition, there is no support for genotoxicity
from styrene in mouse lung (no increase in CAs in mouse lungs, very low levels of non
specific DNA adducts in mouse lungs, negative in AlJ mouse screening assay), as well as
no increase in HGPRT mutations in hamster hlllg V79 cells. Lack oflung tumors as a
factor contributory to death, except in a few high exposure females, provides additional
support for a non-genotoxic mode of action.
Styrene causes mouse-specific lung cytotoxicity due to mouse-specific metabolism of
styrene. Cytotoxicity, with compensatory cell replication, often results in increased tumor
incidence; this is believed to be due to the increased probability of fixing spontaneous
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mutations in dividing cells because of the increased cell replication and the resulting
decreased time for rcpair of mutations.
Depletion of GSH occurs in mouse lungs at levels that resulted in increased tumor
formation. Depletion of GSH results in an inability to detoxify nonnal oxidative
compounds inhaled or generated during normal metabolism. These oxidative compounds
can cause increased DNA adducts, such as 8-dehydroxy-2-deoxyguanosine, which lead to
DNA strand breaks and potentially to increased tumor formation.
The data are also consistent with CYP2F catalyzed metabolism of styrene to largely R
SO. In mice, lung Clara cells and nasal tissue have large amounts of CYF2F> produce
much more R-SO than S-SO, and develop cytotoxicity. Inhibition of C¥P2F by 5-phenyl
I-pentyne in mice for three days eliminated the nasal and Clara cell toxicity from
exposure to 160 ppm styrene. In rats, CYP2F has been detected only in nasal tissue;
correspondingly, cytotoxicity is only seen in the olfactory region of rats, as well as in
mice. Rat Clara cells have very limited amounts of CYF2F ,produce more S-SO than R
SO, and do not develop cytotoxicity.
Naphthalene is another aromatic hydrocarbon that is metabolized to a much greater extent
in mouse lung than in any other tissue, also by CYP2F2 to produce a high ratio of one
enantiomer. Similar to styrene, naphthalene is largely negative in genotoxicity assays and
results in increased lung tumors in mice (NTP, 1992; Abdo, et al., 1992). Like styrene, no
other tumor type was increased in mice. No lung tumors were reported in rats exposed by
inhalation to naphthalene for two years (NTP, 2000; Abdo, et aI., 2001). A considerable
body of evidence has been developed on the effects of naphthalene exposure on mouse
lung Clara cell cytotoxicity, cellular repair, and the role of CYP2F2. These show a
similar pattern of effects as seen with styrene.
The current data indicate a greater production ofR-SO in tissues where cytotoxicity is
seen;·however, very low levels of bound metabolites, and specifically low levels of DNA
adducts, suggest that the cytotoxicity may ~e caused by further metabolism of R-SO.
In summary, the styrene data fit with a non-genotoxic mode of action. Lack of genotoxic
reactions in mouse lung tissue and lack of tumor response in tissues other than mouse
tWIg support this conclusion. Mouse lung specific metabolism and cytotoxicity of styrene
and elimination of the cytotoxicity by inhibition of the metabolism of styrene provide
further support for the non-genotoxic mode of action.

7. Other Modes
The default assumption of tumor fonnation involves a genotoxic mode of action. Some
positive genotoxic findings have been reported for styrene. Further, styrene is
metabolized to SO, which consistently has demonstrated genotoxic effects in in vitro
studies. SO reacts with DNA to fonn adducts; DNA adducts have been demonstrated in
rats, mice and humans exposed to styrene and/or SO. Thus there is evidence of a
genotoxic material reaching the target organ and reacting with DNA in the target organ,
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which could be interpreted to mean that the default assumption is correct. The data also
demonstrate the presence of that genotoxic agent in human blood and reaction of that
agent with human (lymphocyte) DNA. However, the styrene database presents important
inconsistencies with the default assumption.
In general, genotoxic agents cause increased tumors in more than one species and/or
at more than one site (EPA, 1996). Frequently there is good evidence of increased
malignant tumorS at multiple sites. None of these attributes fit the styrene database.
Increased malignant tumors (lWlg) were found only in high exposure female mice and
only in one of 5 studies. In three of the five studies increased benign (and combined
benign and malignant) lung twnors were identified as the only site, but the increase was
not consistent as to the sex affected. No tumor sites were consistently increased in the 8
rat studies. The overall body burden of SO in rats and mice in the chronic studies does
not support an SO-mediated genotoxic mode of action. SO levels, as measured by blood
SO, were higher in at least some of the rat studies (up to 1000 ppm or 1000 mglkg/day
styrene) than in the mouse studies where increased lung tumors were observed. This
suggests that target organ metabolism, not circulating blood levels of SO, is important for
tumor fonnation. The metabolism of styrene to SO occurs to a greater extent in mouse
lungs than in rat lungs and to a greater extent in mouse lung than in mouse liver,
suggesting that mouse lungs are more likely to sustain genotoxic reactions from SO than
are rat lungs or mouse liver. However, the limited data available indicate that styrene is
not genotoxic in mouse lWIg tissue; i.e., no increase in CAs in mouse lung tissue and
negative in AlJ mouse screening assay. In addition, styrene exposure results in very low
levels of DNA adducts «1 per 107 nucIeotides) in mouse lungs, which are not unique to
lung tissue and do not occur at a greater frequency than in mouse liver or rat lung.
Thus while styrene and SO have some genotoxic properties, the overall evidence does not
support a genotoxic mode of action for the induction of mouse lung tumors.

8. Mode of Action Conclusions
The mode of action data for styrene fit with a non-genotoxic action as a result of the high
metabolism of styrene by CYP2F2 in mouse lung Clara cells. Data have been presented
which show the specificity of the metabolism in the target cell, cytotoxicity in the target
cell, increased cell replication in the target cell, leading to hyperplasia and increased
tumors at the end of the study. Inhibition of the styrene metabolism eliminated the
cytotoxic effects of styrene exposure in mouse lung (and nasal tissue). Styrene has been
shown to have a weak genotoxic potential, and measures of genotoxicity in mouse lung
are negative.
Although the cell of origin for the styrene~induced mouse lung tumors has not been
established, no difference in tumors between the styrene-exposed and control mice have
been seen, further suggesting a promotional-type increase in spontaneous tumors.
Based on the tumor data for styrene, evidence of cytotoxicity and cell proliferation
dependent on the mouse lung specific metabolism of styrene, and the lack of evidence of
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a genotoxic mode of action, it is concluded that styrene induces tumors in mouse lung
tissue by a non-genotoxic mode of action.

9. Human Relevance
The carcinogenic potential of styrene has been studied in a number of cohorts of workers
exposed to styrene in the workplace. No consistent evidence of an increased risk of
cancer from styrene exposure is found in these studies. In the reinforced plastics industry,
past exposures may have consistently exceeded IDa ppm. Environmental exposures are
not greater than the low ppb range, ~d most are below 1 ppb.
The sharp contrast between the positive mouse tumor data and the negative rat and
human data is not surprising in light of the mode of action for the styrene-induced mouse
lung tumors. Exposure of mice to styrene results in metabolism by a number of
cytochrome P450 isoforms. In lung and nasal tissue, CYP2F appears to be the most
important, leading to a high production ofR-SO and to subsequent metabolites.
Cytotoxicity is seen in both tissues. In nasal tissue, damaged olfactory cells are replaced
with respiratory-like cells which appear to be resistant to effects from styrene exposure.
In IUQgs, Clara cells are damaged and rapidly replaced by more Clara cells which in tum
~e damaged and replaced, eventually leading to an increase in lung ttunors.
Rat lung Clara cells have much lower levels of CYP2F, which leads to a significantly
lower production ofR-SO in rat lung; this explains why exposure of rats to much higher
levels of styrene does not result in cytotoxicity or increased lung tumors. Humans have
even fewer Clara cells than rats and those Clara cells have much less CYP2F (human
equivalent of CYP2F) than rats. Limited human studies show little if any production of
SO from styrene by CYP2F and little if any SO production by microsomes prepared from
human lung tissue. Thus, neither cytotoxicity nor lung tumors are expected in humans
exposed to environmental or occupational exposures to styrene. This is supported by a
lack of styrene-related increased lung tumors in the cohort mortality studies of workers
exposed to styrene.
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ATSDR Styrene Tox Profile

Teresa Leavens, PhD

The Toxicological Profile on Styrene compiles an extensive amount of literature data on the
health effects of styrene. The document has captured the relevant health effects of styrene in both
humans and animals and relevant pharmacokinetic and exposure information to put the potential
for human exposure into context. The ident.ified data gaps are also helpful for guiding future
research to evaluate risk from exposure to styrene. Overall the profile addressed the majority of
goals that ATSDR outlined for each of the chapters in the document. However there were some
areas in the text that needed clarification or additional references, or that should be moved to
other sections or deleted

becaus~

of redundancy. Those specific comments are annotated in the

hard copy of the profile. Below is a sum!1lary of my comments in response to specific issues
raised by the guidelines for reviewing the profile. If a specific chapter or section is not listed
below, only minor comments were marked in the text, but there were no major issues.

Children's Health Issues
The document discusses the general issues relevant to child health and identifies the lack of data
in several areas. However one area that needed to be discussed more thoroughly or at least put
into context was infonnation included in Section 6.6, Exposure of Children. The text only
mentioned exposure ofbreastfed babies without comparison to

fonnula~fed

babies and their

. potential exposure. In addition the sample size of.12 is small. Nursing has many benefits for
infants, and this should be added along with the limitation and lack of information on infants'
other sources of exposure, which may be greater than breastmilk.

Chapter I. Public Health Statement
The majority of the chapter was written as factual and in a style suitable for the average citizen,
had answers relevant to the public, and had statements that were consistent and supported by the
discussion in the remainder of the profile. There were a few areas that may need further
clarification including:
1) Does the average citizen understand the units ppb for an air concentration? Should an
explanation or example be included on page 3? Also the air concentrations don't seem to
match those given on page 8 of Chapter 2.
2) On page 3, consider adding showering or bathing in water containing styrene as a
potential exposure to styrene.
3) All the exposure routes are given, but then only health effects from inhalation are listed
on page 4. A brief statement about the other exposure routes and possible effects should
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be included or either a statement that the most likely health effects are from inhalation
exposure.
4) On page 5, the answer to whether children are likely to have similar effects as adults
doesn't seem to have any supporting documentation in the rest of the profile. The answer
should just mention the lack of studies in children, and that we don't know whether their
susceptibility is different. In addition, what is known about fonnula-fed babies? If their
water is contaminated, formula-fed babies

m~y

also be exposed. Are there studies on the

concentration of styrene in the powder or liquid formulas? This information needs to be
listed in addition to stating that nursing infants are exposed through breastmilk. As
pointed out above, mothers should not be warned about possible chemical exposures that
are not put into context with possible benefits from nursing.
5) Breaking children out as a specific group in answers to the questions on the bottom of
page 5 and on page 6 is slightly confusing, since the answer to whether styrene can affect
children was that children would have the same effects as adults. These answers would
make more sense if the chapter only stated the effects on children are not known. For
example, stating that the doctor may inquire is children were exposed, limiting smoking
to limit children's exposure, and a separate drinking water standard aren't consistent with
children reacting the same as adults.
6) Page 6, lines 14 to 18 should be broken down into separate statements, so that the
sentence isn't so long and complex.

Chapter 2. Relevance to Public Health
As a general note, the introductory paragraph of this section could be eliminated if the chapters
on the production, use, and exposure were presented first. The chapter does provide a good
overview of effects known to occur in humans and effects in animals likely to be relevant to
humans. As noted in the profile, switching in the text between human and animals in the same
paragraphs was slightly confusing. For example, on page 10, lines 17 to 20, the statements switch
from rats to humans and presumably back to rats, although the sentence on lines 19 to 20 does not
specify a species. The information would be more coherent if the human data was presented
separately from the animal data.

Overall the exposure conditions were adequately described. There were a few examples where
more information was needed. On page 10, lines 19 to 20 for the liver effect and then lines 28 on
fetal death need more description. The species showing eye irritation on page 13, line 18 needs to
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be given. For the vestibular effects on page 14, lines 10-11, more information needs to be given
as how 87 ppm was selected as LOAEL, when on lines 19-20 vestibular effects were noted in
workers at 18-36 ppm. On page 17, line II, there appears to be an error from the Benignus
(2005) paper. The text cites the 1.7 additional years of age given in Benignus for the loss in color
perception, but I think the number should have been 2.9 years (see text annotation).

Chapter 3. Health Effects

Sections 3.1 to 3.3
There are minor annotations in the text concerning the human studies and animal studies. Overall
the infonnation provided seemed adequate and met goals stated in guidelines.

As For the Level of Significant Exposure (LSE) tables and figures, I assume the user's guide is
given in close proximity to the tables and figures, otherwise they will be difficult to impossible to
interpret. The reader should be directed to the user's guide before being directed to the tables and
figures. As for categorization of effects as serious or less serious, the neurological effects in
humans such as impaired color vision, slowed reaction time, and impaired vestibular function
might be serious as they could affect job perfonnance and safety. Part of the problem is only
having 2 categories for effects.

The minimal risk levels (MRL)s are given in Chapter 2 and not 3, however adequate justification
was given for them in that chapter. As noted in the text, subtitles should be given for each MRL
for clarity. In Chapter 3 on page 75, line 34, the text states an inhalation acute-duration:MRL
could not be established, although one is given on page 13 in Ch!lpter 2. In addition page 76 the
text states an oral acute-duration MRL could not be established, but one is listed on page 17.
These discrepancies should be corrected.

Section 3.4 Toxicokinetics
This section provided inadequate infonnation to evaluate the role of kinetics in the toxicity of
styrene. The title chapter should be changed to Phannacokinetics since later physiologically
based phannacokinetic (PBPK) models are discussed, or the modeling should be changed to
PBTK for consistency. Overall the section provides very limited discussion oFthe metabolism of
styrene. Information lacking includes isofonns of cytochrome P450 involved in metabolism,
comparison of species in vitro rates of metabolism, species differences in hydrolysis of styrene
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oxide, and stereochemistry. Some of this information is given but in other sections (for example
bottom of page 62).

The discussion on the actual styrene I'BPK modeling was .Iimited given the general details
included on PBPK models. The text did not discuss the adequacy of the models' ability to
simulate styrene pharrnacokinetic data, whether the models had been validated, or the utility of
the models for predicting species differences in styrene pharmacokinetics. The information
would be important for determining whether the models could help extrapolate animal toxicity
data to humans. There are also suggested changes to Figure 3-4, the conceptual representation of
a PBPK model.

Section 3.5.1 Mechanisms ofAction
The information given for .the phannacokinetic mechanisms does not seem relevant. This section
should address the species differences in epoxide concentrations, activation versus detoxication of
styrene oxide, and tissue-specific metabolism in target tissues. For example the information on
lines 29 to-34 on page 62 belong in this section. Other specific examples are annotated in the
text.

Section 3.9 InteraClions with Other Chemicals
Although the text repeatedly mentions that the effects in humans are confounded by exposure to
butadiene or acrylonitrile, references to studies in animals looking at interactions were not
included. Relevant references that show metabolic interactions between styrene and these
compounds are listed below:

Laib, R. J., Tucholski, M., Filser, J. G., and Csanady, O. A. (1992). Pharmacokinetic
interaction between 1,3-butadiene and styrene in sprague-dawley rats. Arch Toxicol

66,3W-314.
Leavens, T. L., Farris, G. M., James, R. A., Shah, R., Wong, V. A., Marshall, M. W., and
Bon"d, J. A. (1997). Genotoxicity and cytotoxicity in male b6c3f1 mice following
exposure to mixtures of 1,3-butadiene and styrene. Environ Mol Mutagen 29, 335

345.
Leavens, T. L., Moss, O. R., Turner, M. J., Janszen, D. B., and Bond, J. A. (1996).
Metabolic interactions of 1,3-butadiene and styrene in male b6c3fl mice. Toxicol
Appl Pharrnacol141, 628-636.
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of simultaneous

exposure to acrylonitrile and styrene on the toxicity and metabolism of styrene in
rats. Toxicol AppJ Pharmacal 75,

346~349.

Section 3.10 Populations that are Unusually Susceptible
This section should consistently reference the supporting text as with the reproductive effects for
styrene:exposed workers.

Section 3.11 Methods/or Reducing Toxic Effects
The one issue that deserves attention in this section is the suggestion of ipecac as treatment to
reduce absorption, since this is controversial. The information given on p 82, lines 17 to 19,
should be substituted for the current text.

Section 3.12 Adequacy 0/ the Database
The current form of this section reads more like a brief synopsis of the chapter. The section
needs to be rewritten to just identify the data needs for effects similar to the-chapter on exposure.
In addition as pointed out previously, the section also mistakenly states that acute~duration
inhalation and oral MRLs were not established.

Chapter 6. Potential for Human Exposure
The one issue that should be addressed in this chapter is the exposure from nursing that has been
raised previously. The text needs to include possible exposure of infants via formula and baby
food for comparison. Breastfeeding has been shown to be beneficial to infants compared to
formula, and statements concerning contaminants in breastmilk that are not put into context could
persuade mothers to not breastfeed their children.
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Retired Toxicologist
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510-236-3842

Email: gitl@lmi.net
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Ms. Laurie Waite. Peer Review Coordinator
Environmental Research Group
110 Hartwell Ave.
Lexington, MA 02421-3136
Re: Review of ATSDR Profile on Styrene

Dear Ms. Waite:

Thank you for the opportunity to review the Agency for Toxic Substances and Disease Registry
(ATSDR) Toxicological Profilefor Styrene, Draft 2 (referred to hereafter as the Profile). The
document was prepared under contract by Syracuse Research Corporation (referred to hereafter as
the authors) and dated 12 July 2007. As we discussed during previous phone calls, my review is
focused on those areas for which I believe I can make the best contribution. Also. given the short
review time. (20 hours) I believe it would be prudent to carefully consider fewer sections rather
than superficially scan the total document. Accordingly, the reviewed sections are Inhalation
Minimal Risk Levels, Inhalation Neurotoxicity, Cancer Bioassay and Genotoxicity. At the
beginning ofthe review a comment is included on Children's Hea1th., as directed by the
GUidelinesfor Peer Review ofATSDR's Toxicological Profiles (referred to hereafter as the
Gu;delines). At the end of the review are short sections on Other Comments and Typographical
errors. A Reference list is also provided. The citations in this list were not found in the
Reference section of the Profile.
The Jack of commentary on the remaining sections does not imply concurrence with or
disagreement with the contents of those sections.
My approach to reviewing the Profile is to keep in mind protection of public health to the
maximum extent possible. I believe this approach is consistent with the Guidelines that were
provided. by ATSDR. I understand the goal of the Profile is to provide a document that is
comprehensible to the general public and therefore detailed technical information is avoided.
However. in those cases where I believe lack of such information prevents an understanding of
the context in which a study is discussed, such details are included in my review. I believe
inclusion ofthese details is in the best interest ofpublic health protection. Recommendations
follow the discussions on specific issues. I hope the comments and recommendations are helpful
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to ATSDR as the final document is prepared. If you have questions or need additional
infonnation, please do not hesitate to contact me.
Sincerely yours,

,.
!

'.
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REVIEW OF ATSDR PROFILE ON STYENE

CHILDREN'S HEALTH
The Guidelines request feedback on the completeness of the Profile regarding children's health,
Le., child heath and development as well as other issues. Regarding developmental effects, this
area is outside of my area of expertise and I suggest a review by someone who is knowledgeable
about this area of research. The completeness and accuracy of this section is extremely important
and may impact on the final minimal risk level (MRL) if this toxicity endpoint is more sensitive
than neurotoxicity, the endpoint currently used in the development of the chronic MRL. The
authors of the Profile recognize the need for additional studies on developmental toxicity (p.79).
Regarding child health, in general, I am concerned from my review of the Profile, the calculations
of acute and chronic MRLs for styrene do not take into account potentially increased adverse
effects for children. In the absence of conclusive data on developmental neurotoxicity, children
may represent a population that is more sensitive to the neurotoxic effects of styrene than the
worker population used in the MRL calculations. Also, as discussed in the Profile, children's
physiology is different from adults. Klaus et al (2005) also noted that exposures to the same
levels may result in higher internal doses to children.
Section 6.6, p. 101, lines 18-22. Another study on exposures to volatile organic chemicals
(VOCs) in children found an exposure ranking of personal > indoor> outdoor for many VOCs
including styrene (Adgate, 2004).

MINIMAL RISK LEVELS (MRLs)
Sect. 2.3, pg. 12-13. The second and third paragraphs are identical, with the exception ofa
USEPA date (1990 or 1989d). (See also p. 7 of this letter).

Inllalation MRLs
Sect. 2.3, p. 14. lines 11-15. Acute MRL. The nasal irritation data reported by Cruzan et al
(2001) is included with a discussion on nervous system function. Apparently, the Profile
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authors want to discount the mouse nasal irritation results, although the styrene lowest
observed adverse effect levels (LOAELs) for both endpoints were similar. The basis for
omitting the mouse nasal irritation data, is the enhanced cytochrome P450 (CYP)-dependent
formation of styrene-7,8-oxide and its decreased degradation rate in mice compared to
humans. The use oftoxicokinetic differences requires more discussion. From a public health
perspective, the presence of similar metabolic systems (see Sect, 3.4.3, p. 56) and the
presence of similar toxicity endpoints (see Stewart et a11968, described on p. 13 of the

Profile) suggest nasal irritation is a reasonable basis for the development of an acute MRL,
provided issues of exposure levels are taken into account. A criterion for the use of a study
for an:tvlRL calculation is the choice of the most sensitive target. If the authors believe the
neurotoxicity endpoint is the most appropriate, the decision should be based on criteria that
go beyond one metabolic pathway that exists in mice and in humans. Regarding the
respiratory tract endpoint, Moscato et al (1987, listed in the reference section but not cited in
the text, see legend to references, p. 113) report two subjects with occupational asthma who
exhibited serious upper respiratory symptoms when exposed to styrene).

Recommendation. Discuss in greater detail the upper respiratory effects ofstyrene in
mice and in humans. [nelude information on the presence ofa known human
population (occupaTionally derived asthmatics) that is more sensiave to the
respiratory effects ofstyrene. [nelude dose-response data and compare to the
neurotoxic effects.
Sect. 2.3, pg. 16-17, Chronic MRL. The discussion does not allow the reader to understand
the neurotoxic effects are serious effects, not "less serious" as indicated in Table 3-1 (see
discussion on p. 4 of this letter). A disturbance to any of the pathways that contribute to
central nervous system (CNS) function may have implications throughout the lifetime of an
individual. The implications of a single neurobehavioral decrement in the context of lifelong
experiences can be found in Benginus et al (2005) and are discussed further in the next
section of this letter.

Recommendation. Expand the discussion on chronic MRL based on neurotoxicity to
include the serious nature ofthese loxic effects.

28

Rabovsky-I August, 2007
ATSDR Review
Styrene
Page 5 of 14

Other agencies (Federal and state, e.g., California) have developed recommended air styrene
levels for chronic environmental exposures. Examination of these exposure levels reveals
differences that result from the choice of study andlor the use of different methodologies.
Such information informs the reader about the nuances of such calculations and will add to
their understanding of the assessment process.

Recommelldatioll. Include in the section on chronic inhalation MRL development a
comparison with other agencies (Federal and sTate) andjus(ify (he approach taken by
the authors o/the Profile.

NEUROTOXICITY - INHALATION
Section 3.2.1.4
P. 30, lines 10-14. The authors conclude mental disorders and suicide were probably related
to factors other than direct exposure to styrene, because the metric decreased with increasing
exposure duration. A common confounder in human occupational studies is the healthy
worker effect. Workers who are resistant to the effects of a toxic chemical will be more
likely to remain at work, while more susceptible workers will be more likely to leave the
workforce and hence the group under study. The issue here is not the basis for the specific
endpoints of mental disorders and suicide but the omission of discussion about the healthy
worker effect in human studies.

Recommelldatioll. Discuss the concept o/healthy worker effect in the context of
human studies.
P. 30, lines 31-34 and P. 31, lines 1-24. The authors present styrene doses in terms of urinary
mandelic acid and phenylglyoxylic acid without explanation The explanation may be found
in the section on metabolism (Sect. 3.4.3, p. 56 and Fig. 3.3). However, this information
should also be in this section in order for the reader to understand the relationship between
urinary mandelic and phenylglyoxylic acids and air styrene exposure. This relationship is
important because it is the basis for many calculations on absorbed styrene doses, e.g., see the
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analysis of Guill em in et al (1982). The following recommendation applies to the whole
section on Neurotoxicity.

Recommendatioll. Explain the significance ofurinary mandelic acid and
phenylglyoxylic acid for styrene exposure.
P. 32, lines 4-23, Neurobehavioral tests. The Profile authors describe decrements in
responses to a variety of neurobehavioral tests, e.g., reaction time, digit span, memory.
Among the studies, Mutti et al (1984) is included with data from specific test results.
However, Muttl et al (1984) extended their analysis to the number of abnormal tests among
the respondents as a function of styrene dose (i.e., the urinary styrene metabolites, mandelic
and phenylglyoxylic acids). Their results exhibited a dose-response relationship over the

.

dose range and an effect of exposure duration, Using the quantal data of Mutti et al (1984),
Rabovsky et al (2001, cited in the reference section but not in the text) determined the lowest
dose group was a LOAEL. As discussed in Rabovsky et al (200 I) and OEHHA '(2000), CNS
dysfunction as a total domain provides a more sensitive analysis because the number of
affected individuals at low doses may be too low to be observed with only one test. The
analysis of Benginus et al (2005) also utilizes this approach by analyzing data on two
neurotoxicity endpoints (choice reaction time and color-confusion index). Such an approach
is consistent with biochemical studies that suggest styrene exposure may be associated with
one or more neurotransmitters that control more than one CNS function.

Recommendation. On the topic ofneurobehavioral testing,_ expand on the Mutt; et al
(1984) study to include consideration ofCNSfunction as a total domain. Explain holY
such consideration may affect the development oja chronic inhalation MRL.
Table 3-1, Levels of Significant Exposure to Styrene-inhalation. Chronic·. All neurologic effects
are listed as "less serious", but no objective criteria are given to justify the decision. The
implication is decrements in these specific functions may not lead to serious or life-threatening
conditions to the affected individuals. Proper cognitive function, however, depends on many
pathways and a decrement in one function may impact on the expression of another one. Also,
impaired cognitive function may affect an individual's ability to function on a daily basis, e,g"
work duties, self-care or social interactions. The negative implications of decreased reaction time
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and deficiencies in color-vision discrimination are discussed by Benignus et al (2005) and the

Profile authors. Reduced reaction times have implications for economic level and personal
performance, and the inability to accurately discriminate between colors has implications for
work and school performances.

Recommendation. Consider the adverse effects ofchronic styrene exposure as
serious effects unless substantiate.d by objective criteria. (This recommendation is
applied 10 the concept of "less serious" effects, which appear throughout the Profile.)
The Draft 2-Summary Table (Deliverable No. 34) appears to be a combination of Tables 3-1 and
3-2 found in Deliverable No. 28. However, a "legend" page that includes footnote (a,b,c)
explanations was not found. The legend page at the beginning of the table in Deliverable'No. 34
only defines abbreviations. Also, an entry for the analysis of Benginus el al (2005) was not found
in the Summary Table in Deliverable No. 34. This analysis is the basis for the chronic MRL (see
Table 3-1 of Deliverable No. 28). Why was this study dropped from the Summary Table in
Deliverable No. 34?

If the Draji 2-Summary Table replaces the original Tables 3-1 and 3-2, include
footnote definitions. Enter the Benginus et al (2005) analysis in this table.
Table 8-1. Regulations and Guidelines Applicable to Styrene. Regulatory and recommended
exposure levels are listed for international and United States Federal agencies. No state standards
are listed. At least one state, California, has adopted a styrene inhalation reference exposure level
(OEHHA 2000).

Recommeltdatioll. Where state exposure levelsfor styrene have been adopted, list the
values in Table 8-1.
For the medium of air, different units are used, Le., mglmJ and ppm. A reader who is unfamiliar
with the calculations used to obtain these numbers, will be unable to directly compare th·em.

Recommendatioll. Convert all air levels to one set ofunits. Alternatively, provide
two columns, one for ppm and one for mg/m3. A legend that gives theformulafor the
conversion (see Table 4-2 ofthe Profile) will be helpful.
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CANCER
Animal studies
Sect. 3.2.1.7, pg. 43-44. The Profile authors discuss laboratory

ani~al

studies carried out under

the inhalation route of exposure. In keeping with the ATSDR approach the authors provide
summaries of findings and conclusions rather than detailed descriptions of study results and
analyses. Some omitted details, however, detract from the overall picture of laboratory animal
styrene-related carcinogenicity, and they are discussed below.
P. 43, lines 21-23. The authors of the Profile conclude the increased mammary tumor
incidence was not dose-dependent because two out of six responses did not smoothly follow
the dose-response curve. Perfect fits of experimental animal bioassay data with model
derived curves are difficult to obtain and it is unfair to discount the total study because two
points do not meet expected results. IARC (1994) reported a positive trend (Cochran
Armitage) for the malignant mammary tumor data reported by Conti et al (1988).
P. 43, lines, 26-28, The Profile authors note the inconsistency between the rat mammary
tumor data of Conti et al (1988) and that reported by Cruzan et al (1998). Specifically, the
fonner study described a dose dependent increase in incidence, whereas the latter study
described a decrease in incidence although the doses in the latter study were higher and the
exposure duration was longer, As discussed by the authors of the Profile, the studies may not
be directly comparable. Styrene is associated with non-cancer toxicities (see previous
sections of the Profile) that may compete with the carcinogenic responses at the higher
exposure levels. Hence the rats described in the Conti et al (1988) study, which were
exposed to lower styrene levels, may not have been as susceptible to the non-cancer toxicities
as the rat exposed to the higher levels in the Cruzan et al (1998) study,

Recommendation. Expand the discussion on rat mammary tumors. Include in the
discussion the presence 0/ an overall dose-response in the data reported by Conti et af
(1988). Discuss the apparent inconsistency between the data o/Conti et al (1988) and
Cruzan et af (J 998) in terms 0/ the effect 0/ higher styrene doses on different toxicity
endpoints.
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Pg. 43-44, lines 33 to end. The Profile authors minimize the relevance of the mouse lung
tumors reported by Cruzan et al (200 I)-by referring to the reviews of Cruzan et al (2002) and
lARC (2002). The issues are toxicokinetic/metabolism data that show differences between
humans and mice in Clara cell styrene metabolism, differences in styrene-7,S-oxide Ie-vels in
tenninal bronchioles and the effect of styrene-7,S-oxide (the putative carcinogenic
metabolite) chirality on the carcinogenic response. In tenns of the relationship between
styrene metabolism and a specific toxicity endpoint - in this case, cancer - the differences
between mouse and human data as described on pg. 43 and 44 require more discussion.
According to Cruzan et al (2001) immunohistochemical staining data identified a
preponderance of alveolar Type II cells compared to bronchiolar Clara cells in the mouse
lung tumors. The authors of the Profile discuss only Clara cell metabolism and omit the fact
that alveolar Type II cells also possess metabolic activity, including CYP-dependent
enzymes. The CVP-dependent pathway is considered the primary metabolic mechanism for
styrene carcinogenicity, although other metabolic pathways may be involved. While the
levels ofCVP-dependent monooxygenases in Type II cells may be less than in Clara cells,
the predominance of Type II cells in the mouse lung tumors (Cruzan et ai, 200 I) suggests that
greater attention be paid to the role of the alveolar region in styrene-related lung
tumorigenicity. Perhaps the CVP-dependent pathway is only one mechanism for the
metabolic formation of a lung tumorigen.

In the discussion o/the mouse lung tumor data, discuss the potential role 0/ alveolar
Type II cells, which were reported by Cruzan et 01 (2001) to be a major cell type in
these tumors.
The enantiomeric specificity of the tumorigenic response is more complex than the RlS ratios
ofstyrene-7,S-oxide levels in the lungs of mice (2 to 3) and rats « I) (see p. 44. lines 7 to 9).
The Profile authors state the R- enantiomer possesses higher pneumotoxicity than the S
enantiomer and conclude mice are more sensitive than rats to styrene by a mechanism not
relevant to humans. The pneumotoxic endpoint is not defined. Other studies

loo~ed

at

endpoints associated with mutagenicity and the results of the relation between R- and S forms
of styrene-7,S-oxide were not straightforward. Sinsheimer et al (1993) reported an RlS ratio
less than one for chromosomal aberrations and sister chromatid exchanges in the bone
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marrow of mice receiving styrene-7,S-oxide by intraperitoneal (ip) injection. Bacterial
mutagenicity studies, however, revealed RlS ratios for the response to styrene-7,S-oxide as
greater than one (Pagano et ai, 19S2; Seiler, 1990; Sinsheimer et al., 1993).
Discuss in more detail the varying responses 0/ different toxicity endpoinls to different
styrene-7,8-oxide enantiomers.
From a public health perspective, the presence of chemical related tumors in experimental
animals is cause for concern about carcinogenicity in another animal, e.g., humans.
Figure 3-/.
Levels of Significant Exposure to Styrene-Inhalation-Chronic (>365 days). Under the endpoint,
cancer, the authors show 160 ppm styrene for mouse. According to the legend, this dose
represents the lowest tested dose that produced a tumorigenic response. The data reported by
Cruzan et al (200 I), however, show tumorigenic responses at styrene levels as low as 40 ppm
(male mice) and 16 ppm (female mice). These tumorigenic responses were adenomas, which are
benign tumors. Lung adenomas are considered precursors to lung adenocarcinomas and their
presence among the styrene treated mice is not trivial.
Recommendation. Lower the level o/significant exposure/or cancer due 10 chronic
exposure 10 styrene.

GENOTOXICITY
Sect. 3.3, pg. 51-52. lines 27 to end. Results of genotoxicity studies are important for
understanding carcinogenicity data because of the basic assumption that damage to genetic
material will ultimately be expressed as neoplastic events in all species. The Profile describes, in
summary fonn, numerous genotoxicity studies in humans, laboratory animals and
microorganisms. Significant details, however, are missing. While the Guidelines are not meant
to "present extensive details for users to weigh all the evidence themselves ... " (ATSDR, 2004),
the ability of a reader to understand the relationship between genotoxicity studies and
carcinogenicity requires additional infonnation in this section.
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Recommendation. Genotoxicity tests. Explain Ihe principles underlying the
genotoxicity tests that are discussed in this section. Discuss the advantages and
disadvantages that are associated with in vivo and in vitro tests.
P. 51, lines 27-36 undp. 52, lines 1-16. Human studies. Among the human studies,
differentiate between those performed on cells isolated/rom the blood a/styrene
exposed workers and those per/armed on cells obtained from unexposed humans and
then treated with styrene.
P. 52. lines 25-30. Putative mutagen. Specifiy which metabolic system is under
discussion. The major mechanism by which styrene is metabolized to styrene-7,8
oxide (considered to be the major mutagen) is the. CYP-dependent monooxygenase
system. However, oxidative metabolism through non-CYP-dependent enzymes has
been desqribed (Belvedere and Tursi 1981, Norppa and Tursi, 1984, Oritz de
MonteUano and Catalano 1985, Guengerich 1990, Tuynman et aI2000). Although
these non-CYP systems may operate at rates lower than the CYP enzymes, in organs
with low CYP-dependent monooxygenase levels, they may play an important role.
Olher evidence suggests another styrene metabolite, i.e., sfyrene-3,4-oxide, may also
play role in the mutagenicity 0/ styrene (Pantarotto et a11978, Bakke and Scheline,
1970, P/affli et a11981, Watabe et al1984, Carlson et 012001). While the section on
Metabolism (Sect. 3.4.3. pg. 56-57), contains a couple a/sentences on the presence 0/
other styrene metabolites, there is no discussion on the relationship between these
metabolites and styrene mutagenicity. Such discussion is necessary in the section on
Genotoxicity to better understand the role 0/ genotoxic metabolites in styrene
mutagenicity.

OTHER COMMENTS

P. 126-130, References. Documents from the United States Environmental Protection Agency
(USEPA) are listed under EPA. The term, EPA implies there in only one such agency in the
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country. In at least one state, California, there is also an agency named Environmental Protection
Agency, abbreviated CaIEPA.

Recommendatioll. Specify the Federal Environmental Protection Agency as USEPA.
CD References. The references for Rabovsky et al (2001) and Moscato et al (1987) were not
found not on the CD reference list.. These references are in Section 9 of the Profile, although
they are not cited in the text. They were, however cited in this letter.

Recommendation. Enter the Rabovsky et al (2001) and Moscato et al (1987)
citations in the CD list ofreferences. When the papers are discussed in the next draft
ofthe Projile, use the "." to indicate their citations in the text.
On the CD (A-K), the second pdf file is damaged and cannot be opened. A rapid scan of other
pdf files did not reveal any problems, but a file by file search was not attempted.

Recommendation. Check and repair damaged pdfjiles.

Typograp/tical errors t],at need correction.
Sect. 2.3. pg. 12-13. The second and third paragraphs are identical.
Sect. 3.2. p. 21, lines 6, 9,14. The start parentheses are missing.
Sect. 3.4.3, p. 56, lines 20-35, Metabolism. The abbreviations, MA and PGA are introduced
without definition. Include the full chemical names the first time they are used. The fuiI
names, mandelic acid and phenylglyoxylic acid, appear in earlier sections but without
abbreviations.
Figure 3-3. Metabolic Pathways of Styrene. According to the structure for phenylglyoxylic
acid, carbon has five bonds and is incorrect. The correct structure can be found in IARC

(2002, p.48!).
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Introduction

he Styrene Information and Research Center
(SIRC) is plt~a5ed to present this 10th volume of
its journal; '1'111' SIRe Rwi('w. Since producing
our first issue in 1990, SIRe has periodically published
The SIRe Review to serve as a compendium of recent
research on styrene, bringing together the best science on
the chemical. The readership of The SiRe Rt'""view includes
persons with interests in styrene from many sectors - reg
ulators, scientists, industry, academia, and communica
tions. It i~ SIRe's hope that this journal continues to aid
these people in a<;sessing the potential health and envi
ronmental effects of styrene.
Since our last issue, SIRe has conlinued its active
research program on the health effects of styrene, and this
new volume reflects SIRe's ongoing mission to expand
styrene's aheady substantial scientific database.
Following our past efforts to assemble commonly
thcmed .reports, Volume 10 focuses on two key areas of
research - reproductive and developmental toxicity in
section one, and ncurobehavioral 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 spon
sored on the potential reproductive and developmental
toxicity effects of styrene. The CERHR review, which SIRC
followed with great interest, provided a thorough assess
ment 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 "NIP 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 adverse
ly a~ct human development or reproduction."
We have included the NIP report summary as a pref
ace to two articles, both originally published in Birtl!
Defecls Research, on which much of the CERHR's delibera
tions were based: "Developmental Neurotoxicity Study

T
.

of Styrene by Inhalation in Crl-CD Rat:;" and "Two
Generation Reproduction Study of Styrene by Inhalation
in Cd-CD Rats," both by Cruzan d al. The:;e two studies,
conducted by WIL Laboratories of Ashland, Ohio, repre
sent the most :;ophistic.1ted data to date on :;tyrene repro
ductive and developmental toxicity effects. The develop
mental neurotoxicity study concluded that there is no
specific effect on nervous sy:;tem development observ
able at styrene exposures up to 500 ppm. The reproduc
tive 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 hvo articles reprinted from
the American JOIlrlml of Indllslrial Medicine: "Olfactory
Function in Workers Exposed to Styrene in the
Reinforced-Plastics Industry" by Dalton el a/., and
"Exposure Assessment for Study of Olfactory Function in
Workers Exposed to Styrene in the Reinforced-Plastics
Industry" by Lees ct 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 indus-
try, Dalton et al concluded that there was no evidence to
suggest that styrene is an olfactory toxicant in humans.
In addition to the reprlnted articles, the second section
also includes three original articles that are being pub
lished for the first time in The SIRe Revicrv. These articles
reflect SIRe'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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cate that f;'xposure to styrent' can cause some types of
DNA damage, it is uncert<lin whether genetic mutations
Me induced. In a recent review of the effects (If styrene on
DNA, Henderson <lnd Speit (2005) concludt'd that there is
no clear evidence that gene mutations rt'stilt from worker
exposlUcS to .s~yrent'. Therefore, it is unlikely that occupa
tional styrene exposures would It'ad to infertility or
genetic disorders in subsequent !,;t'nerations.
ARE CURRENT STYRENE EXPOSURES IN THE u.S.
GENERAL POPULATION HIGH ENOUGH TO
CAUSE CONCERN?
Probably NOI. It is estimated that styrene exposure in non
smokers is less than 0.3 !-Ig/kg body weight/day.
Smokers are estimated to bt' exposed to 3 !-Ig/kg body
weight/day. These exposurt's are approximately "1 mil
lion-fold and lOO,ODD-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 popu
lation. However, in animal studies, doses of 600 ppm by
inhalation or 300 mg/kg body weight/day by oral gav-

age did not resull in developmental toxicity. Tn reproduc
th'E' studies, doses of .=;00 ppm by inhalation or 250 ppm
ill drinking water did not result in reproductive toxicity.
The~l' ~lyrene do~!;'~ arc approximatt'ly 6-fo!d to 20D-fold
greate[ than the avcrages for oCl."l.Ipational exposures in
the United State~.
The NTP reached the following conclusions based on
estimates of !,;t'nerai population exposure, infonnation on
occupational t'xposures, and studies in laboratory ani
mals (Figure 3).
Tlze NTl' COIICllrs witl! the CERHR Styrelle Expert
Ptwe1 tlmt then~ is lIegligib/e cOl/CI!m for ndverse devel
opmental alld reprotfflctive effects ill I"mmlls exposed to
styrelle, includiug exposures to tile seneral poplllatioll
alld exposllres ill tile workplace.
This conclusion is based on the low levels of estimated
human t'xposures to styrene in the general population
and in the workplace. No clt'ar evidence of developmen
tal or reproductive toxicity effects in experimental ani
mals has been reported, t'ven at comparatively high
doses of styrene. Further, there h'1\'e been no reports of an
association between styrene t'xposlUes and devt'iopmen
tal or reproductive toxicity in humans.
These conclusions are based on the information avail
able at the tim(! this brief was prepared. As new infor
mation 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
•

10

Insufficient hazard and! or exposure data
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Vodicka P, Tuimala L Stetina R, Kumar R, M,mini 1',
Naccarati A, j'vIal'slri L., Vodicko\'a L., Kuricm'a M,
Jarventaus II, M~j\'~ldova Z, Hin'onen A, 1mbriani M,
Mutti A, Migliore L, Norppa H, and l-Iemminki K (2004)
Cytogenetic markers, DNA .'lingle-slrand breaks, lUinary
metabolites, ,md DNA repair rales in styrene-exposed
lamination worker.~. Lllvirolllllcllfal Hca/tli Perspectives
112;867-S71.
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A PPENDIX I

NTP-CERHR STYRENE EXPERT PANEL
A lO-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 fhese 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 conunent on July lR, 2005, and the deadline for public comments was
September 1, 2005 (Federnl 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 gmupsthroughoul the panel's deliberations was invaluable in helping to en<;ure completeness and
accuracy of the report. The Expert Panel Report on Styrene is available on the CERHR website
<http://cerhr.niehs.nih.gov>.

CERHR SlYRENE EXPERT PANEL:

Ulrike Luderer, PhD, MO, MPH, Chair

University of Califomia-Irvine

Thomas EX. Collins, phD

US Food and Drug Administration

George P. Oaston, PhD

The Procter & Gamble Company

Lawrence J. Fischer, phD

Michigan State University

Ronald H. Gray, MD

Johns Hopkins University

Franklin E. Mirer, PhD, cm

International Union, United Auto Workers

Andrew F. Olshan, PhD

University of North Carolina

R. Woodrow Selzer, PhD

US Environmental Protection Agency

Kimberley A. Treinen, PhD

Schering-Plough Research Institute

Roel Venneulen, phD

National Cancer Institute

WitJl fire Support ofCERHR Staff:

.

NTP/NIEHS
Michael Shelby, PhD

Director, CERHR

Christopher Portier, phD

Associate Director, National Toxicology Program

Sciences 1ntemational, 1nc.
Anthony Scialli, MD
Annette Iannllcci, MS
Gloria Jahnke, DVM
Jessie Poulin

Principal Scientist
TOxicologist
Toxicologist
Analyst

=
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Two Generation Reproduction Study of
Styrene by Inhalation in Crl-CD rats
George CmzaJ,l *, Willem D. Fnberl, Keith A. Joi1l1s0Jl J , Lilldn S. Robcrtsl, Tllergen Hellwig"
Ed C(l,.ne~/, Johl1 T. YalTiJlgtoll~, Dorlald G. StUlll p6

This study was conducted to evaluate the
potentia] adverse effects of styrene on
reproductive capability from whole-body
inhalation expusure of Fo and F, parental
animals. Assessments included gonadal
function, estrous cyclicity, mating behav
ior, conception rale, gestation, part1.uition,
lactation, and weaning in the Fo and F, gen
erations, and F, generatiun offspring
growth and dewlopment. Four groups of
male and female Crl:CD(SD)lGS 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
'Wi.llem Faber Consulting,. Victor, New
York
'The Dow Chemical Company, Midland,
Michigan
'ChevronTexaco on behalf of Chevron
Phillips Chemical Company LP,
Richmond, California
5BASF Aktiengesellschaft, Ludwigshafen,
Germany
'WIL Research laboratOries, LLC, Ashland,

Reproductive
performance and
offspring postnatal
survival prior to
weaning were not
adversely affected
by styrene exposure.
Pre-weaning pup
weights were unaffected

Ohio
Reprinted with permission from Birth
Defects Research Wart B) 74:221-232

by styrene exposure for
the F, generation. .

·Correspondence to George Cruzan,
ToxWorks, 1153 R~adstown Road,
Bridgeton, New Jersey 08302
Funded by: Styrene Information and
Research Center (SIRC), Arlington, VA
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least 70 consecuth'c days prior to mating
for the Fo and F, gent!rations. Inhalation
t!xposure for the Fa and F, females contin
ued throughout mating and gestation
through gestation day 20. Inhalation expo
~ure of the Fa and f, females wa~ suspend
ed from gestation day 21 through lactation
day 4. On lactation days 1 through 4, the fa
and F, females received styrene in \'irgin
olive oil \'ia 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 inhala
tion exposures. Inhalation exposure of the
Fa and F, females was re-initiated on lacta
tion day 5. Styrene exposure did not affect
survival or clinical observations. Rats in
the 1S0- and SOO-ppm groups in both
parental generations gained weight more
slowly than the controls. There were no
indications of adverse effects on reproduc
tive performance in either the Fa or P, gen
eration. Male and female mating and fertil
ity indices, pre-coital intervals,
spermatogenic endpoints, reproductive
organ weights, lengths of estrous cycle and
gestation, live litter size and postnatal sur
vival were similar in all exposure groups.
Additionally, ovarian follicle counts and
corpora lutea counts for the F, females in
the high-exposure group were similar to
the control values. No adverse exposure
related macroscopiC pathology was noted
at any exposure level in the Fo and P, gener
ations. A previously characterized pattern
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of degenera tion of thl:' olfactory epilheliom that lines the
dorsal septunl and dorsal ami medial aspects of tl1l:' nasal
turbinatl:'s occurred in the F, and F, !,;t'neration animals
from the SOD-ppm group. In the SOD-ppm group, F, birth
weights were reduced compared to tl~e control and F, off
spring from both the 150- and 500-ppm exposure groups
gained weight more slowly_ than the controls. Based on
the rl:'sults of this study, an exposurl:' level of 50 ppm was
considered to be the NOAEL for F, and F, parental sys
temic toxicity; the NOAEL for F0 and F, reproducth'e toxi
city was 500 ppm or greater. Birth OLicc/s I~cs B 74:21~220, 2005 ©2005 Wiley-Liss, Inc.
INTRODUCTION
Styrene (CAS no. 100-42-5) is a commercially important
monomer, which is used in thl:' manufacture of poly
styrene products (packaging, insulation, I:'tc,), acryloni
trile-butadil:'nc-styrene (ABS) products (appliance ca::;es,
automotive parts, etc.), synthetic rubber, and reinforced
plastics. Exposure to the general population occurs at lev
els of micrograms per day from ambient air and intake of
food (lARC, 2002).
The reproductive and developmental effects of styrene
have been extensively reviewed by Brown et al. (2000).
Reports of styrene-related e(fecl'; on human reproduction
are limited and conflicting. A large study of US women
concluded that styrene exposure did not affect menstrual
cycle (Lemasters et aI., 1985); however, Cho et al. (2001)
conduded that exposure to styrene increased the risk of
menstrual cycles longer than 35 days. One study Oelnes,
1988) suggested increased sperm abnormalities in work
ers exposed to high levels of stYrene in the reinforced
plastics industry. A later study of 23 workers (Kolstad et
a!., 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 work
ers exposed to high levels of styrene, there was no rela
tionship between exposure and time to pregnancy of their
partners (Kolstad et al., 2000). A study of female :rein
forced 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

14

ppm). Water consumption was significantly redut"l:'d in
both groups comp.ucd to controls, indicating tastl:' aver
sion. While this study demonstrated no effeels on fertility,
gestation, or reproduction, its value for risk aSSl:'ssment is
limited due to the 101V doses achievl:'d «25 mg/kg/day).
No effects on ovarian or testicular pathology have
bl:'l:'n reported in several of the subchronic or chro~c tox
idty studies in rats (500 to 2,000 mg/kg/day gavage, 50
1,500 ppm inhalation) and mice (150-300 mg/kg/day
gavage,20 to 200 ppm inhalation) (NCl, 1979; Crw:an el
aL 1997, 1998,2001; Roycroft et aJ.. 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 (or 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 weI"!:' no effects on body weight, testis weight, plas
ma cortisone, or plasma luteinizing hormone (Takao et
aL 2000).
Because data on the reproductive effects of styrl:'ne
were limited, a two-generation reproduction study was
conducted via whole-body inhalation according to cur
rent regulatory guidelines. Developmental neurotoxicity
evaluation of selected offspring from the second genera
tion are reportl:'d in an accompanying article (Cruzan et
al., 2005, this issue). In most reproduction studies con
ducted 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 devel
opment of the CNS occurs during the ftrst few days after
birth in rats, F, and F, 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 D(!Sign
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 cyclici
ty, beginning 21 days prior to pairing. Females were
paired with males on a 1:1 basis for 14 days or until evi
dence of mating was observed. The Fo and F, females con
tinued inhalation exposure throughout mating and gesta-

The SIRe Review November 2006

S2

TWO GENERATION REPRODUCfION STUDY Of STYRENE BY INHALATION IN CRL-CD RATS
----_._- - - - - . - - - - --.-- . 
- - - - - -- -- -----.-- ----

tion through gestation day 20. On Jadillion dil)'s 1
through 4, the F, ilnd F, femalt's received styrene in virgin
olivc oil via oral gilvage at dose le\,e]s of 66, 117, and 300
mg/kg/day (divided into threl' equal doses, ilpproxi
llliltcly 2 hr aparl) at a dose volume of I ml/kg/ dose. The
doses were calculated to mimic the peak maternal blood
level of styrene during a 6-hr irulillatiun exposure at tht;'
target concentration based on the PBPK model of
Sarangapani cl al. (2002). Inhalation exposure of the Fa
and F, females was re-iniLiated on lactation day 5 and
continued through the day prior to eUlhana:;ia. Of(spring
were wcaol'd on lactation day 21; exposure of J\ pups
began on postnatal day (PND) 22. Inhalation exposure of
the Fo and F, males continued throughout mating, and
through the day prior to euthanilSia. Spennatogenic end
points were recorded for all Fo and F, males. Ovarian pri
mordial follicle counts and the corporalutea counts were
recorded [or all F, females in both the control and high
exposure groups and for F, females in the other exposure
groups that did not mate or produce offspring.

uled necrops), uf the parental generations, and the
females were trilllsferrcd to plastic maternity cages with
nesting m.Herial Wed-O'Cobs'; The AnderSOl1s,
Industrial Product." Division, Maumee, Ohio). The dams
were 'housed in these cages until weaning un lactation
day 21. Animals were housed in accordance with the
Guide for the Care and Use of Lilboratory Animals. The
animal care program including animal facilities arc
accredited by the Assuciation for Assessment and
Accreditation of Laboratory Animal Care International
(AAALAC International).
Animals were fed PMI Nutrition InternationaJ, Inc.,
Certified ,Rodent La~Diet! 5002 ad libitum. Municipal
water was reverse·osmosis-treated (on-site) and deliv
ered by an automatic watering system to individual cages
ad libitum, except by waterbotUes when water comump
tion was measured during gestation and lactation. No
water was available during inhalation exposure. Animals
were housed Ulroughout Ule acclimation period and dur
ing the study in an environmentally controlled room.

Tcsf Maferial

Plire/lfal Qusl'rvafiol1s
All animills were observed twice daily (ilt least 7 hr apart)
for moribundity and mortality, appearilllce, behavior, and
pharmacotoxic signs (prior to exposure / gavage dosing
for the Fe and F, animals). During inhalatiun exposures,
approximately 50% of the Fo and P, 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 Fe and F, animal::; were
also observed wiUlin 1 hr following exposure/gavage dos
ing. Detailed physical cxaminatiom were recorded week
ly for all Fo and F, parental animals throughout the study
period. Fe and F, females expected to deliver were also
observed hvice daily during the period of expected par
turition and at parturition for dystocia or other difficulties.
Individual Fe and P, male body weights were recorded
weekIy throughout the study and prior to the scheduled
necropsy. Individual Fo and F, 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 Fo and F, male food consumption was mea
sured on a weekly basis (except during the mating peri
od) until the scheduled necropsy. Individual Fe and F,
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

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 rnromatogram.<;, the percentage of
benzene, ethylbenzene, styrene oxide, and styrene dimers
was also determined. Results obtained indicated the
styrene was at least 99.9% pure.
Animals nlld Animal Husballdry

One

hundred

fifteen male and 116 female
BR rats from different colonies (to avoid
sibling matings) were received from Charles River
Laboratories, Inc. (Raleigh, NC) on July 24,2001. The ani
mals were 37 and 38 days old upon receipt, respectively.
At the conclusion of the acclimation period, all available
Fe animals were weighed and examined in detail for
physical abnormalities. Animals iudge~ to be in good
health and meeting acceptable body weight requirements
were randomized into treatment groups by a computer
ized program to ensure homogeneity of- treatment
groups.
Until pairing, ali Fo and F, parental test animals were
individually housed in clean, wire-mesh cages suspend
ed 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

Crl;CD~(SD)IGS
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consumption was recorded dilily during ),;t'station and
lactation for the fo and F, ft'males.
ASSt'SSIII('111 of ReproriuclitJe Perjorlllf1!lcI'
Vaginal smears wert' prepared dally to detenllinl;' the
stagt' of estrus for each female, beginning 21 days prior to
pairing and continuing until evidence of mating was
observed. For females with no evidellce of maling,
smearing was continued until termination of the m:ating
period. The awrilge cycle length was calculated for com
plete estrous cycles.
After a minimum of 70 days of exposure, t'ach female
was housed overnight in the home cage of a randomly
chosen male from the same exposlUe group, avoiding sib
ling 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 mat
ing was identified was tenned day of gestation. The
animals were then separated and the female was housed
in an individual plastic cage with nesting material. When
e\·idence 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 oppor
tunity 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 post
cohabitation day 15 (females that did not mate with the
second male). Pre-coital intervals were calculated accord
ing 10 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 Eva/rlatioliS
All pups were individually identified by application of
lattoo markings on the digits on PND O. Each litter was
examined tw"ice daily for survival and signs of toxicity.
Intact bffspring dying from PND 0 to 4 were necropsied
using a fresh dissection technique (Stuckhardt and
Poppe, 1984). A detailed gross necropsy was performed

16

on any pup dying after postnatal day 4 and prior to
weaning and for all f, pups dying beLween PND 22 and 28.
To reduce \"ariabilit), among litter si7.e, 10 F, and F,
pups from each liller were randomly sdected of equal sex
distribution, if possible, on PND 4. The remaining F, and
F, offspring were weighed, euthanizt'd by intraperitoneal
injection of sodium pt'lltobarbital, and discarded on PND 4.
Pups were individually sexed on l'ND 0, 4, 7, 14, and
21. F, pups were individually weighed on PND 1, 4, 7, 14,
and 21; F, pups were individually weighed on PND 1, 4,
7, 11, 13, 17, and 21. The following investigations were
used to assess the maluration of the selected F, and F,
pups: pinna detachment, surfact' righting response, hair
growth, incisor eruption, eye opening, balanopreputial
separation, and vaginal patency. Individual pups wece
weighed on the day of sexual maturation. These data are
presented in the companion developmental neurotoxicity
study (Cruzan et ai., 2005, this issue).
Wei/lrillg IIlId Sdecfioll for F,
Each Fo 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 ranqomization pro
cedure was used to select two F, male and two F, female
wean lings per litter. These pups were exposed to the test
article [or 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
ISO-ppm group, and 1 male and 2 females from the 500
ppm group died. One male and one female from each lit
ter, when available, were randomly selected on PND 2B
to comprise the F, generation (16, 23, 23, and 22 males
and females for 0, 50, 150, and 500 ppm, respectively).
Additional ral.. (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 F, exposure group (0, 50, 150,
and 500 ppm). The remaining pups were euthanized on
PND28.

Ovarialr mrd Spernralogl!llic Efrdpoint Evalualimrs
A bilateral evaluation of one section of each ovary was
performed for Fo females. A quantitative histologic evalu
ation of five sections (at least 100 pm apart) from the
inner third of each ovary was conducted on all F, 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 a1. (1997). The primordial
follicles were defined as small oocyte with a nucleus sur-
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rounded by a partial or unbroken single layer of flattened
to cuboidal follicular/gr.llllllosa celb, Due to the size of
corpor<l lutea (much larger than primordial follicles),
each corpus luteum \\'as possibly sectioned and (ounted
multiple times, resulting in a value thM was larger than
would beexpceled.
Spermatogenic endpoints were evaluated using the
methods described by Nemcc et al. (2004). Immediately
upon eutnanasia, t~e right epididymis of each Fo and [oj
male was exposed, excised, and weighed. Speml motility
was assessed u.~ing the Hamilton-Thorne HTM-IVOS
Version 10 (Bevecly, MA) computer-assisted sperm analy
sis (CASA) system. Sperm morphology was evaluated by
light microscopy via a modification of the wet-mount
evaluation technique (Linder et aI., 1992).
The left testis and cauda epididymis from all Fo and F,
males from all exposure groups were weighed and stored
frozen (app~oximately _20DC). These tissues from the con
trol and 500-ppm groups wece then tha.wed, homoge
nized, and a sample was evaluated fOr determination of
homogenization-resistant spermatid count and sperm
production rate (mazak et al., 1985).
P(llholog1j
All Fa and F, adult animals were euthanized by isoflurane
inhalation and exsanguination. Vaginal smears were per
fonned on all females on the day of euthanasia to deter
mine the stage of estrous cycle. All surviving males were
euthanized approximately 3 weeks follOWing completion
of the parturition period. All surviving females that
delivered ",ere 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 cutba
nized within 24 hr. All surviving F, weanlings not select
ed for styrene exposure were euthanized on PND 21. AU
F, weanlings exposed to styrene PND 22-27 but not cho
sen to become F, parents, were euthanized on PND 28.
All F, 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.
Slatisfiml Met/lods

Analyses were conducted using two-tailed tests (except
as noted othenvise) for a minimum significance level of
5%, comparing each test article-treated group to the dif
ferences. Parental mating and fertility indices were ana
lyzed using the Chi-square test with Yates' correction fac
tor (Hollander and Wolfe, 1999). Mean parental (weekly,
gestation and lactation) and F, offspring body weight

data, food consumption and food efficiency data, organ
weight data, illaternal t'strous cycle data, pre-coital inter
\'als, gestation lengths, implantation site.~, unaccounted
sites, O\'arian primordial follicle counts, mean number of
pups born, HI'c litter 5i:.:,,", epididymal and testicular
spcrm numbers, and sperm production rates were ana
lyzed for heterogeneity of variance (Levene, 1960) and
normality (Royston, 1982).Jf the data were homogeneous
and normal, a par<lmetric one-way analysis of vari<lnce
(ANOVA) was used to determine intergroup differences
(Snedecor and Cochran, 1980). If the re::mits of the
ANOVA lVere significant (p<O.05), DUlUlett's (1964) test
was applied to compare the control group versus alI
treatment groups. If the data were not homogeneous and
normal, the data WeIe analyzed by the Kroskal-Wallis
(1952) nonpar<lmdric ANOVA test to determine the inter
group differences. If the ANOVA revealed statistical sig
nificance (p<0.05), the Mann-Whitney U-test (Kruskal
and Wallis, 1952) was used to compare the test artide
treated groups to the control group. Pup weights through
weaning were analrzed separately by sex by a nested
analysiS of covariance (ANCOVA). The number of pups
born was used as the covariate. The following assump
tions were made regarding the ANCOVA: homogeneily
of regression slopes, linear relationship between the pup
weights and number of pups born, and additive group
and regression effeels. 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
Exposi/res
Gas chromatographic analyses of chamber atmospheres
demonstrated mean daily styrene exposure concentra
tions of 0, 50, 151, and 499 ppm for Fe generation and 0,
50, 153, and 501 ppm for F generation. Standard devia
tion/mean concentration never exceeded 3.5%. Low lev~
els 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;
a~yzed concentrations were within 12% of target.
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TABLE 1
-

---

--

--

..

--

Mean Hody \-"eights (g) of F" and F, Rats During Pre1l1ating, Gl'~lation, and Lactation
---

-_.

--_._

EXl20sure conc. (eem)
Males
0
50

150

500

263
301

264
295

263
287

347
419

359
413
454*
503

353
404

females
0

50

150

500

190

189

F,

Week
0

1
3
5
7
10

266
305
378
437
483
530

455
503

443·
494

190
215
251
273
290
306

190
210
246
269
288
303

302
330
362
427

300
323
354
424

298
325

97
141

104
147
199
242
268
293

93
135
187
227
253
278

90
133
187
224'

295
324
354
431

279
308
340
410

274*

208,

203

243
262
279
296

231'

252'
'269~

282"

F 0 gestation

D.y
0
7
14
20

357

428

285
312
346
418

F, males
Week

0
1
3
5
7
10

110
173
292
375
429
481

112
173

285
369
421

468

103
162

97

349'
399'

lSI"
262"
336'
393*

44S

443'

272*

F, gestation
D.y
0
7
4
20

196"

240
267
293

296
325
356
42B

249*
269*

307
334'
402

., Statistically significantly different from control, p<O.05.

Paml/a/ EvaluatiOllS

No exposure-related clinical findings were noted at the
weekly detailed physical examinations or at the observa
tions made prior to, at the midpoint, or 1 hr following
exposure in either Fo or F, animals. Findings noted in the
treated groups occurred infrequently, at similar frequen
cies in the control group, and/ or in a manner that was
not exposure-related.
Body weight gain was slightly reduced in Fo males and

18

females at 500 ppm as evidenced by decreased mean
body weights during prcmating week<; 3-10 (Table 1). In
Fo 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 ofF, males and females at 150 and 500 ppm
were reduced compared to controls after exposure on
PND 22-27 and remained reduced through the F, expo
sure period (Table 1). There was no effect on body weight
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FIGURE 1
Mean water consumption of F" (1\) and F (B)
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or bodyweight gain at 50 ppm in either the Fo or F expo
sure periods_
Only very minor differences in food consumption
bel:\yeen exposed and control groups were reported (data
not shown).
j

GestaliOIJ
Styrene exposure had no effect on body weight gain or
food consumption during gestation in either the Fo or F,
dams (Table 1)_ Mean body weight reductions observed
in the SOD-ppm group F females during gestation were
attributed to the reduced body weight gain observed dur
ing the pre-mating period. At 500 ppm, waler consump
tion during gestation was increased slightly, but statisti
cally significantly, in both Fo and F, dams (Fig. 1)_ There
was no effect at 150 or 50 ppm_
The mean lengths of gestation were unaffected by test
article exposu~ in the Fo (Table 2) and F, (Table3) treatcdrals_
No signs of dystocia were noted at any exposure level.
j

LilctatiOll
There was no effect of styrene exposure on body weight
gain or food consumption during lactation in either the Fo
or F, dams (data not shown). Water consumption
increased during lactation days 5-14 in Fo dams exposed
to 150 or 500 ppm, but not in F, dams. No effect was
noted in F, or F, dams at 50 ppm.

t
H

,
'·5

5-7

7-14

14-21

Inl~r"~l (d~J's)

Reproductiv(' PerjorllltIJfCe
Exposure of F. females had no effect on mean estrous
cycle length (Table 2). The means for aU treated groups
(4.2 to 5.1 days) were INi.thin the historical range (4.1 to
5.1 days), while the mean for the control females (5.S
days) was abnormally high due to 3 control females with
abnormally long estrous cycles. Exposure of F, females
had no effect on mean estrous cycle length (Table 3). No
effects from exposure ofFo or F, rats were observed on the
mean numbers of days between pairing and coitus.
Styrene exposure had no effects on Fo or F, spennatogenic
endpoints (Table 4). Exposure to styrene did not affect Fo
or F, male or female mating index, male or female fertility
index, mean number of pups born, the number of fanner
implantation sites, or the number of unaccounted sites
(Tables 2, 3).
PathDlogy
At the scheduled Fo and F, male and female necropsies,
no macroscopic findings attributed to styrene were
observed. Increases in relati ve (to final body weight) liver
weights were observed in the 150- and 500-ppm group F.
and F, males (data not shown). Other organ weights
(absolute and relative to final body weight) were unaf
fected by the te:it·article at all exposure levels.
Microscopic evaluations were performed only on tis
sues from all Fo and F, parental animals in the 0- and 500
ppm groups and for those adult animals in the 50- and
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TABLE 2
.

~~--

_ _ ..

i{eproductive ilnd Offspring ParamdefS for F, Generation Rats Exposed to Styrene
.. - - - .

~arental

ex posurc level (ppm)

a
ReE:Toduelion E:arameters (mean±SD)
No. Fa males/females assih'Tlcd
Males/females died
Males/ females euthanb:ed"
Males/ females comE:leting study
Estrous ~ycle length (davs)
Male mating index (%)'
Female mating index (%)"
Pre-coital interval (days)
Male fertility index (%),
Female fertility index (%),
Fertili~ determined via 2nd male
Females delivering litters
Gestation length (davs)
ImE:lantation sites
Number born/litter
Live litter size
Live birth index (%)d
Females with surviving
pups at weaning (PND 21)
F, offsE:rinSEarameters (mean±SD)
Sex distribution at birth (% Males)
Survival (%)
Birth to PND 4 (pre-culling)
PND 4-21 (Eost-culling)
Body weight gain (g)
Males PND 1-4 (pre-culling)
Females PND 1-4 (Ere-culling)
PND 21 body weight (g)
Males
Females

50

150

SOD

25/25

25/25

25/25

25/25

a/a

0/0
0/2

0/0

0/7

0/0
0/2

25/18
5.8 ± 3.1
23/25 (92)
25/25 (100)
3.8 ± 3.9
21/25 (84)
22/25 (88)

25/23
5.1 ± 2.0
25/25 (100)
25/25 (100)
2.0 ± 1.0
24/25 (96)
24/25 (96)

25/23
5.1 ± 2.2
25/25 (100)
25/25 (100)
2.5±l.3
24/25 (96)
24/25 (96)

2
20

a

a

'23

24

21.9 ± 0.3
15.2 ± 1.8
14.5 ± 1.9
14.3 ± 1.8
99.0 ± 2.5

21.9 ± 0.5
14.8 ± 3.6
13.8 ± 3.2
13.5 ± 3.3
97.6 ± 4.5

21.8 ± 0.6
15.8 ± 1.8
14.9 ± 1.8
14.3 ± 2.0
96.1 ± 6.2

IS

'23

'23

22.0 ± 0.3
153±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

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

"One female each from the control and ISO-ppm groups were euthanized in extremis after the mating trial; one female
each from the control and SOO-ppm groups were euthanized during lactation due to total litter loss; all others were
euthanized for pregnancy determination after no evidence of mating.
bMating Index: Proportion of males/females showing evidence of mating relative to the number cohabited x 100;
positive evidence of mating included vaginal spenn, copulatory plug, and or/pregnancy.
<Fertility Index: Proportion of pregnancies relative to the number showing evidence of mating x 100; males were
considered lo have sired a litter if the paired female was gravid, regardless of delivery stahls. 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.
"Live Birth Index: Number born live relative to the total number born x 100.
*Dunnett's Test, significantly different from control, psO.05. No other significantly different effects.

20

The SIRe Review November 2006

58

TWO GENERATION REPRODUCTION STUDY OF STYRENE BY INHALATION IN CRL-CD RATS

"One female from the control group and two females from the SOD-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.
"Mating Index: Proportion of males/females showing evidence of mating relative to the number cohabited x 100;
positive evidence of mating included vaginal spenn, copulatory plug and or I pregnancy.
'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.
"Live Birth Ind~: Number born live relative to the total number born x 100.
*Dunnett's Test: significantly different from control; ~O.OS. No.other significantly different effects.
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TABLE 4
--_.

._--

Spenniltogcnic Endpoints of F" and F, !\'Iales·
- 

--

Group (ppm)

.--

o

50

150

500

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

NO
NO

NO
NO

87.6 ± 8.1
72.4 ± 11.3

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

98.5

99.6

0.6
0.3

LO
05

0.3
0.1

96.6 ± 42.9

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

98.3

98.0

98.7

Ll
0.6

1A
0.6

0.6
0.6

Fa mnles
Sperm number (millions/g lissue)
Left testis
Left caudn epididl'mis
Motile sperm (%)
Progressive motile sperm (%)
Sperm morphology (%)
Nonnal
Nonnal hend separated from flagellum
Head absent, normal flagellum
F, males
Sperm number (millions/g tissue)
Left testis
Left cauda epididymis
Motile sperm (%)
Progressive motile sperm (%)
Sperm morphology (%)
Nonnal
Nonnal head separated from flagellum
Head absent, normal flagellum

619 ± 148
84.3 ± 12.7
73.0 ± 15.9
99.3
0.4
0.2

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

ISO-ppm exposure groups that were found dead or were
euthanized in extremis. In the SOD-ppm males and
females, exposure-related microscopic findings were con
fined to the nasal cavity. Increased occurrences of mini
mal 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 IL ill, and IV (Young, 1981) were found compared
to the control group. The olfactory epithelial degenera
tion 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 <fid not
have any inflammatory response. The incidence of nasal
lesions was less in high-exposure F, rats than in Fo rats.
No other exposure· related microscopic findings were
noted in theSOO-ppm group.

22

At the scheduled necropsy of the F, females, mean
numbers of primordial follicles per section (Bolon et a\.,
1997) were 5.0 and 5.1 for females in the control and 500
ppm groups, respectively. The mean numbers of corpora
lutea per section (Bucci et aI., 1997) were 9.2 and 10.1 for
females in the same respective groups. The mean num
bers of primordial follicles and corpora lutea for all exam
ined 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.

Offsprillg Eva/llatiorls (Tables 2, 3)
The mean number of F, and F, pups bom, live litter size,
percentage of males per litter at birth, and postnatal sur
vival between PND 0 (relative to number born), 0-1, 1-4
(prc-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

Mt'i1l1 bodywcights of lllalt' (A) and ft'llldle (B) F, offspring t]uough weaning.
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selection) to PND 21 wert' unaffected by styrene expo
sure. The numbers of F, and F, pups found dead, eutha
nized in extremis, and/or missing. as wen as the general
physical condition of all F, pups in this study, were unaf
fected by styrene exposure.
Mean F, male and female pup body weights were
unaffected by parental exposure to styrene. Mean F, 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). The mean male and
female F, pup body weight changes in the ISO-ppm
group were similar to the control group during PND 1-4,
but decreased PND 4-21 (only males significantly differ
ent from control). Mean body weights and mean body
weight gains in the 50-ppm group F, males and females
were unaffected by maternal exposure to stynme (Fig. 2).

Because these pups had reduced body weight, compared
to controls, and the rc1i1tive organ weights were not
reduced, the reductions in female pituitary, thymus, and
uterine weight were attributed 10 growth retardation, not
to direct effects on these organs. Similarly, a reduction in
absolute, but not relative, pituitary weight in F, female
offspring of dams exposed to ISO-ppm styrene was con
sidered due to growth retardation. Statistically Significant
(p<O.01) reductions in mean absolute and relative pitu
itary weight occurred in F, male offspring of dams
exposed to 500 ppm (Table 5). Because the relative pitu
itary 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 F, or F, pups euthanized on PND
21. Mean organ weights (absolute and relative to final
body weight) in the styrene-exposed F I males and
females examined at the PND 21 necropsy were similar to
the control group.
Statistically significant (p<o.01) reductions in mean
absolute pituitary, thymus, and uterine weight occurred
in F, 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 fol
lowing long-term inhalation exposure (Cruzan et al.,)
1997, 1998). Findings included degeneration of the olfac
tory epithelium that lines the dorsal septum and dorsal
and medial aspects of the nasal turbinates of Fo and F,
animals in the high-exposure group (SOD ppm; nasal tis
sue was not examined in the low- and mid-exposure
groups), decreased mean body weights in the mid-expo'
sure group (F, and F, males and F, females) and high
exposure group (F, and F, males and females), and

DISCUSSION
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TABLE 5
Organ Weighl5 of F, Offl;pring Not Chosen for
Neuroloxicily Evaluation'
Group (ppm)
50

a

150

500

Males
Brilin (g)
(g/100 g BW)
Spleen (g)
(g/100 g BW)
Testis, Right (g)
(g/100 g BW)
Testis, Left (g)
(g/lOOgBW)
Thymus (g)
(g/100gBW)
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

HIS
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
0.08S
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

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 BWl

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

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

0.050~

0.131
0.180
0.459
0.0039
0.010

O.007~

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

increased water consum ption during gestation in the
high-exposure group (Fa and FI females) and during lacta
tion in the mid- and high·exposure groups (F. 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 ani·
mals 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 unaf
fected by styrene exposure for the F, generation.
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Following direct exposure of the F, weanlings un PND 22,
body weight reductions were observl;'d ill the SOO-ppm
group thal Jed to the reduced mean budy I\'eights in this
group !hrouShout the genemtion. In contrast to the F,
generation, pre-\W<llung F, pup weighls were rl;'duceu in
both the 150- ilnd SOO.ppm groups (approximately 10 lo
13% on PND 21). The weights of lhl;' F, pups continued to
be reduced following weaning in the lSD- and SOD-ppm
groups selected for neurobdlaviorai evaluation in the
developmental neurotoxicity component (Cruzan et al.,
2005, thil; issue). In addition, there were slight delays
(gl;'nerally not statistically Significant) in the acquisition
of developmental landmarks (Cruzan et aI., 2005, this
issue) that were suggestive of an overall pilttl;'rn of slight
developmental delay in the SOO-ppm group. These pre
weaning developmental endpoints are highly correlaled
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 F, offspring than the F,
because exposure of the F J parents was started at a
younger age (PND 21 vs. PND 50) and pre-mating toxici
ty was more evident in F, parents than F,pMents.
This study confirmed previous observations of slight
body weight effects of styrene exposure at SOU ppm or
greater in rats and degeneration of nasal oUactory epithe
lium (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 (Heliles et al., 1985).ln
addition, it supports the lack of effects on testes and
ovaries reported in the subchronic studies of styrene
(Cruzan et a!., 1997, 1998, 2001; Ncr, 1979; Roycroft et aI.,
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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sures. Four groups of male and female
Cr1:CD~ (SD)IGS BR rats (25!sex/group)
were exposed 10 0, 50, 150, and 500 ppm
styrene for 6 hr daily for at least 70 consec
utive days prior to mating for the F, and F,
generations. Inhalation exposure continued
for the Fe and F, females IhrOughoutmating
and through gestation day 20. On lactation
days 1 through 4, the F, and F, females
receh'ed styrene in virgin olive oil via oral
gavage at dose le"els of 66, 117, and 300
mg/kg/day (divided into three equal
doses, approximately 2 hr apart).
Inhalation exposure of the F, and F,females
was re-initiated on lactation day 5 and con
tinued through weaning of the F, or F,
pups on postnatal day (PND) 21.
Developmental landmarks were assessed
in F, and F, offspring. The neurological
development of randomly selected pups
from the F, 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 F, and F, rats exposed to 500 ppm and, to
a lesser extent, 150 ppm. There were no
indications of adverse effects on reproduc
tive performance in either the Fa or F, gen
eration. There were exposure-related
reductions in mean body weights of the F,
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and F, offspring from the mid and high-exposure groups
and an uverall pattern of slightly delayed development
evident in the P, offspring only from the SOU-ppm group.
This dl'velopn1l'ntai delil)' included reduced body weight
(which continued through day 70) ilnd slightl), delilyed
acquisition of some physicallandnlarks of development.
Styrene exposLUe of the Fo and F, ilnimals had no effect on
survival, thedinical condition or necropsy findings of the
F, animals. Functionill observational battery e\'aluations
conducted for all Ti, dams during the gestation and lacta
tion periods and for the F, offspring were unaffected by
styrene exposure. Swimming ability as determined by
straight channel escape times measured on PND 24 were
increased, ilnd reduced grip strength values were evident
for both sexes on PND 45 and 60 in the SOO-ppm group
compared to controls. There were no other parental expo
slUe-related fmdings in the F1 pre-weaning and post-wean
ing functional observational battery assessments, the
PND 20 and PND 60 auditory startle habituation parame
ters, 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 SOD-ppm group. Taken together, the exposure
related developmental and neLUomotor changes identi
fied in F, pups from dams exposed to 500 ppm uccurred
in endpoints known to be both ag~ and weight-sensitive
parameters, and were observed in the absence of any
other remarkable indicators of neurobehavioral tuxicity.
Based on the results of thi'> study, an exposure level of 50
ppm was considered to be the NOAEL for growth of F,
offspring; an exposure level of 500 ppm was considered
to be the NOAEL for F, developmental neurotoxicity.
Birth Defters Res B 74:221-232, 2005.@200SWiley-Liss,Inc.

INTRODUCTION

The reproductive and developmental effects of styrene
(CAS no. 100-42-5) have been extensively reviewed by
Brown et a!. (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 ges
tational days 2-21. Zaidi et al. (1985) reported that gavage
treatment of rat dams with 200 mg/kg/day styrene
througho'!J.t 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 con
trast, Kishi and coworkers have conducted two studies
on the effects of prenatal styrene exposure. In the first
study (Kishi et aI., 1992, 1995), pregnant Wistar rats were
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expused via inhillation to 0 (14 litters), 60 (J litters), ur 293
ppm (7 litters) styrene 6 hr I Jay on gestation days 7 to 21.
There was no effect on gestation length or ,lverilge litter
size, but pup weights in both styrene-exposed groups
were reduced compared tu the contruls. Neurubehavillrill
e\'aluation was cunducted on 5 control litters, 2 litters
exposed at 60 ppm and Slitters expused at 293 ppm. They
reported differences in a number uf develupmental land
marks, ilS well as differenC<'s in open field <lctivity, rota
rod activity, and operant conditiuning response for some
but not all tested intervals. In the second study (KatakLUa
et aI., 1999, 2001), pregnimt female rat.'> were exposed to 0
(ad libitum feed, 14 litters), 0 (pair-fed to 300 ppm group,
121ilters), 50 (9 litters), or 300 (14liUers) ppm styrene by a
static inhalation system. Compared to the pair-fed con
trols, exposure to 300 ppm styrene resulted in increased
neunatal death, decreased pup weight on PND 21,
increased time to lower, but not upper, incisor emption,
an increased time to development of air righting reflex,
and decreased homovanillic acid in the cerebrum.
Effects on the nervous system hilve 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 report
ed in some studies include central nervous system (CNS)
depreSSion, slower nerve conduction velocity, and
decreased color discrimination. Some studies report
e[{eds at concentration'> as low as 10 ppm, while others
claim no e£fects 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. ~hanges 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 inhala
tion to 320 ppm styrene continuously for 3 months
(reviewed in !ARC, 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 con
ducted via whole-body inhalation exposure using current
regulatory guidelines. This was accomplished by evaluat
ing dams from the F, generation and F, 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 mini
mize stress on the offspring from the more than 6-hr sep
aration that would occur during the inhalation exposure
of the dam. Because high concentrations of styrene affect
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the CNS illld ~ignific'lnt development of the eNS occurs
during the first fel\' days 'lfte! bifth in filtS, dams were
treated orally during lactation days 1-,1 at doses t'stimated
by PBPK modeling to mimic a (,-hr inhalation exposurt;',
MATERIALS AND METHODS
Sllidy Desigll
Four groups of Fo and F, male and female CrI:CD rats
(25/sex/group) were exposed Lo vapor atmospheres of
~tyrene at 0, 50, 150, or SOD ppm f{Jr 6 hr daily (7 days/
week) for at least 70 consecutive days prior to mating.
Females were paired with milles on a 1:1 basis for 14 days
or until evidence of mating was observed. The F, and F,
females continlled inhalation exposure throughout mat
ing and gestation through gestation day 20. On lactation
days 1 through 4, the F,and 1\ females received styrene in
virgin oli\'e 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 exposlUC at the target concentra
tion based on the PBPK model of Sarangapani et al.
(2002). Inhalation exposure of the Fo and F, females was
re-initiated on lactation day 5 and continued through the
day prior to euthanasia. Offspring were weaned on lacta
tion day 21; exposure of F, pups began on PND 22. F,
pups were weaned on PND 21 and not directly exposed
to styrene. Neurobehavioral and neuropathological eval
uations were conducted in F, offspring through PND 72.
The details of the two-generation study have been pub
lished in the accompanying reproductive toxicity report
(Cruzan et aI., 2005, this issue).

Test Material
Styrene monomer (inhibited), CAS No. 100-42-5, was pro
vided 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, (he per
centage of benzene, ethylbenzene, styrene oxide, and
styrene dimers was also determined. Results obtained
indicated the styrene was at least 99.9% pure.
Erposures
Gas chromatographic analyses of chamber atmospheres
demonstrated average exposures of 0, 50, 151, and 499
ppm for Fo styrene concentrations and 0, 50, 153, and 501
ppm for F, styrene concentrations.

".-I/lill/als (nrd Animal Hlislll1lJdry
Male and female Crl:CLY (SD)IGS BR rats from different
barrier colonies w{']"e received (rom Charles River
Laboratories, Inc., Raleigh, North Carulinil, on July 2-1,
2001. The methods [or acclimation, assiglUllent to treat
ment group~, animal husbandr)~ and animal welfare are
described in the accompanying two-generation reproduc
tive toxicity study (Cru%an et aI., 2005, this issue).

R"prodJlCliolJ Study
All animals were observed twice daily (at least 7 hr apart)
for moribundity and murtality, appearance, behavior, and
pharmacotoxic sign'> (prior to exposure / gavage dosing
fur the Fo and F, animals). Individual Fo and F, male b·ody
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 materi
al. All females were allowed to deliver naturally and rear
their young (0 weaning (pND 21). To reduce variability
among litter size, 10 F, and Fo pups of equal sex distribu
tion, if possible, were randomly selected from each litter
on PND 4. Pups were individually sexed on PND 0, 4, 7,
14, and 21. F, pups were individually weighed on PND 1,
4, 7, 14, and 21; F, pups were individually weighed on
PND I, 4, 7, 11, 13, 17, and 21. The following investiga
tions were used to assess the maturation of the selected F,
and P, pups: pinna detachment, surface righting
response, hair growth, incisor eruption, eye opening,
balanopreputial separation, and vaginal patency (Adams,
1986). After litter standardization, one F, pup/sex/litter
(total of 20 pups/sex/ group) was assigned to one of two
subsets (Subset A and B) for neurobehavioral and neu
ropathological assessments, and an additional one F,
pup/litter (total of 10 pups/sex/group) was assigned to
Subset C for neuropathological assessment.
Neurobell(lvioral Testillg
Functional Observational Battery (FOB) (Moser, 1991;
Irwin, 1968; Gad, 1982; Moser et a1., 1988; Haggerty, 1989;
O'Donoghue, 1989) testing was performed on all F, dams
on gestation days 6 and 12 and on lactation days 10 and
21; FOB testing was perIonned on 20 F,pups/sex/group
(Subset A) on PND 4, 11, 22, 45, and 60. Testing (Table 1)
was performed by the same trained technicians, when
ever possible, who did not know the animal's group
assignment. ChatiJlon Model DPP-I.O kg or DPP-2.S kg
(as appropriate for the age of the animal) pull-push strain
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TABLE 1

Paramet!;;'rs of FWlcllonal Obsen'ational Battery
Easl' of removal from cage

Easl' of handling
animal in hand

l..acrim<ltion /
chrumoo<lcryorrhea

Salivation

Piloerection'

Fur appearance'

Palpebral closure"

Respiratory rate/character

Red/crusty deposits

Mucous membranes/
eye"" / skin color

Eye prominencc'·"

Muscle Tone

Mobility·

General body posture

Convulsions/tremors

Gait'

Grooming'

Arousal

Bi7..arre/ stereo typic behavior

Urination /delecation

Pupillary response'"

Backing

forelimb/hindlimb grip
strength<
, Not assessed on I'ND 4 due to stage of development.
"Not assessed on PND 11 due to. stage of development.
"Assessed on PND 22, 45, and 60 only.

gauges (AMETEK Test and Calibration Instruments
Division, Largo, FL) were used for testing fore- and
hindlimb grip strength during post-weaning FOB ses
sions. 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

Il'''''''.
The locomotor activity of the same 20 pups/sex/
group assigned to FOB asessments (Subset A) was moni
tored on PND 13, 17, 21, and 61. Locomotor activity was
measured using the SOT 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 d8(A). Each chamber con
sisted of a series of infrared photobeams surrounding a
dear plastic, rectangular cage. Four-sided black enclo
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sures surrOlUlded thl' dear plastic boxes and decreased
the potenli<1l for distraction by extraneoLis environmental
stimuli. Each chamber was calihrated before l'ilCh testing
session. The tl'sting of treatment groups was done
according to replicate sequ!;;'ncei no mol"!;;' thiln 24 animals
were tested during a singll' session. Each test session was
60 min in duration and consisted of 12 5-min intervals.
Each session recorded ambulatory (sequential interrup
tion of two or more photobeams) and total (interruption
of a photobe<lm) activity.
An acoustic startle response test WilS performed on lhe
same 20 rills/sex/group (Subset A) on PND 20 and 60
using thl' SR-Lab Startle Responsl' System (San Diego
Instruments, San Diego, CS) in a room equipped with a
white-noise generation system set to operate at approxi
mately 70 dB(A). Each isolation chamber was composed
of a wood core covered with a laboratory-grade plilstic
laminatl' and measured 15 x 16 x 23 inches. Each cabinet
was equipped with an internal light, a filll, hvo viewing
lenses, and a complete white-noise generation system.
The animal was placed in a cylindrical enclosure of
appropriatl' size, which was then placed into the isolation
cabinet. Each enclosure was equipped with a motion sen
sor, which was cillibrated prior to each day's testing. The
testing of treatment groups WilS done according to repli
cate sequence; no more than B animals were tested during
a single session. Each test session consisted of a 5-min
acclimation period with an approximate 65 dB(A) broad
band backgrouI.ld white noise. nle startle'stimulus for
each trial was an approximate 115 dB(A) mixed-frequen
cy noise burst stimulus, apprOximately 20 msec in dura
tion. Each test session consisted·of 50 trials, with an B-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 millisec
ond for 100 msec. The greatest force data recorded during
that 100 msec was considered the maximum response
amplitude (V...._.) and was reported in mV. The time at
which the VMM was observed was considered the latency
(from the onset of the startle burst) to the maximum
response amplitude (T.........) and was reported in msec. The
average of all 100 response recordings was considered the
average response amplitude (VhV) and was reported inmV.
Swimming ability and learning and memory were
assessed for 20 rats/sex/group using a water-filled eight
unit T-maze similar to that described by Hiel (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 8). 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) beneOlth the surface of
Ihe I\'ater. The alHount of tinle required to Iral'er~e thl'
ma)':!;' and the nUnlber of ermr~ for all leaming and memo
ory trials were recorded. Eadl testing inten'al (onsisted
of three phases that were conducted over 7 cOllsecu tive
days. Phase one was an evaluation of swimming ability
and motivation to escape from the maze and was per·
formed in fOUf consecutive trials on the first day of the
Bid maze procedure by me<lsuring the time required for
the rat to swim the length of a straight channel. Phase
two of the Diel maze procedufe 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 n, which wa.~
the reverse of path A. For Phases two and three, the mini
mum intertrial interval was 1 hr. Phase three, day 7,
probed the animal for its memory to solve the '!laze when
challenged in path A. Each animal was allowed two trials
to solve the maze in path A. Biel maze data were evaluat
ed as the mean time to escape over all trials for each of
the three phases (i.e., swimming ability and motivation,
sequentialleaming and memory) of the Bil'l maze proce
dure. Also, the numbers of errors committed were evalu
ated for phases two and three.
NeuropafllO/Ogy

On PND 21, 10 F, pups/sex/group (Subset C) \Vere per
fused in situ and the brains processed for microscopic
examination. On PND 72, 10 F, pups/sex/ group (select
ed 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 pm, 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 ana
lyzed were defined as follows: Levell was a coronal sec
tion 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

Ol good representation of the caudoputamen and the pres
l"nct' of the opcning of the rostral medial aspect of the lat
eral ventricle. Levd 3 was a coronal scction taken jllst ros
tral 10 the aUilchmcnt {If the pituitary gland (infundibular
stalk) characterized by a slight separation between the
hemispheres of the rostral hippocampus such that CAl
pyramidal neurons from each hemisphere fomled only a
slight depression before meeting medially. Rostrall), there
Ivas no depression, and posteriorly thl'fe was a more pro
nounced depression of the medial lines of CAl neurons
bl'lween hemispheres. Levd 5 was a midsagittal section
of the cerebellum and brainstem. Lewis 1,3, and 5 corre
spond to figures n, 32, and 79 of the <ldult rat brain as
depicted by Paxinos and Watson (1998). Measuremenlc;
were as follows:
• Level 1: Total bilateral hl'ight of the hemisphere
meilsured just at the beginning of the lateral ventricle,
and bilateral vertical thickness of the hemic;phcre
measured at the apex of the corpus callosum and parallel
to the height of the hemisphere..
• t!?VeI 3: Bilateral radial thickness of the frontoparietal
cortex; bilateral vertiCill height of the hemisphere
behveen the layers of hippocampal pyramidal neurons
measured along il line that passed through the
tennination of the dorsal limb of the medial dent<lte
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 ventrallirnb 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 pon~, 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 com
puter imaging system (Pax-It'·, Midwest Imaging
Systems, Inc., Fraklin Park, IL). The average from the two
hemispheres of the coronal sections, and single measure
ments from the mid-sagittal section of the cerebellum and
brainstem, were used in calculations. All brain sections
were also exami~ by light microscopy for any qualita
tive changes.
Sfl1fistical Methods

Analyses were conducted using hvo-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 gruup. Statistical procedures used in the reproductive
arc covered in detail in the accompanying report
and arc not described lwre (Crur.an et al., 2U05, this
issue). F, mean day of acquisition of preweaning/post
weaning de\'cJopmental landmarks data were analyzed
for heterogeneity of variance (Levene, 19(0) and normali
ty (Royston, 1982). If the data were homugeneous and
normal, a parametric one-way analysis of variance
(ANOVA) was used to detemline intergroup differences
(Snedecor and Cochran, 1980). If the results of the
ANOVA were sih'Tlificant (f!<0.05), Dunnell'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 inter
group differences. II the ANOVA revealed statistical sig
nificance (p<O.05), the Mann-Whitney U-test (Kruskal
and Wallis, 1952) was used to comparl' the test articlc
treated groups 10 the control group.
Pup weights through weaning were analyzed sepa
rately 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 cuvariate. 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). The fol
lowing FOB data: group mean counts of backings,
groomings, urinations and defecations and group means
of forelimb and hindlimb grip strength, along with ambu
latory counts measured in ~e locomotor activity assess
ment, average response in the acoustic startle assessment
and Diel 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 subject
ed to a parametric one-way analysis of variance
(ANOVA) to determine intergroup differences. If statisti
cally significant differences were indicated 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). Intrasession 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
pha~e
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timc using a Gcisscr-Greenhouse adjusted F-stati~tic. If a
significant interaction l'ffcct of treatment group by lime
WilS indicated by the ReMANOVA, Dunnett's test was
used tll comp.He the control and treated groups at eilch
within-session inten'al.ln ildJition, the Re!'viANOVA was
used to determine the presence of a main e[fect of treat
menL If a significant main effect of treatnll'nt w'!s indicat
ed by lhe ReMANOVA, Dunnett's test was used to com
pare the control and treated groups. Rl'peated measures
statistical analyses werl' performed by BioSTAT
Cunsultant", Inc., Portage, Ml. All analyses performed by
BioSYAT Consultants, Inc. were conducted with thl' SAS
System software (version 8.2).
RESULTS
Pllrelltllllllld·ReproductiOIl Effects
Briefly (see Cruzan et al., 2005, this isslle), body weight
gain was slightly reduced in fa males and females at 500
ppm, and F, males and females at 150 and 500 ppm dur
ing the premating exposure periods. There was no effect
on bodyweight or bodyweight gain at 50 ppm in either
the l;a or F, exposure periods. There was no effect of
styrene at any exposLUe level on body weight gain or feed
consumption during gestation in either the·Fo or F, dams.
At 500 ppm, there was increased water consumption dur
ing gestation in both 1'0 and F, dams. There was no effect
at 150 or 50 ppm. There was no effect of styrene exposure
on body weight gain or food consumption dLUing lacta
tion in either the Fa or F, dams. Exposure of Fa and F,
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 Fo or F, spermatogenic
endpoints (mean testicular and epididymal sperm num
bers, sperm production rale! sperm motility, and sperm
morphology). The mean lengths 'of gestation were unaf
fected by styrene exposure. Exposure to styrene did not
affect Fa or F, male or female mating index, male or
female fertility index, mean number of pups born, the
number of fanner implantation sites, or the number of
unaccounted sites. At the scheduled necropsy of the F,
females, the mean numbers of primordial follicles and
corpora lutea were unaffected in females ~posed to 500
ppm of styrene. The mean number of F, and F,pups born,
live litter size, percentage of males per litter at birth and
postnatal survival were unaffected by styrene at all expo
sure levels evaluated. Mean F, 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 reproduc
tion was 500 ppm.
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TARLE 2
130dyweight (g) of F, Offspring of Rats Exposed to
Styrene in the 1;0 and F, Generations
E'pm

PNO

0

50

7.4
10.7
15.2
25.4
42.6

7.6
10.5
14.6
24.2
40.3
129
247
378

150

500

Males

1
4

-i
13
21
35
49
70

134
260
38'

7.3
10.5
14.2
23.1*
3R.2*
127

248
372

G.9*

9.8

13.5*
22 J-.

38.0·

120
236
360

Females

1

7.1

7.0

6.9

4

10.1
14.3
24.3
40.5

10.0
13.9

10.0
13.7
22.6
37.4

7
13

21
35
49
70

120
179
248

23.3
39.1

6.4*
9.0*
12.4*
21.2*
35.4*

113

112

108

171

171
233

170

235

233

•Statistically different from control, p <0.05.

F2 Body WeigIlIs

Mean F, pup body weight gains and mean body weights
in the SOO-ppm group were decreased (6.8-13.3%)
throughout the pre-weaning period (PND 0-21). Body
weights in these F, offspring remained reduced though
PND 70 (Table 2). Mean male and female F, pup body
weight changes in the ISO-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 F, 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 F, males
and females were unaffected by parental exposure to
styrene throughout the pre-weaning and post-weaning
periods.
Deve1opmellra/ Lmrdfllllrks

Styrene exposure did not affect pinna detachment, sur
face righting response, hair growth, incisor eruption, and

l'ye opening in F, male and female pups. Mean ages of
acquisition of vaginal patency (group means betl"een
34.3 and 36.3 days) and mean body I,'eights (between lOS
and 114g) on the day of acquisition were unaffected by
styrene l'xposure in F, females.
In F, males, the mean ages of acquisition of balano
preputial separatiun were 45.6, 44.6, 45.7, and 47.0 days in
the 0-, 50-, 150-, and SOD-ppm groups, respectively. The
differences from the control group were not statistically
si6'TIificant, and were within the laboratory's historical
control data range (41.6-----49.0 d<lys). Mean budy weights
(grams) on the day of acquisitiun were 223, 214, 209, and
211 in the 0-,50-,150-, and SOO-ppm groups, respectively.
The slight increase in age at acquisition of balanoprepu
tial separation was judged to be related to the lower body
weight at 500 ppm.
In f, 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
si6'TIificantly increased, but more high exposure animals
acquired the landmark later than the controls. This
included pinna detachment, surface righting ability, initi
ation of hair growth, eye opening, incisor eruption
(p<O.OS). The mean day of balanopreputial separation in
the SOO-ppm males occurred at 47.2 d<lYs 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 tile group. The delayed acquisition of these
landmarlcs, in the presence of reduced body weight in off
spring indirectly exposed to SOO-ppm styrene, was sug
gestive of a slight developmental delay. Vaginal patency
in the F, females was unaffected by styrene exposure.
Functional Observafiollal Battery (FOB)

Exposure of F, 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 F, 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 SOD-ppm group animals and their age
matched controls was much greater in the older animalS.
Since grip strength is positively correlated with absolute

The SIRC Review November 2006

71

33

DEVELOPMENTAL NEUROTOXICITY STUDY OF STYRENE BY INHALATION IN CRL-CD RATS
===-.----~==~===~====~~===

TABLE 3
-----

Days of Acquisition of De\'Clopmental Landmarks of F, Offspring of Rats Exposed 10 Styrene in the 1:0 and F,
Generations: Males and Fl'males Combined'

----

----------

Landmark

- - - - - --::-.----:--;

_Pi_nn<l._d."."_ch.m.'.n.'_
Treatment % on
Mean age
ieEm)_ _ pn~ (s.d.) ___
4.0 (0.07)
o
98
50

99

4.0 (0.03)

~~rface righ~

Hair growth

% on

__

5.1 (U.10)

94

5.1 (0.11)

99

9.4 (0.38)

95

9.5 (0.42)

99

11.9 (0.83)

81

9.8 (0.57)"

81

12.5 (1.12)

Mean age

~

Jl:nd5
90

150

98

4.0 (0.07)

91

5.1 (0.14)

500

~2

4.1 (0.22)

82

5.2 (0.18)

Landmark

!n~isor

% on

eruption
Mean age
pndlO ~.) _ _
97
9.3 (0.30)

% on

Mean age
~13 _ _ (s.d.)
92
11.8 (0.82)
89

12.2 (1.31)

----------

§ye openin~ __.
Mean age
Trl'atment % on
(s.d.)
lJpm.,),--,pnd17
15.1 (0.95)
o
100

VaginalopeninK_ __
%on
Mean age
pnd36
(s.d.)

BW

%on
pndSI

Mean age
(s.d.)

BW

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

46.1 (3.06)

217.4

155 (0.98)

89

34.1 (2.48)

89
90

47.2 (4.07)

216.9

500

98

100.7

• 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<O.OS.

body weight (Maurissen et al., 2003) and given the slight
delays in the acquisition of several developmental land
marks in this group, the decreased forelimb and hindlimb
grip strength was a further indication of a slight develOp
mental delay. No other FOB parameters were affected on
PND 45 or 60.

LocolI/%r Activity
Although there were no statistically significant diller
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 F,
males and females in the SOD-ppm group that, in the'pres
ence of reduced mean body weights in this group, was
suggestive of an exposure-related developmental delay.
Campbell et aL (1969) characterized the ontogeny of loco
mo.tor activity in the rat and showed that activity typical-
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Iy increases beh'leen i'ND 13 and 17 and then decreases
between PND 17 and 21. Cumulative total and ambulato
ry locomotor activity in the SOO-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 SOO-ppm group was
similar to the control group (Fig. 2C,D). Locomotor activ
ity was similar to the control group for males and females
in the 50· and ISO-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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FIGUREl
-------

M(llc~: forelimb.
B: I'elllales: fordilnh. C: Males: Himllimb. D: Females: hindlimb. Slatistically different from control, p<0.05; ·parametric
test, +non-parametric test.

Grip strength (g)±SEi'v! of F, offsprin).!; of rals expnsl'd 10 stynme in the Fo and F, generations. A:

A.

B.

P""tn~tal

"

Day

c.

"

Postnatal

D~y

D.
mOPPM
.SOPPM .

19 0 PPM
.5()

PPM

• 15() PPM

• 150 PPM

.SOOFPM

.500 PPM

"

"

22

60

Paslrullal O~}'

AI/difOry Startle
No statistically significant differences or exposure-related
trends were apparent in the 50-, 150-, and 500-ppm group
F. 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 appar
ent when compared with the control group.

Memory alld uaming: Bid MJue Swimmillg Trials
On PND 24, swimming ability, as evidenced by an
increase in the mean time to escape for the straight chan
nel on the first day of Biel maze assessment, was slightly

45
Postnatal Day

60

decreased in the SOO-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 cqnsistent
with the reduced pre· weaning body weights, slight
increases in the ages of acquisition of pre-weaning devel
opmentallandrnarks, 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 ISO-ppm groups
on PND 24, or in any animals on PND 62.
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FIGURE 2
- - - -

----

--

Locomotor activity of F, of(~pring of rals expo~ed to stycene in the Fo and P, gener<1!ions; total counts in 60-min scssion,
A: Males: PND 13,17, 21, B: Females: PND [3,17,21. C; Males: I'ND 61. 0: 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 (con
ducted on assessment days 4-6; PND 27-29 oc PND 65-(7)
were designed to measure learning and shorter-term
memory oEPath 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 I?ath. For the
first trial in the reverse path (TrialS), mean time to escape
was much longer than for the first trial in the forward
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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-tenn mem
ory 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 por
Han of testing). For all exposure groups, mean time to
escape for tria112 was typically similar to Trials 3 and! or
4. k expected, since animals had already experienced
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TABLE 4
--_.

St;'!rtle

R('spon~l'

of F,

Off~pring

.._-

of Ra!;; Exposed 10 Styrenl' in the Fa 'lnd f, Generations'
..

_-_.

V,,~

V=, (01V)

._-

T= (msec)

(mV)

F, and F[ eXE'0sure
PND20

Males

Females

Males

Females

Male:>

Females

0

97.3:l ",6.0

102.8 ± 585

20.3 ± 8.8

21.6 ± 11.8

27.2 ± 5.7

25.4 :13.7

50
150
500

86.0 ± 31.3

98.9 ± 52.8

L8.0 ± 6.7

20.S ± 10.7

28.8 ± 5.9

27.5 ± 5.5

85.7 ± 36.2

88.8 ± 40.0

18.5 ± 7.3

18.7 ± 8.3

28.0 ± 3.8

25.4 ± 4.1

92.9 ± 32.2

95.9 ± 39.5

19.4 ± 6.8

20.5 ± 7.8

27.4 ± 6.0

26.8 ± 4.0

PND60

0
50
150

134.0 ± 101.9

75.1 ± 41.6

29.2±20.7

15.8 ± 8.4

34.4 ±S.7

34.4 ± 4.5

171.7 ± 164.0

85.3 ± 49.9

3B.0±35.1

17.3 ± 8.5

33.0±S.4

342±5.0

159.7 ± 94.5

62.6 ± 34.0

34.7 ± 20.6

13.8 ± 6.9

31.1 ± 4.9

3S.5 ±4.2

500

128.5 ± 99.0

83.0 ± 46.6

27.S ± 20.3

17.3 ± 8.7

32.9 ±5.9

33.6±4.3

---

• V~, is the maximum response to the s!artle stimulus. V ..~ is the average response to the slartle stimulus. T"", is the

latency to the maximum response.

FIGURE 3

PND 24 Learning and memory (Biel Maze) of F, offspring of rats exposed to styrene in the Fo and F, generations.
A; Males. B: Females. Trial indicates the session trial (S\vim 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 Bi exact opposite of the forward direction), and Trials 11-12 were conducted in the forward
direction (Path A). Trials 1-10 !ested learning and Trials 11-12 tested memory. tOStatistically different from control,
p <0.01.
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the [of\\'ard path, the slope of the line between Trials II
and 12 was steep!;'r than the first four tdills. No exposllTe
related di[[erenc<,s in the mean times to escape and mun
bers of errors (dilta not shown) were observed in ciU1er
sex at either age evaluated, indicating that there was no
impairment of learning (Triills 1-10) or memory (Trials 11
and 12) following indirect exposure to styrene.

NerlropaOwlogy
No direct effects of styrene exposure on absolute brain
weights of I'ND 21 or 72 male and fcmille rats were noted
(Table 6). However, brain weights relative to final body
weights of SOO-ppm group females were increased com
pared to control females in these same animals because
mean final body weights were slightly decreased in the
SOO-ppm group females.
Mean brain lengths, measun!d at necropsy, in the 150
and SOO-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 threc styrene groups were slightly
increased when compared to thl' control group on PND
72. Therefore, thc difference noted in PND 21 offspring
was con<;idered incidental in naturl', since there were no
correliltive changes in other histomorphological end
pOints in the females nor were there any changes in the
males. Mean brain width in all exposure groups was sim
ilar 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 SOO-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 measure
ments of brain regions on PND 21 or 72 that could be
attributed to parental exposure in the SOO-ppm group
(Table S). In female rats of the SOO-ppm group evaluated. on
PND 21, the mean height of the hemisphere on Levell
(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 end
points 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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TABUS
- -

Selected Brain Histomorphic Me<lsurcmenLs ofF,
Offspring of Rats Exposed to Styrene in the F, and F,
Generiltions
Males
Oppm

Female,,_ __
500 Pp.~

Q.pp~m~_c5~OO~pup~m~

Levell
Height of hemisphere (mm)
PND 21 0.62 ± 0.05

0.61 ± 0.03

0.62 ± 0.04

0.66 ± 0.04'

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

PND72 O.IS±O.01 0.16±0.01

O.IS±O.01

O.16±0.0l

* Statistically significantly different from control, p<O.OS.

DISCUSSION
As reported in the accompanying hNo-gcneration repro
duction study (Cruzan et aL, 2005, this issue), the
parental systemic toxicity in this study was similar 10 that
previously reported in rats following long-term inhala
tion exposure to styrene (Cruzan et al., 1997, 1998).
Findings included degcneration of the olfactory epithe
lium that lines the dorsal septum and dorsal and medial
aspects of the nasal turbinates of Fo and F, animals in the
SOO-ppm group (nasal tissue was not examined in the 50
and ISO-ppm groups), decreased mean body weights in
the ISO-ppm group (Fo and F, males and F, females) and
SOO-ppm group (Fe and F, males and females).
Reproductive performance and offspring postnatal sur·
vival prior to weaning were not ad versely affected by
styrene exposure. Pre-weaning F, pup weights were unaf
fected by styrene exposure. Consistent with the lack of
effect on pre-weaning body weights in the P, pups, no
styrene-related effects were observed on the F, prewean
ing developmental landmarks. Following direct exposure
of the F, weanlings beginning on PND 22 weight gain
was reduced in the SOO-ppm group, which led to reduced
mean body weights in this group throughout the genera
tion. As a result of the reduced body weight gain in the
SOO-ppm group F, 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, .1nd 'Width of F, Ofrspring of Rats Exposed to Styrene in the fu and F, Generations
----

---

Males

---

0

---

50

-----

---

150

SOD
39
360 •

----

females
-------

a

--- ---

---

---

50

150

500

39
235

36
233

36 •
233

------

Body weight (g)
PND 21

43

4[

40

PND 72

385

377

372

4J

248

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

LAO

1.78

4.14
0.79

Brain Weight/IOOg body weight
PND 21

3.86

3.91

4.23

4.02

3.88

4.08

PND 72

0.49

0.50

0.49

0.53

0.73

0.77

Brain length (mm)

4.65•
0.79

• 16.9•

PND 21

17.6

17.9

17.2

17.6

17.6

17.5

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 arc
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.
Af; direct exposure to styrene had a greater effect on F,
rats than on F. rats, styrene had a more pronounced effect
on the Fz pups than on the F, pups. In contrast to the F,
generation, pre-weaning Fz pup weights were reduced in
both the ISO- and SaO-ppm groups (approximately 10 to
13% on PND 21). The weights of the F, pups selected [or
neurobehavioral evaluation in the developmental neuro
toxicity phase continued to be reduced following wean
ing in the 150- and SOD-ppm groups. A statistically signif
icant delay (approximately 1/2 day) in the mean age of
acquisition of incisor eruption was observed for the F,
pups in the SOO-ppm group. Slight delays (not statistical
ly significant) in pinna detachment, surface righting, hair
appearance, eye opening, and balanopreputial separation
were also noted in this group. rhe magnitude of the
delays in each of these endpoints was slight and if they

had occurred in isolation, the delays wou'ld have been
attributed to biological variability.
There is not a one-to-one relationship between body
weight and these values. However, on an individual ani
mal/litter basis, there is a pattern that relates litters and
weights relative to the group mean value. For example,
one SOD-ppm group female, which is the lightest animal
in that group on PND 63, weighed lS7g.. 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"/0 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 right
ing (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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lime of 16.96 sec (compared to 11.43 sec for the group and
7.S I sec for control females), acquisilion of bal
anopreplltial separation Oil PND 51, and acquisition of
vaginal patency on PND 42. Prom a locomotor aclivity
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 tllis litter contribute
to the delay in several of the endpoints monitored, (lnd
this liller is just one example from the group (IS 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
SOD-ppm group. These pre~weaning developmenta!
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
wei ghts observed in this grou p. Based on this profIle,
the effects of styrene on the growth and development
of the F, pups were somewhat greater than those
effects observed on the F, pups.
Further evidence of a slight de\'elopmental delay in
the F, offspring included an apparent shift in the
ontogeny of normal locomotor acti.vity from PND 13
through 21, the reduced swimming ability (presented
as longer straight channel escape times) in the water
ma:le on PND 24, and reduced grip strength on both
PND 45 and 60 in F, offspring of Fo and F, 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 through
ounhe entire F, 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 SOD-ppm group
of the F, generation was attributed to a slight develop
mental delay as a result of parental styrene exposure.
The NOAEL for growth ofF, offspring was 50 ppm.
Kishi and coworkers, using a few litters of rats, con
cluded that styrene exposure of parents caused deficits
in neurological development. The current study, per
formed 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 conclu
sions of a direct effect on neurological development. In
the first study (Kishi et ill., 1992, 19(5), they reported
(using 5 control and 3 exposed litters) that hlhalatio~
exposure of pregnant \vistar rats at 293 ppm styrene on
gestation days 7-21 resulted in offsp·ring with
decreased open field activity, rota-rod activity, and
operant conditiuning response. The study reported
herein found no significant effects on locumotor aclivi
ty or learning and memoIY in offspring following
direct exposure of the Fo and FI generations to SOD ppm
styrene throughuut growth, mating, gestation, and lac
tation. Tn a second study, Katakura et al. (1999, 2001)
reported increased neonatal mortality, delayed incisor
eruption and delayed air righting ~eflex in offspri.ng of
dilllls 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 erup
tion in off-spring of the SaO-ppm gqJUp were slightly
delayed, as noted above, but were judged to be sec
ondary 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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airways and the lack of
evidence for styrene
metabolism in human
nasal tissue, the results

investigate whether exposure to styrene
was a!i5ociated with olfactory impairment,
olfactory function was examined in work
ers with a minimum of 4 years exposure to
styrene in the reinforced-plastics industry
{current mean exposure: 26 ppm, range: 10
60 ppm; historic mean dose: 156 ppm
years, range: 13.8-328 ppm-years) and in a
group of age- and gender-matched, lUlex
posed controls.
Me/hods
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 adapta
tion 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 work
ers indicated exposure-induced adaptation.

strongly suggest that at
these concentrations,
styrene is not an
olfacto'ry 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
imp~irment 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

tissu~,

the I'l'Sults strongly suggest that at thest,
is not an olfactory toxicant in
hllman<;. Alii. J. Iml. M,'a. 44: 1-11, 2003 ©2oo3 Wiley-Lis~, Inc.

conccntration~, ~tyrene

INTRODucnON

One of the potential consequenc~s of occupational expo
sure to respirable chemicals, the impairment of olfactory
function, has been noted in the medical literature for
more than 100 years [Mackenzi~, 19841. Because the func
tion of the olfactory system is to detect ambient chemi
cals, 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 con
sistently 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 dean environments [e.g., Loo et al.,
1996J, suggesting that normal olfactory function is inher
ently damaging to the neurons. Exposure to higher levels
of pollutants, such as can be found in some industrial
environments, might therefore be hypothesized to sur
pass the regenerative capacity of the olfactory system and
lead to dysfunction.
While not, by itself, life-threatening, olfactory dys
function can have serious con~equences for the detection
of many olfactory warning signals (e.g., smoke, spoiled
food and gas leaks) [Cowartet aI., 1997J and can have sig
nificant impact on nutritional status, eating satisfaction,
and many other issues related to quality of life [Breslin et
aI., 1997J. 10 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 chem
ical 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) Uiang et ai., 1983;
Hurtt et ai., 1988; Monticello et al., 1991; Abdo et aI.,
1998J. The precise nature and distribution of these chemi
cally 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 Wang et aI., 1983; Genter el aI., 19981
With a "ariet)' of non-neoplastic lesions of Ihe olfactory
neuTOepitheliuni and damage 10 centrill olfilctory slrllc
hues, such as the olfactory bulb, a%llcialed with chronic
exposure to il variety of chemicals [Ekblom et aI., 1984;
Odkvist et ",I., 1985~ FeTOn et <II., 1986;Rose et aI., 19921.
Second, a number of studies of individuals and/or
populations occupationally expo~ed to variou~ chemicals
have reported problems with their sense of smell or.
apparent decrements on certain measures of olfactory
function. I'or 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 smeU and demonstrated objective evi
dence of poorer odur detection ability, although this effect
was pronounced among elderly individuals [Corwin et
aI., 1995J. Notably, among thi~ sample, factory workers
reported the highest rates of olfactory decrements sec
ondary to chemical exposure and head injury.
Amoore [1986J identified more than 100 airborne sub
. stances that were reported to disrupt olfactory function
following either acute or chronic exposures, including
organic solvents, metals, inorganic non-metallic com
pounds, and dusts. Much of this evidence is based on sin
gle case studies or anecdotal observations in occupational
environments [Emmett, 1976; Amoore, 1986; Prudhomme
et ai., 1998J, 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 abil~ty, have been observed
among some, but by no means all, workers exposed to
organic solvents [Sandmark et al., 1989; Schwartz et al.,
1990, 1991J; among workers exposed to acrylate and
methacrylate vapors, small decrements in function were
only observed for non-smokers [Schwartz et aI., 1989J.ln
brief, although many chemicals have been implicated as
cau:;ative 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 o( rodent.~ lCruzan et ill., 1997, 1998].
Bowel'cr, beciluse of strllcturill differences in the nilsal
p;J~sages between rodents and humans, and diffenmces
in the biochemistry of the nasal/olfactory tissue, and
Qecause the most common laboratory animals models are
obligate nasal breathers, these changes might not occur in
humans in comparable environmenb;. Moreover, because
animal toxicological studies hitve rarely incorporated
functional measures, very liltle is known about the rela
tionship betlveen the type and severity of olfactory
epithelial damage and the extent to which olfactory func
tion is altered. Thus, the question of how to relate the
observed structural damage in rodent olfactory epitheli
um 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 thaI pemtitted 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 lVith a characteristic
pungent odor. The primary use of styrene is in the pro
duction of polymers and copolymers, including poly
styrene, 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 fiberglass
reinforced products (bathtub and shower enclosures,
boats, tanks, panels, etc.). The most significant occupa
tional exposure to styrene vapor occurs in the reinforced
plastics industry, where exposure can occur both by
inhalation and direct skin contact [Lemasters et ai., 1985].
However, inhalation· of styrene vapor is the_major route
of occupational exposure to styrene [Brooks et ai., 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 concen
trations likely to be encountered in the workplace
[American Conference of Government Industrial
Hygienists, 1998; Morgan, 1997] is associated with clini
cally significant olfactory dysfunction. To evaluate this,
we measured olfactory function among workers who
were occupationally exposed to slyrcne in the reinforced
plastics industry, using a comprehensive battery of objec
tive tests of olfactory function, developed and validated at
the Monell-Jefferson Chemosensory Clinical Research
Center. In addition to the potential for causing general
ized olfactory dysfunction, continued or repetitive expo
sure to any odorous chemical will lead to olfactory adap.

tatioll, it compound-specifi~ rcduction in olfitctory sensi
tivity to that chemical. As a mcasure of specific adaptation
to the ambient chemical environment, II'C tested olfactory
sensitivity to styrene vapor. All olfactory ilssessment5
were coupled Ivith current and retrospective determina
tions of airborne styrene expo5ure for the workers lfor
details see Lees et ai., 2003 (this issue)] and Ivere com
pared with olfactory assessments perfonlled on age- and
gender-matched, non-exposed controls at each site, and
with I).ormative data obtained [rom healthy individuals.
MATERIALS AND METHODS
Oueroiew ofOlfactonj Te$/illg

We measured olfactory detection thresholds to two chem
icals (styrene and phenylethyl alcohol) and odor identifi
cation 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 periph
eral olfactory function, whereas tests of odor identifica
tion 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 eti
ologies fe.g., nasal-sinus disease or head injury; Cowart
et aI., 1993], it is essential to compare the perfonnance of
the exposed cohort with the perfonnance of a suitably
matched control or referent group.
There an:: compelling reasons to include comprehen
sive olfactory evaluations and appropriately matched
control groups into occupational evaluations. In studies
that measured both peripheral (odor detection) and cen
tral (odor identification) olfactory function within the
same exposed individuals, occupational exposure to cad
mium 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 cadmium
exposed workers was compared with a group of age- and
gender-matched controls, only detection sensitivity dif
fered between the two groups [Rose et a1., 1992]. The pre
sent study, therefore, attempted to address previous
. shortcomings in the characterization of chemical-expo
sure effects on·olfaction by coupling a thorough evalua
tion 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 deLection thresholds and odor idl;'ntifica
Han tests, respectively) and a spelific tl;'st of exposure
induced adaptation (detection thrl'sholds for styrene).
If either historic or current I;'xpusurc to styrene pro
duced generalized olfactory d<lmage, we would expect to
find that the prevalencl;' of olfactory dysftmction would
be greater among workers with exposure to styrene than
in the general population, as measured by our normative
clinical datil base. However, due to the potential con
founding effects of a variety of geographic, local environ
mental, and lifest}'le facLors, we also recruited and exam
ined olfactory function in a group of referenl<; who were
similar to the workers with respect to socia-economic sta
tus, geographic location, and matched for age and gen
der. Comparisons between these groups were expected to
reveal whether occupational exposure to styrene pro
duces any olfactory loss or dysfunction above and
beyond age- or health-associated effects found among
workers of this socio-economic status, generally.

Site SelectiDn
Workers in the reinforced-plastics industry were selected
as the study group because the highest occupational expo
sures to styrene are reported to occur in this industry
[Lemasters l't al., 1985]. Solicitation letters were sent to
approximately 30 candidate companies that manufac
tured reinforced-plastics and composite products, inviting
them to participate in the study. Of those indicating inter
est in participating, we determined eligibility according to
criteria described by Lees et al. [2002]. Based on these cri
teria, four facilities were selected to participate in the
study; two factories engaged in the manufacture of fiber
glass-reinforced shower and tub enclosures using an
open-mold process, one factory that manufactured rein
forced-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.
SlIbjects
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 confoundi.·ng effects of a
wide range of social, economic, and envirorunental factors,
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we also tested a comparison worker group, comprised of
workers from the same geographical region and having
similar socia-economic staLus but no chemical exposure.
All medical/ occupational questionnaire responses
were masked with respect to cohort/control g;roup mem
bership and reviewed by the director of the chemosenso
ry disorders clinic and the occupational physician to
screen for medical conditions and prior exposure to envi
ronmental agents or chemicals, olher thal1 slyrrlle, that
were known or suspected to affect olfactory function.
Respondents were sorled into three categories; (1) eligi
ble, (2) eligible but requiring additional clarification on
certain aspects of their medical/ exposure history, and (3)
ineligible. Workers in the first hvo 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 he
of data collection. The control subjects who participated on
their own time were compensated for their participation.
Sixty-hvo exposed workers and sixty-seven controls
were tested in the study. On the basis of follow-up ques
tions at the time of test, eight of the exposed workers and
three control subjects were excluded because of pre-exist
ing medical conditions or exposure to other chemicals
potenlially causative of oUactory 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 infifty-two subjects in each group. The selection
procedure for dropping control subjects was blind with
respect to oUactory 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 Sti/lwl,IS Prepara/ioll

Styrene monomer (Sigma-Aldrich) and phenylethyl alco
hol (Sigma-Aldrich) were used as stimuli in the odor
detection (ests. Styrene was diluted into odorless, light,
white mineral oil in an IS-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-stcp semi-log
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TABLE 1
Stimuli Used in Odor ldentificiltion Test
Identification

Chemical/odorant

Identification

Menthol

,-Menthol

Cloves

Rye bread

,,-Can'one

Licorice

Ttupentine

Terpinolene

Spearmint

Banana

Amy! acetat..

Smoke

Almond

Benzaldehyde

Wintergreen

Strong cheese

Butyric acid

Cinnamon

Fish

Triethylamine

Coconut

Peanut butter

Ethylpyrazine

Ruot beer

Vrnegar

Acetic acid

Rose

Vanilla

Vanillin

Strawberry

dilution series, starting with a concentration ol 100% v / v.
The dilutions were placed into clean, 280 ml glass.bottles,
fitted with a flip-top cap into which a Teflun 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).ln a typi
cal 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 m!) 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, polyeth
ylene snap cap (Wheaton) and covered with parafilrn
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 boUles with flip caps
(Wheaton). Each bottle contained a total of 5 ml of odor
ant 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 stim
uli 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.

'/('slillg PruC('dllrc
All olfactory tests were
administered in il styrene
frec environment (as estilb
lished by area samples using
active-sampling technology
Chemical/odorant
--- ------ to be below .the analytical
E.ugenol
limit of detection, <1 ppm
Anethol
styrene). An exposed work
L-Carvonc
ers were tested during their
Guaiaicol
regular 8- or 10-hI work·
Methyl salicylate
shift (day, evening.. or night).
Workers assumed their reg
Cinnamaldehyde
ular duties for a minimum
Octalactone
of l·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 immedi
ately 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 altemated
as much as possible during eadt day of testing.
All volunteers were tested individually in a single ses
sion that lasted approximately 10 hr. Subjects were asked
to refrain from smoking.. eating.. chewing candy, or drink.
ing 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 identifi
cation test was administered followed by an odor identi
fication assessment.
Medical His/ory aud Screellillg Questionnaire
Prior to the olfactory evaluation, each volunteer's
responses to the medical history que-'1tionnaire were
again reviewed with the tester; when necessary, follow
up questions elicited additional information about specif
ic nasaI, allergy or sinus problems, head or facial injuries
and surgeries, exposures to environmental agents, and
medications used that may contribute to or cause olfacto
ry dysfunction.
Olfactory Defedioll Threslm/ds
Olfactory detection thresholds were obtained by using an
objective, two alternative, forced choice, modified stair
case 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 meilsure with a relatively snlall
number of triab [\Vetherill and LeviU, 1965; Dalton and
Wysocki, 1996]. Thresholds for styrene and PEA were
obtained sequentially, with the order of te.~t counter-bal
anced across sllbjecl~. On each trial, the subject was pre
sented 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 deter
mined from a pilot study, the starting dilution step for
styrene was step 8 and for PEA was step II.
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 odoranL~. Presentation of increasing or decreasing
concentrations continued until the individual had
achieved fh'e reversals (a reversal is defined as two cor
rect identificatiom followed by one incorrect one, or one
incorrect identification followed by two correct ones, at a
given concentration step).
ReJrol1flSI1/ Odor ldentification
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 stim
ulus names from a given list.
Odor Identification Test
Each odorant was presented hvice resulting in a forty
item 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 diffi
culty in the task, subjects were permitted .to take more
than one sniff prior to choosing the answer.
Criteri(l for Clinical Abllonllulity
The classification of olfactory dysfunction or loss among
the workers tested was based upon previously establi<;hed
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
normallimils was regarded as a measure of occupational
adaptfllion to styrene, but not a clinical abnormillity per
St'. If subjects reportt'd odor quality distortions on the
questionnaire, a primary diagnosis of dysosmia (distor
tions in odor (juality) was assigned when (I) the PEA
threshold fell within normal limits and (2) the odor identi
fication score fell below criterion performance. A primary
diagnosis of hyposmia was aSSigned when PEA threshold
fell above the concentration step of 0.01% \' I 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 sensitivit)'
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 majori
ty of our study group was comprised of individuals
between 21-50 with only 5 individuals in each h'TOUP who
were between 50 and 60 years of age.
The retronasal odor identification test provided anoth
er 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 orthomisal or retronasal presentation was indica
tive of clinical abnormality.
As.s!sslllenf o/CmTl!11t (lnd Past OCCllpanonll/ Exposure to Styrene
Establishment of a relationship between occupational
exposure to styrene and any observed olfactory dysfunc
tion 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 par
ticipated 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
fuU-shift, personal air sampling, and biological monitor
ing of each enrolled worker.
Since any effect of styrene on the human olfactory sys
tern 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 uri
nalysis for metabolites of styrene (mandelic acid and
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phenylglyoxylic ilcid) [GotcH
l't ill., 1972; MjzlUlUma et ill.,

1993]. Por each worker, p~
;md post-shift urine silmpll'~
wece collected on the Jay
prior to the one in which
they wefe tested for olfacto
ry function. For each control
subject, a single LUine sam
ple was obtained at the time
of their o](actory test.

TABLE 2
Demographic Chilfi1ctl'ristics of Pacticipants
Age mean
Styccne expo duration
_ _ _ _ Total n~emales.~a~ _ _ Smoke~mean years & range)
Workers
52
6
37.6 (21-60)
35
12.5 (4-41)
Controls
52
6
36.7 (21-57)
27
0

Allalysis
Thresholds for PEA and styrene were calculated by tak
ing the mean of the dilution steps representing the last
four re\'ersals 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 I'EA). Scores on the retronasal tri
als 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 eyery correct answt;'r 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 thresh
olds, 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 differ
ences among the workers and controls on styrene sensi
tivity, a one-way ANaVA was performed on the individ
ual styrene thresholds. Multiple linear regression was
used to evaluate significant differences, if any, among
groups on any of the olfactory measures.
0/11/1

The highest air concentration measurements were con
fined to three individuals wearing respiratory protection,
but the use of respirators en"ured that their actual styrene
exposures were con~iderably less than those measured.
In order to adjust the air exposure data, a respiratory
protection factor (RPF) was detennined for a group of
wurkers at one site who were currently using respirators
[Lees et al., 2002] and an RPF uf 5 was subsequently used.
With the exception of Site 4, the measurements of cur
rent 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, pro
duction (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 spec
tro~copy. Table 4 shows the pre- and post-shift means and
ranges of both metabolites for the workers tested. As
expected, the leyels of styrene metabolites for all control
subjects were below the limit of detection (0.02 giL).

TABLE 3
Mean and Standard Deviations of Airborne Styrene
.Concentrations by Study Site

RESULTS
.The demographic characteristics of each group are pre
sented in Table 2.

Currellt Workplace Envirollnlellial Erposllres
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.

Site 1
Day 1 58.8(34.6)
(ppm)

Site 2
18.2(23.3)

Site 3

Site 4
12.6(9.1)

Avg.
20.6

Day 2 65.5(44.7)
(ppm)

15B(15.8)

14.1(92) 11.3(6.9)

24.5

'Air not sampled on day 1 at this site.
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TABLE 4
Means and Ranges of Urinary Metabolites of Styrene

Workers

MA pl1:'-shift

MAPost-shift

PGA Pre-shift

PGA Post-shifl

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 gIg creatinine
corrected.

TABLE 5

--_ _-_._..

Means and Ranges of Historic Exposures 10 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 quan
tities of acetone to clean
rollers and chopper guns.
Although the level of expo
sure to acetone is unknown,
its usc has been discontin
ued within Ihe last 5 years at
all siLes studied except Site
3. In <1ddition, Site 3 uses a
small amount of methyl
methacrylate in the produc
tion of panels. Air concen
trations of methyl methacry
late ranged from 0 to 28 ppm
(mean = 6.7 ppm) Ivhen
measured in the late 1980s.
More recent measurements
are not available.

Evaillanoll ofO/foclory
Flillclio/!: E:tposed Workers Vs.
Conlrols
The group means, standard
deviations and ranges of
scores for the Ihree clinical lesl<; of olfactory function arc
presented in Table 6. Separate, one-way ANOVAs per
formed 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, rhe styrene threshold for exposed workers was
almost four dilution steps (j.e., 32-fold) higher than for the
unexposed control subjects (10.6 vs. 14.3, workers and con-

Hisfork Workplace Ellvirollmelltal Exposures
Individual historic styrene exposure profiles were devel
oped for every study participant using job title-based esti
mates of annual average styrene exposure for each year of
employment. After accounting for respirator use, a cumu
lative "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 pre
vious section except that the calculation of effective expo
sures (to -account for the historic use of respirators by a
small number of individuals), dramatically reduced the
upper end of the expo~ distribution (see Table 5).
While both current and
historic exposure measure
ments focused on styrene, a TABLE 6
subset of workers in some of
these facilities were exposed Performance on the clinical tests of olfactory function
a variety of other chemi
cals. In addition to a wide
Workers
range of catalysts and other
Test
Mean (s.d.) Range
additives to the styrene'
5.5-20.0
PEA threshold (dilution step 0-20)
16.67 (4.5)
resins (e.g., brominated
2.0-10.0
£lame retardants) used over Retronasal ID (number correct of 10) 8.11 (1.8)
Odor ID (number correct of 40)
34.80 (2.6) 27.0-39.5
the last two decades, lami
nators (gunners and rollers)

to
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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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troIs, respectively), Stratifying the groups by age (in
decades) revealed that this difference was not uniform
across ,all workers in our sample. A~ shown in Figure I, the
youngest workers and controls showed small, but signifi
cant differences in their sensitivity to styrt'ne during their
3rd (n=26) and 4th (n~36) decades. However, the greatest
reduction in sensitivity to styrene was shown by the work
ers 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 expo
SUTC to stYTCne (r=0.31), the marked decline in sensitivity
to styrene in older \\'orkers 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 effect~
of exposure duration (P<O.03). Importantly, as shown in
the inset graph depicting PEA thresholds as a function of
age for both groups, there were no age-ilSSociated changes
in sensitivity to PEA among workers or controls.

FIGURE 1

Styrene thresholds and PEA thresholds (inset graph) as a
function of occupational exposure an? age (in decades).
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EvallluHolJ of Olf(1c/ory Funclion: Incidence ofClillical
Abnorlll(1lity
To evaluate the incidence of clinical dysfunction (hypos
mia, dysosmia, or anosmia) among either exposed workers
or controls, we compared each subject's threshold for PEA
and their score on the odor identification tcst with the cut
off scores for olfactory function as determined by the nor
mative sample obtained from the Monel-Jefferson CeRe
database. No Significant differences in test performance
were found behvecn 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
betw"een 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 (25%; z=131, P=O.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 fac
tors, such as dietary experience or cultural practices; odor
identification tests are known to be influenced by previ
ous exposure to odorants [Doty et aI., 1996]. Our norma
tive sample was drawn predOminantly from an urban
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~0--50
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A"
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 advenie effect on olfac
tory 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 compar
ison group of unexposed controls. Given the widespread
use and validation of these or similar tests to diagnose
and identify olfactory dysfunction in many clinical set
tings [e.g., Cain et ai., 1988], we are confidentthat these
evaluations have been able to reveal any patterfL~ of gen
eralized 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 corre
lates well with the workers' self-reported olfactory per
formance. Only a few workers reported problems with
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their sense of smell and of these complainants, only one
individual ~howed evidence of any ilbnormality on objf'c
tive olfactory evaluation.
Occupational exposure to styrene affected sensitivity
to styrene, but this effect is f'xpected and consistent with
specific, exposure-induced effect of adaptiltion-which
can be observed in a variety of field settings and also in
the laboratory following f'ven brief exposures to volatile
chemicals [Ahlstrom et ai., 1986; Dalton and Wysocki,
1996; Wysocki et al., 1997]. The present study revealed,
huwever, that this exposure-related decrement was more
pronounced among older workers than younger ones.
Given that 0) all workers had been working in their reg
ular position (and exposed to styrf'ne vapor) for a mini
mum of one hour prior to olfactory testing and that (2)
neither age nor exposure duration were significant pre
dictors of variation in any of the other olfactory mea
sures, a plausible explanation for the age-related effect on
styrene thresholds among the worken; is that occupation
al olfactory adaptation (in this case to styrene) is both
more profound and more persistent among older work
ers than younger ones. Age-related differences in the
kinetics of olfactory adaptation have been noted previ
ously when Stevens et al. found that the rate and degree
of adaptation accelerated while recovery decelerated
with age [Stevens et aI., 19891. Although exposure
induced adaptation effects appear attenuated or
reversible follmving cessation of exposure [Ahlstrom et
aI., ·1986; Gagnon et al., 1994; Mergler and Beauvais,
1992], the time course of recovery after long-term expo
sure 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 expo
sure 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 can
not 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 pre
sent, 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 relation
ship between long-term styrene exposure and adverse
effects on olfactory function as demonstrated by the cur
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rent study with the presenct' of significilnt olfactory
lesion~ in experimental ilnim~ls exposed at similar con
centrations? ComparatiVe studies of nasal uptake and
metabolism in rodents anu humans hil\'e identiHl'd sever
al filctors 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 ilnatomi
cal differences between the nasal passages of ral,>, mice,
and humans that result in alterations in the volume ~nd
patterns of airflow. Thus, one explanation for the discrep
ancy between animal studies and the current functional
assessment is that the inhaled styrene v·apor may deposit
in the nasal passages of humans, but unlike in rodents,
high levels of deposition do not occur in areas that sub
sen'e olfaction. Evidence for this possibility comes from
experimental data [Morgan and Monticello, 1990] and
Lransport models of airflow that have been used to pre
dict and model the deposition of inhaled chemicals in the
nasal cavities of rodents fKimbell et aI., 1997] and
humans [Keyhani et al., 1997]. Based on anatomical casts
of the upper ainvays 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, 1990J. 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 Tadenl,>.
Alternatively (or additionally), biochemical differ
ences 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 function
al effects on humans exposed to styrene vapor. In the case
of styrene, the primary metabolic pathway is the oxida
tion by cytochromes P-450 to two enantiomeric fonns of
styrene oxide [Bond, 1989]. When this metabolic process
is prevented by pre-exposure to the cytochrome P-450
enzyme inhibitor (5-phenyl-l-pentyne), the development
of olfactory lesions in rodents foliowing exposure to
styrene does not occur [Green et aI., 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 respirato
ry tissue and found important differences in the metabol-
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ic activity of ~t)'rene across these ~pecies [Green et aI.,
2001]. Specific<1l1y, rat ,md mouse nasilJ respiratory frac
tions wer~ found to cont<1in high concentr<1lions of the
IWO cytochrome P-450 isoforms nccessary for the conver
sion of styrene into· styrene oxide, where<1s human n<1sal
fractions did not. Species differences in the nasal metabo
lism of other chemicals that produce ral nasal tumors
have been recently reported as well [Green et aI., 20001,
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 dif
ferences 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 expo
sure-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 expo
sure 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. 1£ this were the case, although worker
complaints about chemical odor/irritation have been
reduced, we would have also expected 10 find a higher
prevalence of olfaclory dysfunction/lowered sensitivity
among the worker population than the unexposed con
trols, which we did not observe.
Another limitation of a cross-sectional study is the
inability to measure changes in olfaction from apre-cxpo
sure or baseline level. We cannot, for example, rule out
the possibility that the styrene-exposed workers, we test
ed, had better-than-average olfactory ability prior to
styrene exposure. If this were the case, however, the com
parison of the perfonnance of the styrene-exposed work
ers with a carefully matched control group and the no[-·
mative sample from our database strongly suggests thai
(1) both the exposed workers and the control group had
roughly equivalent oUactory ability prior to workplace
exposure, and the exposed workers gradually lost sensi
tivity 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, sen'ing as their own
controls, art' assessed periodically acros~ the course of
their occupational exposure.
Much of the prior evidence for olfactory dysfunction
subsequent to chemical expo~ure has been derived from
anecdotal reports and case studies JEmmett, 1976;
Prudhomme et ai., 1998]. In the present study, each work
er's personal exposrue history was developed and docu
mented through careful examination of work records,
industrial hygiene sUfl'e),s, plant records, and personal
medical/occupational history inten'iews. Moreover, the
performance of styrene-exposed workers was compared
with the perfonnance of an appropriately malched refer
ent group and with the normative measures of perfor
mance from our clinical database. Equally important, the
olfactory assessments used in the current study were log
ical, comprehensive, and known to be capable of detect
ing 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 epithe
lium of rodents, the present study found no evidence
among a cross-section of reinforced-plastics workers that
current or historical exposure to styrene wa~ associated
with impairment of general olfactory function. Taken
together with animal and human anatomical and meta
bolic data, the current results strongly suggest that
styrene at these exposure levels is not an olfactory toxi
cant in humans.
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BllrkgrOllud
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 his
tories of each subject for usc in the interpre

Without quantitative
measures of exposure,
findings and
conclusions are of
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limited usefulness. The
use of exposure

MetJlOr/s
Current and historic exposures were investi
gated. Historic exposures were reconstruct
ed from employment records and measure
ments of styrene exposure made in the
subject facilities over the last 15 years.
Current exposures wen! estimated for every
exposed subject though personal air sam
pling and through pre- and post-shift mea
surements of urinary metabolites of styrene.

information in this
Results

manner is critical for the
development of
defensible assessments
of the risk of exposure
to occupational and
environmental agents
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tation of the results of olfactory function
testing.

and, in tum, to the
standards setting
process.
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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) respirator
corrected annual average styrene exposure
was 12.6 ± lOA ppm; mean cumulative
exposure was 156 ± aD ppm-years. The cur
rent respirator-corrected 8-hr TWA average
exposure was 15.1 ± 12.0 ppm. The mean
post-shift urinary mandelic and phenylgly
oxylic add (PCA) concentrations were, sao
± 1,300 and 170 ± 360 mgi g creatinine,
respectively and were highly correlated
with air concentrations of styrene.
COI1c1usiOfIS

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 olfacto
ry function.
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INTRODUCTION
The r.'stablishment of a relationship useful for lluantita
ti\'e risk assessment betwt'r.'n occupationill 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 sf):rene exposure infomlation for a group of
workers who were the subjects of a simultaneous study
examining the possible olfactory dysfunction resulting
from this exposure [Dalton et aI., 2UU3]. As the olfactory
study was designed to differentiate between the olfactory
e[fecl.. of chronic and acute exposures, accurate estima
tion of short- and long-term exposures was of concern.
Short-tenn (current) exposures were estimated through
measurement of the concentration of styrene in air in the
workers' breathing <:oncs during the two shifts immedi
ately prior to olfactory testing and tluough the concur
rent measurement of urinary biomarkers of exposure.
Chronic exposures over the subjects' employment histo
ries 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 dear colorless liquid with a highly characteris
tic pungent odor, detectable at concentrations >0.32 ppm
[Amoore and Hautala, 1983] and highly irritating at con
centrations >100 ppm [Stewart et al., 1968]. Recent produc
tion 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 produc
tion of polymers and copolymers, including polystyrene,
styrene-butadiene-rubber, styrene-butadiene-Iatex, and a
variety of different resins. Styrene monomer is combined
with polyester resins and serves as a cross-linlcing 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
IBerode et ai., 1985; l'~L.zagno et ai., 1985; Wieczorek,
1985; \'l'ln"as et ai., 1993; Nylander-Frl;'llch ct aI., 1999J
suggest that styrene may bl;' readily ab~orbed through the
skin, in the workplace exposure to styrene is primarily
via inhalation. Brook.. et al. [19801 suggest that the poly
ester resin/sf)'rene complex is sufficiently different from
pure styrene test exposures "that percutaneous absorp
tion of styrene is not an important rouLe of exposure in
the reinforced plastics industry" [Brooks et al., 1980}.
Reinforced plastics are produced by a variety of manu
facturing methods using open, semi-open, and dosed pro
duction processes. Because they produce vapor 'exposures
in the range of interest for the study of olfactory effects,
the open production processes arc of particular impor
tance to this study. ExposLUes related to two open produc
Lion 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 exposLUes [LeMasters et aI., 1985]. In this method,
a pigmented gel coat of styrene-polyester resin is initially
sprayed onto an open mold (male or female). The gcl 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 simultane
ously onto the mold through the use of a hand-held chop
per gun. The components mix in the air; on the mold, the
mixture is hand rolled to consolidate the material (elimi
nate 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 al..o entail high exposures
to styrene [LeMasters et aI., 1985}. In this method, succes
sive layers of a woven reinforcing fabric, frequently fiber
glass, are placed on a mold; each layer is manually saturat
ed with resin as the item is fabricated. The manual lay-up
operations included in this study were limited to the fabri
cation of large fan blades using sheet molding compound
(SMC) "pre-pregs;" wet or in-process impregnation meth·
ods 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 manufactur
ing process. They are tramported to the fabrication site (in
this case elsewhere in the manufacturing facility) where
they are manually rut and applied to a mold in sequential
layers to build up the item being fabricated. After fabrica
tion L.. complete, the piece is allowed to cure in an auto
clave at elevated pressure and elevated temperature.
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The semi-open production proces~ studied involved
the production of fibergla~s-reinforcl'd styrene polyester
panels_ In thi~ continuou~ highly autom<lted process,
styrene resin is spread to the appropriate thkknes.~ onto a
sheet of ccllophane lUHvound {rom a large rol]. Chopped
fiberglass fibers arc allowed to fall onto the resin before
the mixture i~ passed between sets of rollers, which com
press 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
~heets, 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 pre
mix. 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, temperatme, and time the dies are together
arc specified for the subsequent curing process.
There is a modest literature summarizing worker
styrene exposures in the reinforced-plastics industry
[Schumacher et aI., 1981; Ikeda et al., 1982j Crandall and
Hartle, 1985; LeMasters et al., 1985; Andersson et aI.,
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 behveen 1974 and 1981
at 36 facilities, styrene exposures were grouped by indus
try product category [Lemasters et aI., 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 a<;sumed
from context to be B-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 fab
rication 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 associat
ed with mean exposures less than 20 ppm. Chopper gun
operators were consistently among the most highly
exposed across aU studies.
Interestingly, historical exposures (20 years ago)
reported in the literature did not seem to vary substan
tially' from those concentrations measured as a part of
this study. An additional historical perspective, primarily

from the bO<lt fabrication industry, indicated that only a
litlle more thilil <I third of the exposed emplo),ees wore
approved respiriltory protective equipment (Rl'E)
[Schumacher et <II., 1981].
US and international exposure li:mits [or styrene have
undergone <I steady decline over the last 30 years. In the
US, the threshold limit value (TLV~) for styrene, a guide
line published by the American Conference of
Governmental Industrial Hygienists (ACGIH), has
declined from 100 ppm as an 8-hr'J'WA prior to 1975, to 50
ppm in 1975, and finally to 20 ppm in 1997 [American
Conference of Governmentallndustrial Hygienists, 19971.
The permissible exposure limit (PEL), a regulatory limit
p~mulgated by the US Occupational Safety and Health
Administration (OSHA), officially remains at 100 ppm
[Occupational Safety and Health Administration, 2000],
althou'gh 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 TI.V reduction
was adopted based on evidence related to the prevention
of peripheral and central nen'ous system effects and to
further minimize the potential for irritation [American
Conference of Governmental Industrial Hygienists, 19971.
In addition to exposure limits based on air concentra
tions of styrene, ACGrn has developed recommended
maximum concentrations of urinary metabolites of
styrene, termed biological exposure indices (BEI)
{American Conference of Governmental Industrial
Hygienists, 19961. The recommended post-shift BEl [or
mandelic acid (MA) concentration is 800 mg/g creatinine
and that for phenylgIyoxyJic acid (PGA) is 240 mg/g cre
atinine. (Note that these BEl's were adopted in 1986 and
have not been revised to reflect reduction of the TIN in
1997.) MA represents apprOXimately 85% and PGA
approximately 10% of the styrene excreted {American
Conference of Governmental Industrial Hygienists,
19961. 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 (tv. '*-B hr) and the
PGA value reflects a somewhat slower pathway
(ty, ",8-16 hr) [American Conference of Governmental
Industrial Hygie~ts, 19961. For this reason, the Gennan
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 critl'ri<l. These criteria aTl' fully elUunerateu in the
companion paper [Dalton et ai., 2003J. Of critical impor
tance to the exposure aSSl'ssment 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, infor
mation on historic respirator use, and the existence of at
least a modest amount (three slln'eys) of suitably document
ed and identifiable historic air monitoring data for styrene.
Based on these criteria, four sites Ivere 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%) poly
ester resin systems. Sites land 2 produced fiberglass
reinforced bathtubs and shower enclosures through stan
dard manual spray-up techniques using a chopper gun.
The resin system and chopped fiberglass roving were
sprayed onto male molds and cured at room tempera
tures. Production was a completely manual, labor-inten
sive process involving gcl coating, barrier coating, and
two laminating steps with associated rolling and trim
ming. 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 doc
tored onto a web, sprinkled with chopped fiberglass cov-

ing and compressed by passing through a series of
rollers. A continuous shed of fiberglass-reinforced plastic
either 5'1 or 108 inches wide was produced and cured at
elevated temperature in an enclosed ventilated ovel}.
There were three production lines. This process was high.
ly automated with only a few Workl'TS in the immediate
vicinity of the uncured resin. The "press" and curing
ovens were nearly fully enclosed and vcntilated.
Site 4 had the fewest workers of the four facilities stud
ied and was the only site with a single shift production
schedule. All products Iwre milnufactured at this site
either through hand lay-up of SMC or compression die
molding of BMC. All die-molding operations were manu
ally fed. The BMC and SMC used in these operations were
produced on site. The SMC product was cured at an ele
vated 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 his
toric 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. Tn these cases, NIOSH-approved dual organic (char
coal) cartridge half-face masks were used. Prior to about
1986, respirator use was optional at all four sites and
detennined 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

Sitel

Site 2

Site3

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

60
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ASSESSMENT OF HISTORIC EXPOSURES
MellIOGs
All sites selected for inclusion in the study hild [ecorcis of
a series of personal meaSLlrements of worker styrene
exposures covering a period of time roughly contempo
rary with the cmploymt:'nt of the study subjects. All esti
maLes of historic,exposure wefC derived from these data
and from the exposure meaSU[Cffit!nts collected as pilft of
this study immediately preceding the oUactory function
evaluations. All reconstructions of worker exposures
were sHe-specific, i.e., only data from that facility were
utilized and there was no a:;sumed relationship in expo
sures 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 recon
struction for the controisubjects was limited to question
naire 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 \,'ere
assumed [0 have no historic styrene exposure. At Si.te 2,
control subjects were selected from persons employed by
the same mmpany, but working at a location remote from
operations involving styrene. Air monitoring was con
ducted 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 proto
col for the utilization of the existing data was developed
and followed to provide a uniform approach to estimat
ing 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
his"toric exposures; the small number of 15 min peak sam
ples collected at two facilities were not used for this pur
pose.) Exposure estimates for facility-job title-year combi
nations without directly corresponding exposure data
were calculated according to the protocol using other
specified similar job titles and I or exposure data from
other specified years, as appropriate. Similar job titles
were defined based on similarity of cxposure levels and

were derived from exposure measllrements, from inter
I'icws with f<lcility pen;onnei, ilnd from re.~earcher obser
vations.
An exposure matrix based on job tille and rcar was
developed directly from the styrene monitoring data imd
from exposure estim<ltes 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 esti
mates 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 sub
jects with a history of respirator use, 13 subjects who had
used respirators at some point in their employment histo
ry were included in the study population. Some of these
individuals had ceased using respiratory protection prior
to this study; several subjects were currently using respi
ratory protection. Since the overall purpose of the expo
sure 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, neces
sary to account for the (presumed) reduction in inhala
tion 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 mea
sured concentration of styrene in air by an arbitrary fac
tor of five to derive an "effective exposure" estimate.
Although the respirator customarily used by this popula
tion 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 Histuric Exposure Me<1suremenls by Site
Measurement Parameter
Manufacturing method

_ _~S~ite,I.--;-_ _
Spray/
chopper gun

_ _--'S:cit,,", c - - 

Site 2

Site 4

Spray /
chopp!;!f gun

Sheel "press"

Hand lay-up
and die molding
6/14/1994

Date of earliest measurement

5/25/1988

7/30/1987

7/19/1988

Number of days with
measurement

579

472

41

4

7S3"

644'

68

22

Total number of measurements

-----

"Includes 8-hr, 4-hr, and IS-min samples.

RESULTS
Key descriptors of the exposure data used to reconstruct
historic exposures are presented in Table 2. Exposure
monitoring programs have been in place at Sites 1 and 2
since the mid- to late-I9BOs. As a pari of these programs,
the exposures of individuals employed in higher expo
sure jobs arc measured on an ongoing basis. The data
from these sites consist primarily of 4- and 8-hr air sam
ples, which are statistically indistinguishable by job tiUe,

and a limited number of 15 min samples (not used for cal
culations, but indicating higher peak concentrations).
Data frum Site 3 were also derived from a fonnal expo
sure-monitoring program similar to that in place in Sites
1 and 2, but of smaller ~ca1e. 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 uf four plant-wide sampling surveys (thrce
conducted by the facility's insurance carrier and one con
ducted 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=60,e); '"excludes values for three subjects with
unclear dates in job history.

Frequency distribution of cumulative effective styrene
exposures of US study population (n=49*); *excludes val
ues for three subjects with unclear dates in job history.
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TABLE 3
Summilry of Respiriltor-Corrccted

I-Ii~toric

Exposure Estimates U~ed for Styrene Exposed

Sllbject~

by Study Site,

8-hrTWA*
Ex~u~lIameter____

_

_

_ ____

SiteI

4
- - -Site2
- - - - - - -Site
- 3- - - -Site
------
Sheet
"press"

Hand lay-up
and die molding

13

16'

9

111

130

153

9

12

6

17

13

16

12
41
<1

16
16
77
<1
157
131
310
52

210
5
7
7
18

Milnufacttuing method

Spray /
chopper gun

Number of exposed subjects

11

Person-yeilrs of observation
Number of job titles (total)
Mean annual exposure, all jobs (ppm)
Median annual exposure, all jobs (ppm)
Maximum annual

expo~ure,

all jobs (ppm)

Minimum ilnnual exposure, all jobs (ppm)
Mean cumulative exposure, all jobs (ppm-years)
Median cumulative exposure, aU jobs (ppm-years)
Maximum cumulative exposure, all jobs (ppm-years)
Minimum cumulative exposure, a1] jobs (ppm-years)

55
<1
170
145
313
20

Spray /
chopper gun

132

122
289
30

<1

170
176
328
52

-  - .--

--

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

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 a1.,
2003J is presented by site as Table 3. In addition, the dis
tribution of annual average historic exposures and the
distribution of cumulative historic exposures are present
ed as Figures 1 and 2, respectively.
ASSESSMENT OF CURRENT EXPOSURES
Mel/lads
AU

Personal air samples were collected for each exposed sub
ject during the two shifts (one shift at Site 3) immediately
prior to olfactory assessment. Personal and/ or area sam
ples 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 test
ing. Duplicate air samples and field blanks wecc collected
throughout the course of the exposure evaluation for
quality control purposes.
Air samples were collected and analyzed in confor
mance with the National Institute for Occupational
Safety and Health (NIOSH) Method 1501 INational
Institute for Occupational Safety and Health, 1994] using
coconut shell charcoal sorbcnt tubes and personal sam
pling 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 detec
tor. 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 (lHLAP) for the gas
chromatographic method used for analysis of these
styrene samples.
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Biological
l're- and post-shift urinL' ~<lmples were collected in Clln
jlUlctioll with air sampling Oil the day before the olfactory
assessment. Paired urine samples were collectl'd from <Ill
exposed study subjects. Urine samples were not collected
from unexposed conuols with the exception of four con
trol subjects at Site 2 whose proximity to the manufactur
ing process suggested the need to confirm their nOIl
exposed status. All samples Wl'rl' colleeled in 40-ml vials
and immediately frozen on dry icc. The samples were
shipped at the end of each week Lo the laboratory where
they were kept frozen at -10·C until analyzed. MA and
PCA were analyzed by a method employing anion
exchange chromatography with suppressed conductivity
detection derived from Murer et al. [1994J; creatinine was
analyzed by a standard test kit based on a colorimet:ric
spectroscopic method (IL Tcst Creatinine;
Instrumentation Laboratory Company, Lexington, MA).
All MA and PCA concentrations are reported as creati
nine-corrected concentrations. Approximately 20% of the
urine samples were split for subsequent blinded dupli
cate analysis. All samples were analyzed as a single batch
by National Medical Laboratories (Willow Crove, PAl.
All exposed workers and control subjects pro\'ided
informed consent for their participation using a form that

FIGURE 3

Distribution of current measured 8-hr time weighted
average (nVA) effective styrene concl'ntrations for US
study population (n=99).

111l';ln 7 15.1 ppm
n,edbn -12.1 rpm

"

Slyre"e C(lnrentr~tiun (8 hour TIVA; ppm)

was approved by the Committee on Human Research of the
Johns Hopkins University School of Hygiene and Public
Healt~ (now the JHU Bloomberg School of Public Health)
and by thl' Committee for Studies Involving Human Beings
of the University of PCIlll5ylvarua. Volunteers were advised

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

Sitel

Site 2

Site 3

Site 4

Manufacturing method

Spray / chopper

Spray/chopper gun

Sheet "press"

Hand lay-up
and gun die molding

Samplcs{n)

31

2.

10

2

3

9

12

22

Samples with RPE (n).
Job tities (n)
Mean time (hr:min)

7;25

22
0

6
10;18

8:08

5
7'.13
Effectb
Actual

Concentration

Actual

Effectb

Actual

Effec~

Actual

Effectb

Mean (ppm)

55.0

24.1

18.2

13.9

16.8

14.8

9.2

9.2

Medi<lIl (ppm)

35.2

24.8

12.0

6.'

6.'

116

3.9

3.9

140.3

92.7

45.1

3.'
50.9

2.7

Maximum (ppm)

'.9
45.1

7.'
0.1

13.5

Minimum (ppm)

7.'
0.1

50.9

28.1

28.12

'Samples collected on persons wearing respiratory protective equipment (RPE).
'Effective exposure calculated by dividing air concentration by five for persons wearing RPE.
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that they were free to withdraw at any time. Workers con
tinued to receive full wages during the perioo of d<lta col
lection. The control sobject.~ who pMticipated on their
own time were compensated for their participation.
RESULTS

Air
The resulbl of air sampling are summarized in Table 4 illld
the dis·tribulion of air sampling results is presented as
Figure 3. Note that in add-ition to all exposed subjects, tht'
exposures of several additional persons are includl'd at
each site. These samples were collectl'd from pl'fsons who
were subsequently disqualified or otherwise excluded
from olfactory portion of the study, but still represent
valid measures to characterize the population's exposure.
Concentratiom of styrene in air are presented as 8-hr time
weighted averages. Samples were collected over the enUre
working period. At Sites 1,2, and 4, the working pl'riod
corresponded closely to 8 hi- and the resulting TWA's are
nearly identical to actual measured co.ncentrations. 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,. thi~ adjustment was required for inter
pretation of the olfactory testing results. For the most
part, this adjustment affected only persons with the high
est exposures (more likely to wear RPE), but thi~ was not
always so. At Site 1, styrene air concentrations were high
est, but RPE use was also greater than at other sites.
Adjustment of air concentrations lowered "effective"
exposure most dramatically at Site 1, with smaller adjust-
ments at Sites 2 and 3. Adjustment made mean and medi
an exposures more comparable across the sites.
Between-day variability of styrene concentrations was
moderate. Although thedata 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 variabil
ity in styrene exposure for an individual worker is mod
erate. 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 aU
job titles and sites, averaging approximately 100 ppm (job

-- ---- ---- --~

title-specific exposure estimates not pre~ented). Pl'rsons
with this job litle, however, \wre most likcly to we<lr RPE,
substantially reducing actual inhalation of styrene. At
Sites 1 illld 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 expo~ures at these sites
more homogeneous. Exposures at Site 3 were relatively
homogeneolls, averaging about 20 ppm, largely because
the production proceSs at this site was highly automated,
eliminating Ll~e intense contact with styrene present in tIll'
more Illanual processes. At Site 4, exposures were uni
formly 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% illld a mean absolute
difference of 5.0%. Th.is variability is weU within the pub
lished expected variability of the sampling and analytical
method. A paired Hest showed meam of the duplicates
not to be statistically different.

Urinary Biomarkers ofE:r]Josrlre
Pre- and po~t-shifl urine samples were collected from all
of the exposed subjects on the day prior to olfactory test
ing; the results of urinalysi~ 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 aU urine samples
from these control subjects were below the analytical limits
of detection (generally approximately 10-20 mg!g creati
nine for both MA and PGA, depending on the creatinine
concentration), confirming their non-exposure statLL'>.
Twenty-nine urine samples· were split immediately
after collection and submitted for blinded analysis of
MA, PGA, and creatinine. Overall results showed excel
lent reproducibility. Examination of the creatinine con
centrations, however, showed clear outlier values for two
of the duplicate samples (423 vs. 3,238 and 1,000 vs. 1,803
mg!mIl. 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
r'=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 ]'rt'- and Post-Shift Crcatinine-Corre("tcd Urinary Melilbolite Concentrillions (mg/ g crcilLinine) in Styrene
Exposed Workers
Site1

Site 2

Site 3

Site 4

~alrle and con~ntlation
Silmples (n)

Pre

Post

I'~

Posl

Pre

Post

Pre

Post

11

11

13

13

19

!vIA (mean)

210
190
20

1,740

90
40
<10

320
100
<10

19
260
210
<10

9
30
30
<10

6,980

1,020

1,040

490
160
80

390
60
50
<10

PGA (max)

510
130
90
40
470

2,250

270

90
30
30
<10
120

9
190
150
50
350
90
70
20
210

ManufactLUing method

Spray / chopper gun

MA (median)
MA(min)
MA(max)
PGA(mean)
PCA (median)
PGA(min)

670

200

BO

60
<10
170

90
60
<10
290

60
40
<10
210

Spray / chopper gun

80
60
<10
370

Sheet "press"

Hand lilY-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 strength
ens confidente 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-nonnal dislribution. The mean annual respirator-cor
rected historic exposure of the 52 study subjects encom
passing 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
subjl!cts' working histories was 156 ± 80 ppm-years. As
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opposed to the annual mean exposures, cumulative expo
sures were highly consistent acro~ 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 differ
ence better allowed for the examination of a possible dose
rate effect.
CIiTTeTlI

Exposllres

The results of air sampling undertaken immediately prior
to testing of subjects' olfactory function indicate styrene·
exposur:es generally consistent with those estimated hom
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 expo
sure reported in this paper, 15.1 ppm, therefore, under
s~tes actual air concentrations of styrene. Actual styrene
concentrations measured (n=99) exceeded the current 20
ppm TI..V in 39% of the samples, exceeded the current 50
ppm OSHA consent level in 1170 of the samples, and
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omitted from this analy·
sis. These correlations
confirm for this popula
tion the pre"iollsly
Relationshi p between airborne styrene and post-shift urinary metabolite concentrations
rcported
conclusion
by worker respirator usc status for US study population.
[Ramsay et aI., 1980;
Pezzagno et aI., 1985;
•
•
Guillemin and Berode,
1988] lhat MA and PGA
are good predictors of
recenl exposure as mea
•
sured by air concentra
tion of styrene. There is,
•
unfortunately, no bio
marker of long-term
(month.s or years) styrene
exposLUe.
Figure 4 presents the
relationship between
.. W",k~n; without fl!<;piraton; (n'=,18)
• Worhn; with respiralor:; (n'=~)
(log) air styrene concen
......,J..inl·M (Workl'n; wilholll re.<pir.,lorn (n'=,18))
tration and (log) sum of
urinary MA and PGA
concentrations. As above,
2.0
2.5
o
LO
the four persons wearing
0.'
Jog {S-hourTIVAslyrenc con,;,:,ntralion): ppm
RPE are excluded from
the calculation of the
regression coefficient.
The correlation coefficient (r'=0.75) for this analysis is
exceeded the rurrent 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 func
a consistent increase between pre-shift and post-shift
tion of the different kinetics of metabolism (or 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
MeasLUes 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 effed from wearing
strongly influenced by a substantial number of very high
values. Mean post-shift MA and PGA concentrations at
RPE.
Site 1 exceed the recommended BEl's; the corresponding
The use of respirators was not a major factor in expo
values at Sites 2, 3, and 4 are well below the BEl's,
sure measurement or estimation except for Site 1. Because
although single maximum values at Sites 2 and 3 exceed
of a variety of factors, nearly half of the workers tested at
the BEl's. Combined urinary metabolite concentrations
Site 1 wore RPE during their work shift. Actual inhalation
exposure.'i 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 exp~sure were
concentrations by an arbitrary factor of five. The appar
found to be highly correlated with measured air concen
ent disparity between estimated RPE-corrected exposures
trations (r'=O.78 for log MA concentration vs.log styrene
concentration and r'=0.51 for log PGA concentration vs.
and metabolite concentrations at Site 1 suggests that, on
log styrene concentration). Persons wearing RPE were
average, the respiratory protection factor may not be as
FIGURE 4

,

••

,
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high as assumed. At the \'ery least, it is apparent that
there may be a wide range of respiratory protection facto~
(and resultant effective exposures) across indi"idu<lis,
suggesting possible mis-assignment of effectivl' l'XpO
SUfCS (or at le<lst a few workers.

American Conference of GovernmenLal Industrial
Hygh.'llists. 1997. Documenlation of threshold limit val
ues and biological exposure iodin's: TLV for styren!;'.
American Conference of Govl'rnmental Industrial
Hygienists. Cincinnati, on

CONCLUSIONS

Amoore JE, Hautala I:. 1983. Odor as an aid to chemical
safety: Odor thresholds compared with threshold limit
values and volatilities for 214 industrial chemicab in air
and water dilution. 1 A ppl Toxicol 3(6): 2.72-290.

The historic and current estim<ltes of styrene exposure
were consistent with each other and consistent with other
published reports. Historic exposures were generally
consistent across the four stud)' sites, while Utere were
indications from both air sampling and urinary metabo
Jite measures that Clurent exposures at Site 1 are some
what higher than at the other three sites. While the respi
rator-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 cru
cial 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--respome
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 conclusiom 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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Neuropsychological Effects
of Styrene Exposure:
Review of Literature Published 1990 - 2003
REPORT TO THE STYRENE INFORMATION AND RESEARCH CENTER

Leyfn BngirzadelJ, JereJ/ly Bench, Nicola Cherry,
DepartmeJ1t afPublic Health Sciences, University of All)erta.

PART I

Critical Review of Studies
since 1990

Studies published since
1990 are, in general, of
high quality and avoid

INTRODUcrlQN

Following a literature search conducted by
Leyla Bagirzadeh, 20 papers relevant Lo Lhe
effects of styrene on the human nervous
system and published since 1990 were
located. These excluded effects on the visu
al 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 mea
sures, 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
consider~d 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. 1bis 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 impor
tant to recognise that many of the studies
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many of the pitfalls of
the earlier studies of
neurobehavioral effects.
The conclusions drawn
by the authors are
usually appropriately
modest and point 10 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 neurophysiolog
ical changes, it is important to distinguish
behveen effects resulting from acute expo
sure (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 relation
ships, if there are important differences in
metabolism then results from such analYSis
may be difficult to extrapolate to exposure
standards expressed in respirable concen
trations. The role of prE, 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 !his report to interpret the data in terms
of a 'no effect' level, only one paper explic
itly analyses data in this way.
The paragraph on exposure is immedi
ately followed by ones outlining the statis
tical methods used and the broad results
obtained. This is followed by a paragraph
on confounding and on the extent to which
aLLempts 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
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graphs of ~ach r~view report briefly th~ authors' main
conclusions and those of th~ reviewers.
Although tlwre are issues of I'alidity and interpreta
tion that are common to most of the studies reviewed,
their relative importance rJiffer.~ \\·ith the design and out
come used. The overview that follo\\'s considers in tum
the 4 main outcom~s outlined above. Within each section
studies are consid~red in ord~r of publication date, the
earliest study being di.scussed first.
1.0 MORTALITY

1.1 Three studies hilve been reported, from Denmark
(Kolstad et al. 1995), from the EUrOpean styrene cohort
(Welp ct al. 1996) and from the US cohort (WO)1g and
Trent, 1999). This review considers only dealhs from dis
eases 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 stud)" published first, drew appropriate
aUention to an apparent increased risk of neurodegenera
tive diseases, based on a small number of deaths.
Subsequent analysis of the ·Eu·ropean cohort produc~d
results that were consistent with the Danish study but it
is not clear that th~ 2 were independent. The Danish
study was based on workers from 386 reinforced plastic
companies. The European cohort included 287 Danish
plants. Tn discussion of this latter paper, Wong and nent
report that the excess of deaths from nervous system dis
ease 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 par
ticularly 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 ade
quacy 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 disor
ders of the central nervous system that become apparent
much later in life. Second, mortality is a very crude indi
cation 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 ner
vous system found, the absence of information on
lifestyle confounders, particularly alcohol, may compli
cate interpretation.

[.2 Implications for Ass~ssment of "No Effect"
All 3 cohorts included subjects who were employed dur
ing periods (certainly before 1970 and p~rhi1p later)
wh~re exposures mar \\"ell have exceeded currt'nt limit
values. Given thilt no consistent effect has been obserl'~d,
extrapolation is difficult.

2.0 NEUROPHYSIOLOGICAL MEASURES

2.1 FiI'e papers were reviewed undeI this ht!ading. 1)
Matikaincn et al. (1993) examined EEG, 2) Murata et al
(1991) and Stetkarova et al. (1993) used somatosensory
evoked potenlials, 3) Pierce el al. (1998) measured the·
P300 auditory event related evoked potential and 4)
Murata et al. (1991) and Yuasa et al. (1993) measured
peripheral nen'e conduction parameters. Murata et al.
(1991) also interpreted variation in R-R interval from elec
trocardiograph traces as a measure of autonomic nervous
system function.
This ~,'TOUp of studies is somewhat diffieldt to review.
The approach is valuable, in that it provides measures of
nen'ous 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 exc~p
tion 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 experi
ence in work of this sort.
The results, however, give a mixed picture of the toxic
ity 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 auto
mated 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 somata-sensory evoked poten
tials. 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 volun
teers 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 ner
VOlIS system in the styrene exposed group.
A numbl'r of studies have also measured peripheral
nerve conduclion as a possible marker of styrene toxicity,
Murata d al: (1991) reported signilic'Ult sl~)lI'ing of sensu
ry 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 sen
sory cunduction in the ulnar nerve, with significant slow
ing also in the peroneal (motor) nen'es but not in the sLUal
(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 incom
plete, 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 (or Assessment uf "No Effects"
The results discussed here may be of little clinical signifi
cance 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 ner
vous system are assumed to reflect chronic exposures,
with uncertain reversibility in the absence of complete
cessation of exposure, the relation of these studies to cur
rent low exposures is unclear.
3.0 BEHAVIOURAL TESTING
3.1.1 Cross shift design (acute effects)
Two studies involving exposure of subjects under experi
mental conditions were identified. Pierce et al. (1998)
observed no effect of styrene exposure on a digit recogni
tion test. Ska et al. (2003) similarly reported no effect on a
number of tests including simple reaction time and sym
bol digit matching.
Three studies considered cross shift (acute) effects.
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LeLz a.nJ·colleagues (1990) found no reintion beLween
exposure during th!:' shift and scures on the continuous
performance test (of complex rNction time) ur on a test uf
hand-eye perfomlance. Scmes on the symbul digit test aL
enJ uf shift were rdated tu styrene in air corrected for
respirator use (by a method not specified) and to urinary
mandelic acid. AlLhough the data are not presented, it
appears that those exposed to >50 ppm haye the lowest
symbol digit scores. Jegaden and colleagues (1993) con
ducted a similar study in a French nayal shipyard. The
analysis across shift was not reported adequately but
there appears to have been no significant difference
between changcs across the shift in the exposed and com
parison groups. Significant pre (and post) shift differ
ences were observed which the <1uLhors 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 expo
SLUe. Edling and colleagues (1993) found no change in
test score o\'er shift between the exposed and comparison
groups but within the exposed group there was a relation
between complex reaction time and \'ariou.<; 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 Lctz 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 arc detectable across shift in
test scores of workers exposed to styrene at levels found
10-15 years ago. Such changes are not seen with experi
mental short exposures to relatively low concentrations.
3.1.2lmplications for Assessment of "No Effect"
Letz explicitly says that most of the eflects 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 eXOlrsions 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 ExposLUe
Only two studies reported the effects of reducing or
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removing exposure on behaviourill test SCOI'('S. Thest' were
IVlergler et a!. (1996) and, debatilbl)~ V!ilene et al. (1998
and 2001). The study T<'ported by IViergl!;'!" and col!eil~lles
is pilrticlIlarly interesting. In this, Iltree workpi,lc<'S I,·ere
assessed and baseline measurements madr.- of scores of
performance on neurobehavioural tests. Two years lilter
the exposure and nl'lIrobehavioural tl'sts were repeated,
following interventions at one of the three companies to
improve working conditions. The overall exposures were
low and did not chilnge essentiillly but it appears thai
those whose mandelic acid concentrations increilsed over
time did worse on the second occasions, and importilntl}>
those whose mandelic acid concentrations were reduced
did better on at least some tests. This study has il nllmbl'r
of weaknesses (see the detailed comments in PilCt II) but
the design is extremely attractive. In contrast the study
reported by Viilene 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 ilre ilvaililble.
3.22ImpJ!ciltionsfor Assessment of "No Effect"
Both these studies involve workers exposed to relatively
low levels of styrene, certilinly le:>s, on ilverilge, than ;;0
ppm. For different reasons, discussed in the detailed
commenl~, neither can provide good data on which to
reach condusioll5.
3.3.1 Cross Sectional Studies of Neurobeha vioural Effecl~
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 informa
tion given on potential confounders suggesting they were
iJ.l fact very well matched. This rather thorough study, in
plants where the meiln concentration was 22 ppm, found
worse performance on the continuous performance test
(of complex f{!action time test) and on vibration percep
tion where the threshold was high in both the hand and
foot for the exposed. The duration of employment \VilS
8.3 years and it is not clear whether high levels of expo
surchad pertained in the past.
Three studies already mentioned could also be inter
preted as contributing to this design. In the study of neu
rophysiological changes reported by Murata there was a
second paper, by Yokoyama and colleagues (1992), which
included information on neurobehavioural testing. In this

-------
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---
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study of 12 stYl"('ne exposed workers ilnd 11 non-exposed
steel workers, the exposed workers hnd il mean duration
of exposure of 5 yeilrs ilnd current exposure of around 26
pplll with ,1 maximum eight hour TWA of 77 ppm. It is
not known whether there had been highl'r exposuI'('S in
the past. In comparison to the compilrison group the
exposl'd 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 thilt the compilrison
group was parLiculilrly lI'ell matched, but stalistiml
adjustment for confounder:> was attempted. The Jegilden
study (1993) has been discussed. Here thl' exposed group
did significantly worse than thl' comparison group on a
test of simple reacLion time, complex Ieilction time and
digit spiln. The iluthors suggest !hi-; was likely a result of
chronic exposure. In the preceding year, mean exposures
hild been approximately 30 ppm with perhaps 20% of
exposures more than 50 ppm. There are, however, a num
ber of difficulties in interpretation of this study. Finally in
this section, Viilene and colleagues (2001) compared
scores of the currently exposed and the preViously
exposed with a comparison group of never exposed. The
score.~ on the symbol digit substitution and digit span (or
ward tl'st appeared to be worse thilll those who had been
exposed to styrene.
3.2.2 Implication:> for A-;sessment of "No Effect"
Beciluse of the difficulties in interpreting such studies of
chronic effecls with an external comparison group, rigor
ously condu·cted negative studies are likely to be more
convincing of a "no effect" level than positive studies
where the adequilCY of adjustment for confounding or
residual effects arc in que:>tion. Of these four studies. the
Tsai and Chen (1996) study is perhilps most convincing
but it is impossible to say whether the observed effeels Oii
the continuous performance test and on vibration percep
tion threshold reflect cutTent 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, particular
ly Type B monoamine oxida:>e (MAO-B), dopamine-b
hydroxylase (DBH) and prolactin. Checkoway et al. (1992)
looked a.Iso 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 attt!mpted 10 reproduct! the .MAO-B effect and also
measured UBI-l and prolactin. They failed to demonstrate
any very convincing differences between expo~ed work
ers and the comparison group on MAO-B, although this
wa~ significantly depressed in those with higher expo
sure (>25 ppm). DBH activity was decreased in the
styrene exposed and prolaclin increa!'>ed 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 betwet!n exposed workers and the comparison
group on either DBH or MAO-B although prolactin levels
were higher in styrene exposed workt!rs. Reported symp
toms were similar in the exposed and non-exposed
groups but within the exposed group DBH was negative
ly related to the number of reported symptoms.
These studies are all interesting but interpretation of
results is d.ifficult and their importance in the under
standing of styrene neurotoxicity has yet to be estab
lished. In comparing exposed to a non-expo~ed compari
son 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 neuro
chemiCals, contribute yet to this discussion.
5.1 STUDIES OF SYMPTOMS

Two studies, those of Geuskens et al. (1992) and
Challenor and Wright (2000) usc 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 fac
tors affecting exposure levels in large and small factories
using styrene in the Netherlands. As part of that investi
gation, 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 expo
sures up to 1200 mg/m' 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 wa~ not reported in sufficient detail
to allow conclusions to be drawn about the validit), of
ascribing the excess symptoms to exposure.
Challenor and Wright (2000) chose to look only at the
aggression ~calt! of the Profile of Mood States. They com
pared exposed workers with an internal group of unex
posed 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 wcl:e the
Swedish Q16 solvent questionnaire and the Profile of
Mood States. In general tht! data are more convincing if
they relate to changes within individual across time
(Edling et al. (1993) Mergler et al. (1996» or in a dose
response' analysis comparing less exposed to the more
highly exposed such as those of Matikainen et a1. (1993)
and Checkoway et al. (1992). No study in this group
attempted to usc 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 relat
ed to exposure parameters but with no difference in the
before and after shift responses. Ska et aI. (2003) reported
no change in mood or symptoms following experimental
exposure with peaks to 100 ppm.
Although there is some variability in resull';, almost
all the field studies did find a relation between exposure
and symptoms. Three are of particular interest in dis
cussing 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 conclud
ed, and this seems reasonable, that exposures below 20
ppm produced,- in their sample, an increased nurober of
symptoms.
Tsai and ehen (1996), however, using Q16 and the pro
file 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
Novcmb~ 2006
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a study where the mean concentratiun wa~ 22 ppm. The
range of (Onct'nlr<ltions inciuut'd values of up to lIll ppm
as an R hr nVA. This study adapted lhe profile of mood
stilles·tu be more relevanl to the Chine~t' culture and on
the thrt'e scales u::;('d nu difft'renct' was ::;('en. Otht'r stud
ies demonstrating iI duse response relationship includt'd
Matikaillt'n et al. (1993), Mergler el al. (1990) and
Bergamaschi et al. (1997). Negati\'e results I\'ere fOlmd by
Yuasa et al. (1993) and Viaene et al. (200l).
On balance, lhe stronger study Jt'signs did lend 10
find that symplom reporting was rdated to t'xposure
even at relalivdy low levels.
52 Implications for Assessment of "No Ef(ect"
In the studies reportt'd 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 Ivorker is reporting current symptoms or symptums
ever experienct'd. In assessing the studie::; with dearly
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 fmdings suggest thaI although
TWA exposures may be kept below levels at which symp
toms generally occur, peak exposures may stiU contribute
to discomfort, if not necessarily to long term changes in
neuropsychological health.
OVERALL CONCLUSION

Studies published since 1990 are, in general, of high qual
ity and avoid many of the pitfa.lls of the earlier studies of
neurobchavioral 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 population~ studied. Nevertheless the con
clusion 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 potentlally harmful sub
stance 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 publichea.lth if not for regulatory and com
pensation agencies-remains to be answered.

PART II

Review of Individual Studies
Bel'gnmo5chi E, Multi A, Cnvozzini S. et nT.

Peripheral markers of
neurocnemical effects among
styrene-exposed workers.
NClIru/o:ric%:;:y 1996; 17:753-760.

AIM"

MAO-B, dopamine-b-hydroxolase (DBH) and prolactin
(PRL) were measured to evaluate possible changes in bio
chemical 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 faclories manufacturing fibreglass and rein
forced plastics and a comparison group of 60 non
exposed 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 phenyl
glyoxidic acid) were measured in a spot urine sample col
lected 15 hours after last exposure.
OUTCOME
A blood sample was drawn 15 hours after last exposure
and used to detennine DBH activity, MAO·B activity, and
prolactin. These assessments wefe 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 5 th and
95 th percentile of the comparison group and the proba
bility of abnormally high values evaluated using a Cox
regreSSion analysis.
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RESULTS

Bergnlllflschi E, SlIInrgiassi A, Ml/tti A, et aT.

exposed workers had lower DEH activity and
higher prolaclin (ill bolh men and wom~n) than tIll' com
parison group. Mean MAO-B activity was somewhat
higher in the comparison group. DBH activity was nega
tively correlated with the sum of the urinary metabolites
(MA + PCA). No correlation \vas reported behveen the
other biomarkers and these metabolites. The group of
workers with the higher urinary metabolites had signifi
cantly lower MAO-B activity th;)n 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 pro·
lactin. No abnonnal values of DEH were found in tho:;e
with the sum of metabolite:; (MA + PCA) 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 le\·e! than males.

Peripheral markers of
catecholaminergic dysfunction and
symptoms of neurotoxicity among
styrene-exposed worKers.

St)'r~ne

lilt Arclr Occup E/lviron Hcrr1tl11997; 69:2(J9-214.

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 cat~cholamine metabolism.

DESIGN
This was a cross-sectional study using an external nun
exposed comparison group

CONFOUNDING
The analysis was stratified by gend~r for the prolactin
analysis. Age, smoking and alcohol use were compared
ben-veen exposed and comparison group and no differ·
ence found but they were not obviously included in the
analysis. Though there was a wide range in dura~on of
exposure (1-22 years) no MCOunt appears to have been
taken of this in the analysis.

46 styrcne-exposed male workers from a number of facto
ries manufacturing reinforced plastics were recruited
together with a comparison group of 30 blue collar work
ers, 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 abnor
mally 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 coUect
ed on a Friday morning 15 hours after last exposure and
analyzed for mandelic acid and phenyIglyoxidic 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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ANALYSIS

REVIEWERS' CONCLUSIONS

Results presented <1ppeared to depend on the rvIann
\.. .' hitney U kst, Fisher's exact tesC linear regression and
-multiple logistic regre~sion.

The study tends to support the observation that prolactin
WilS inCTeilsed ilnd DBH decrea1ied in styrene-exposed
Ivorkers and provides modest support for the suggestion
thilt MAO-B is also reduced. It is not certain that the sanl
pIc eXillllined in this study is independent of that in the
1iame authors' 1996 study and indeed some of the obser
vations made mOlY have been the same in the hvo review
studies. The absence of any difference in symptoms
between the exposed and comp<lrison series may in p<lrt
be due to systematic differences between the two (for
example in age); this interpretation is supported by the
positive relation between urinary metabolites and symp
tom~ in the exposed group. The levcl~ of exposure were
relatively low (a median of 25ppm) but included some
workers exp6.~ed as high as 120 ppm.

RESULTS
N.o difference was seen in the mean number of symptoms
between exposed and control workers but, in the exposed
group, a relation ,,'as fuuno between the number of
symptoms repurted and urinary metilblliites, 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 101Ver. 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 calcu
lated, with cut-off at the5Lh of 95th percentile in the com
parison group, differences were seen for prolactin; signif
icantly more exposed than controls presented with
abnormally high values. Tn the exposed group DBH was
negatively correlated with the sum of urinary metabo
lites. No relation was found between an)' of the peripher
al markerS and exposure duration. It is reported, but no
aredetails 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.
OCCIIP 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 ciga
rette 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 organ
ic compounds wecc 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 sug
gests 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 mecha
nism to a dopamine depletion. Of the three peripheral
markers of catecholaminergic dys~nction, plasma pro
lactin appears to be most sensitive.

rbi's 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.
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EXPOSURE

Expo;;ure frolll records kepI by the company betwecn
1990 and 1996 gal'e a range of 4-150 ppm. 1';I;;sive sam
ples of 23 subjects was c;lrried out two weeks after com
pleting the study. The highest air concentration recorded
was 66 ppm.

Checkowny H, Costn LG, Call/pJ, Coccilli T,
Dmliell WE, Dills RL.

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

ANALYSIS

T-tests, Wilcoxon's rank sum tests and the Mann-Vo.'hitnl')'
U test were used to compare the means of the exposed
and non-exposed groups.

AIM

To evaluate the utility of peripheral bloud ceil parameters
of neurochemical function in styrene-exposed workers.

RESULTS

The styrene exposed workers had scores on the aggres
sion scale of the profile of mood stales that suggested
they were more aggressive than the non-exposed. This
difference was marginally significant at the p=O.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 infor
mation is not presented.

DESIGN

Cross-section?l design with an internal, non-exposed,
comparison group.
SAMPLE

60 exposed workers frum 3 fiberglass reinforced plastics
plants in Washington State were studied, together wit.h 18
nun-exposed workers from one of the plant".
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 sh TWA were deter
mined. 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 concen
tration. The mean exposure of the group with highesl
blood styrene was SBppm (SD=11.1).

REVIEWER'S CONCLUSIONS

OUTCOME

This study is essentially a descriptive one of a phenome
non 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 recep
tor hinder. CNS symptoms were collected by a self-com
pleted 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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Cilrricd out (but not reported in detail) to assess pussible
confounding.

RESULTS
Tho.se with higher blood styrene higher concentration
reported a higher total number of symptoms, and a high
er proportion in the middle and high bloou styrene
groups reported each of Lile 7 symptoms listed. The pat
tern 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, neg
ath'e, relation between MAO-B and blood styrene, which
was no longer quite .statistically significant when adjust
ed for age, race, sex, years of employment, smoking, and
alcohol intake. Serotonial uptake had a positive correla
tion 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 s)'l11ptoms
and serotonin or sigma receptor binding but MAO-B was
inversely related to a number of eNS symptoms, haVing
allowed fOT 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 concen
trations ranged as high as 160ppm it is difficult to general
ize to current exposure levels_ The suggestion that MAO-B
may be .involved as an intermediate step in styrene
induced eNS neurotoxicily does not seem we/I-founded_

Edlillg C, Anundi H, Johal1son G. et nl.
Increase in neuropsychiatric

symptoms after occupational
exposure to low levels of styrene.
8r J Jud Mcd 1993; 50:843-850.

AIM
To determine if exposures to low concentrati?n.~ of
styrene (below 20 ppm) are related to neumbehavioural
effects or symptoms_

DESIGN
The assessment of neurobehavioural effects by psycho
metric testing was done using a cross shift design and an
external non-exposed comparison group. Symptom data
was collected on tll.'O occasions, once during the normal
working year with a follow-up some hvo to five lVeeks
since last exposure, al the end of the .summer vacatiun_

SUBJECTS
The exposed group lVere 20 men working at a single plas
tics factory_ The comparison group wen! 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 sys
tem symptoms was completed_

EXPOSURES
Workers had been exposed to styrene for between 1-25
years (mean 9 years). Exposures were measured at 15 sec
ond intervals throughout the day using a back pack Con
taining a mobile photo ionization detector_ This was worn
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during onl:' working day, presumably on thl:' day the
behavioural testing was done. Pa~sive air sampling was
performed on the Silffie day using carbon diffusion sam
pler!,! placed in the breathing: zone of each subject. Blood
and urine samples were collected immediiltely before
and after the work day.
Using passive dosimetry the mean eight hour lime
weighted average was 8.6 ppm (range 0.04-15.4 ppm).
From the continuous monitoring device the number of
eXClusions greater than 50 ppm could be measured and
were detectl:'d for ninl:' of the workers.
RESULTS

Exposed ml:'n 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 significant
ly more symptoms, particularly of tiredness and
hcad<lche, 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 [or
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 sensa
tions of an unpleasant taste.
On the performance test no difference was found on
the test of simple reaction time behveen 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 wa'l found behveen 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 confound
ing. Half the workers completed the end of shift test
before the start of shift, to allow for possible effects of

80

leilrning:. Physic.11 workload was cVilluated using a com
puterl:f:cd electrocardiograph to compare physical work
load betwcen the exposed and rcfere'nt subject.s. Other
workplace contaminants (d('ctone and toluene) were also
measured. The exposed and rderent group were thought
to be similar on age, working schedule and physical
worklo<ld but there is no discussion of other potential
confounders such [IS educational level.
AUTHORS' CONCLUSIONS

This study showed no difference in the psychometric
tests when men expo:;cd to OA-50.4 ppm of styrene Ivere
compared with non-exposed referents. It suggests how
ever that exposure.q below 20 ppm produced illl increased
number of nClUopsychiatric 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 wlexposed groups in different
workplaces may have been biased by the knowledge of
the purpose of the study. However the relation behveen
the change in symptoms and average styrene concentra
tion 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 glass
reinforced plastics industry.
AIl1l Occup

Hyg 1992; 36:47-57.

AIM

To describe exposures and level of health complaints in
folU 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 unex
posed men who had completed the questionnaire for
another unpublished study.
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OUTCOME
13 questions aboul health complaints were grouped inlo
thre!;' factors: "irritation," "pre-narcotic symptoms" and
"cognitive/locomotor disabilities," Irritation symptoms
indicated itching of the skin, headache, sniffing illld burn
ing eyes and fedings of depression. Pre-narcotic symp
toms included nausea, feeling dnlllk, dizziness and dis
turbance of equilibrium and cognitive/locomotor
disabilities bilateral communication, impaired communi
cillion with collea).,'ues and trouble with movement.

tioned styrene and methylene chloride as thl;! cause of
their complaints but no infomlation is given on the expo
sure to methylene chloride.

AUTHORS' CONCLUSIONS
The work related differences in irritation and pre-narcotic
symptoms behwen the exposl;!d and control groups arc
quite obvious and may be regarded as .short term health
effects, They appear to attribute them to peak levels which
were observed in th~ study to be up 10 2000 mg/m'.

EXPOSURE

REVIEWER'S CONCLUSIONS

Tn the four large plants worken; 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/m'. In the
small plants walk Ihrough surveys were carried out and
the average concentration during moulding was estimat
ed 10 range from 100-400 mg/m'. Health complaints were
nol collected in the smaller factories.

This was essentially a study to determine levels of expo
SLUe and the symptoms reported arc noted but not really
inlerpretable.

Jegaden D, Amnnn Df Simon iF, Habau.lt M,
Legoux B, Gnlopin P.

Study of the neurobehavioural
toxicity of styrene at low levels
of exposure.
111/ Arch OCCIiP Ellviroll HUh 1993; 64:527-31

ANALYSIS
The mean score on each of the three grouped factors 
irritation, pre-narcotic symptoms and cognitive/locomo
tor disabilities - were compared with those from the
non-exposed com parison group using a student t-test.

To determine whether neurotOXicity occurs when expo
sure 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 irrita
tion. They were also more likely to complain of pre-nar
cotic symptoms. No difference was found in the calegory
cognitive / locomotor· disabilities.

Cross shift design of exposed workers and a non-exposed
intemal 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 difference~ can be explained by differ
ences 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 dock
yard 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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non time to a yisual stimulus and a digit spnn test requir
ing the subject to memorize a list of l~uJllbl:'rs presented
by tht' computer.
EXPOSURE

The menn 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 phenylglym:ylic 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 urinilry silmples collected
eilch Thursday evening oyer a 43 week period from six
men randomly assigned eadl week.
In this study the meiln 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 frum expo
sure) the mean urinary mctaboli tes (mandelic acid and
phenylglyoxylic acid) was 37.6 mg/g creatinint' in the
morning.ltwas noted only seven of the 30 moulders had
no urinary metabolites at this point. The increase in uri
nary' metabolites during the day was strongly re[ilted to
the measured leyel of environmental styrene.
The authors estimate that during the 43 weeks of rou
tine testing the mean exposure had been approximately
30 ppm of styrene with 20% of the urinary detennina
tions suggesting exposures >50 ppm.
ANALYSIS

Both the behveen 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 giyen 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 thc
lower performance in Ule morning on psychometric tests
indicated duonic effects of exposure.
REVIEWER'S CONCLUSIONS
It appears that no cross shift effect is demonstrated on Ule

Ulree tests used. Howeyer the conclusions to be drilwn
about acute effect.;; arc limited. First, evidence of changes
(or absence of them) in relation to measured exposurc
during the day are not given. This seems a strange omis
sion. Second, the poorer test scores in the morning have
not been fully cyaluated. It would hilvc 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 thc 30 moulders, suggesting con
siderable 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, fuel K, Olsen f, Elsebeth L.

RESULTS

On the test of simple reaction time exposure subjects per
formed 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 rela
lion was reported between test scores and length of expo
sure amongst the exposed group.
CONFOUNDING

The design included two parallel yersions of the tests to
minimize any effects of learning but nevertheless the sub
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jects (both exposed ilnd compilrison) did better on the
tesl<; at the end of the day thiln in the morning. Although
the authors say that they hild carefully matched the com
parison group on intcilectuil[ and s{lcioculturalle\'c1, 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 ch[o
ride, the only one mentioned, was silid to be insignificant.

EXjJosure to styrene and chronic
health effects: mortality and
incidence of solid cancers in the
Danish reinforced plastics industry.
Ocwp Ellviron Mrd 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 mortali ty study.

SAMPLE
53,847 male workers employed between 1964-1988 in
companies producing reinforced plastic and alive on
Januilry 1, 1970 were found by linkage to a Danish
national pension phln. 2,944 w(lrkerS were in compimies
with unknown production ilnd were e;..:e1uded. 36,610
workers from 386 reinforced plastic companies ilud
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 avail
able. Concentrations of styrene exposure within the
Danish reinforced plastics industry had been monitored
since the early 1960's and \vilS 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 compa
nies into those in which more than 50% of workers in the
company would have been involved in producing rein
forced 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 unex
posed. 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
nation;!1 rates. Poisson regression lVas used to estim<lte
mortality rate ratios (MRR) using internal comparisons
\\dth the rates for workers unexposed to styrene. Tlwse
models included, as well as exposure probilbility, age,
yeilr of first employment, duration of. employment and
time since firstemployment.

RESULTS
In aU there were 24 cases with an underlying cause of
death ;!ttributed to degeneratiw disorders of the nervous
system, and 60 where there was an underlying or con
tributing 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 degenerath'e disorders of the nervous system [or
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
h;!d a MRl{ of 1.8 (compared with the unexposed com
parison group) with a 95% confidence intcrval 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 o[ 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 dis
ease 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 employ·
ment or from the first year the company produced rein
forced plastic. Standardized mortality ratios were calcu
lated by comparing observed number of de_aths with the

Although the confidence intervals reported do not rule
out a chance finding, the consistency of the pattern of
cxcess 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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panie~

into those with low and high probability of expo
will certainly have led to misrlassification which may
have underestimated any true effect. The lack uf informa
tion on confuunding f.Ictors i~ 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.

EXPOSURE

SUIl'

[Juration of exposure W<lS, on average, 4.6 (SO 6.7)
years. rer~on<ll.monitoring pumps were llsed to mea~lll·e
exposure in the breathing zone over the shift. Urin<lry
mandelic acid was me<lsured from a spot urine sample
obtained ncar the end of the work shift. The geometric
mean of styrene exposure was 13.5 ppm and of mandelic
acid 164 mg/g creatinine.

Letz R, Maholley F, Hersl1ll111ll D, et al.

Neurobehavioral effects of acute
styrene exposure in fiberglass
boatbuilders.
NCII!oxic()logy (/lid Teratology 1990; 12: 665-668.

AIM

The study was designed to inve~tigate the acute effects of
styrene exposure using tests from the computerized
Neurobehavioural Evaluation System.

ANALYSIS

Regression analyses were carried out to assess the effect
of exposure (8 hr time weighted average for styrene),
mandelic acid and dichotomi7.cd exposure (cut point 50
ppm of styrene) on perfonnancc on the test at the end of·
shill 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
lhe day; on the continuous performance test or hand-eye
performance and exposure indices. nle end of shift score
on the symbol digit test was related to styrene ppm cor
rected for respirator use and to urinary mandelic acid
concentration. The start of shift scores on any test were
not related lo duration of exposure.

SUBJECfS

CONFOUNDING

118 subjects were tested at five fibrcglass boat building
companies in New England. The results reported arc 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 appro
priately for the matn confounders on neurObehavioural
testing, namely age, education and alcohol usc. There is
no discussion of other chemical exposures potentially
present in the workplace. Learning effects arc 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 per
formance test (a measure of reaction time and accuracy),
the hand-eye coordination test (evaluating manual dex
terity and coordination) and the symbol digit substitution
test which is based on the digit symbol test of the
Wcschler 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
Pres!;'nt<ltion of the datil does not <lliO\\' us readl any dear
decision about the !evel at which dfects of styren!:' expo
sure beg<ln to appe<lr, 1t oues ,~et'm !ikely, however, that
the effects seen ww!;' indeed acute effects as the morning
scores lVere umcJat!;'d to duration of exposlue, Little can
be concluded [rom this study other thiln thilt, with ade
qUilte numbers and an experienced research team acute
exposure may affect performance on some tests,

Mafikainell E, Forsman-Granholm L; Pfaffli P,
Juntunen f.

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

determzne whether the results were normal, abnormal or
not classifiable.
EXPOSURES
The average dura'tion of styren!;, exposure was 12.6 years
with a range of 0.5-32 years. Individua! measures were
made of styrene concentr<ltions in the breathing zone and
of end uf shift urinary metabulites. In addition an expo
sure index involving tile number of years of exposure, the
working method, the level of daily exposure and th!;' tim!;'
weighted m<lndelic <ldd levels was used, essentiaUy tu
estimate cumulative exposure to examine chronic effects.
At the time uf testing the average eight hour time weight
ed average styrene concentration was 32 ppm but many
uf the workers had been exposed to much higher level:;
earlier in their employment. Styrene oxide, acetone and
dust were also measured but these va!ues are not includ
ed in the anaiysis.

Ellvirollmt:llluf Re,~l!arch 1993; 61:84-92.

AIM
To use quantitative speclra! and frequency analysis of
EEG to estimate the effects of styrene on the centra! ner
vous system.

ANALYSIS
The exposure index was grouped into three categories
corresponding to !ow, moderate and high.ln some analy
ses (Table 6) all three !evds were used, with some on!y
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 rnale 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 ofEEG evaluation and ofsymp
toms. No information is given for the way in which
symptom information was coUected. EEG was recorded
from 19 channels and submitted to both visual and quan
titative 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 com
parison 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 leve!s 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 disrussed as poten
tial confounders and it was concluded that there was no
difference on these factors in the three exposure groups.
No fonnal adjustment was reported.
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AUTHORS' CONCLUSIONS

DESIGN

Tlw authors conclude, althuugh the datil is not shown in
the pilper, that the number of abnonnal EEGs was not
increased when \'isual inspection was used and there was
no correlation between the number of abnormal EECs
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.

I\. cohnrt study in which both workplaces and individual
workers form the un'it of analysis. The study was
de.signed to assess the <;ffect of interventions to reduce
exposures.

REVIEWER'S CONCLUSIONS

SUBJECTS
Three workplace.~ involving styrene exposure in the man
ufacture of reinforced plastics were studied twice, two
years apart. 118 workers completed the neurobehaviourai
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.

This paper attempts to measure effects of chronic expo
sure. There arc some problems however. The authors con
clude 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
OUTCOMES
last exposure, and unless this was several days, the effects
seen might be ones that were acute and reversible. The
A large number of tests were carried out. These were
marginaJly positive result depends on comparison of
selected from the neurobehavioural core test battery sup
these data to a nonnative database, but there is no evi
plemented by three tesls of color vision, contrast sensitiv
dence that the information collected for tIlls study and for
ity and olfactory threshold selected from a ballery of tests
the database was collected in the same way. In particular,
developed by the authors. The battery included the pro
it required a technician to determine levels of wakeful
file of mood states which gives scores on six dimensions
ness and the degree of artefact, and to choose those parts
and a symptom checkfi?t which is not described.
of the EEC that were felt to be non-artifactual. The presen
tation of data by different groupings of the exposure
EXPOSURES
index (rather than by the three groups initially defined)
suggests that any effect was very slight and could only be
Exposures were measured at time 0 and time 1 using pas
demonstrated by careful choice of the way in which data
sive dosi.metcrs for a total of eight hours and an eight
was presented.
hour time weighted average was determined. End of shift
The authors make only very modest claims for the
urine samples were collected on the same day as the en\'i
relation between EEG and styrene exposure, and that is
ronmental exposure measurement and mandelic acid cor
rected for creatinine was determined. Workers included
appropriate.
in both assessments had been employed for a mean of 6
years at time 0 (8 years at repeat testing). The median
J
exposure at time 1 was 75 mg/mJ and at time 2 76 mg/m
for these 57 workers. It is reported that at one plant (plant
Mergler 0, Huel G, Belanger 5, Bowler RM,
3) the levels of styrene and mandelic acid were signifi
Truchon G, Drolet D.
cantly reduced between baseline and follow-up but that
Surveillance of early neurotoxic
there was no change at the other two plants. Median lev,,;
dysfunction.
els broken down by plant are not given in the paper.
Nf.'lIroloxicology 1996; 17:803-12.
ANALYSIS
AlM

The objective was to examine nervous system function
ing 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 plarrts and for individual changes in relation to end
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of shift mandelic acid concentrations. Paired t-tesls were
used to compare mood and Spearman'~ rho to compare
trends, thilt is changes in mandelic acid concentrillions
compared with changes in test .<;core.
RESULTS
Overall the 57 subjects improved their scores on the digit
span and digit symbol tests and did le5.~ well on the con
trast sensitivity te:;!. No overall difference was found on
any of the other beha\'ioural or mood sCilles. Worker:; at
the plant in which improvements had been made did bet
ter than the other two plilnl:s on a test of manoa] 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 :;ilme
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. ·nlere was also some tendency toward an increase
in number of reported symptoms for those who m;mdelic
acid concentrations were higher on the second test.

REVIEWER'S CONCLUSIONS
This i~ an important study ill that it appears [0 ~ho\\' the
f('ver.,;ibility of Ilellrobeltavioural <'((ects ilssociilted \\·ilh
sLyrene exposure. 1\s 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 l('\'els of man
delic acid in these three groops (increased, same and
decreased). Though the illustration of this data in Figure 3
is very clear, it would have been useful tollavellad il mOrl'
rigorous analysis with initiallevcI of mandelic acid as il
covariate. The large number of tests carried out (20 scores
are reported) raises the usual problems of interpretation.
Here, for example, improvcment 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 effecl of recent exposure.

Murata K, Araki 5, Yokoyama K.
CONFOUNDING
With each subject used as their own control in the analy
sis between mandelic acid and performance tests, con
founding 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 com
pared with time 1, while the population will, by defini
tion, have aged two years.

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

Yokoyama K, Araki 5, Murata K.

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

AUlHORS' CONCLUSIONS
The authors conclude the most striking result of the
study is an assodation between the differences in man
delic 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 6f a program of pre
ventative 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 differ
ent 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 e{fects of styrene exposure
on peripheral, central and autonomic nervous function
(Murata cl a1.) and on performance tests (particularly on
a test of picture completion from the Wechsler adult intel
ligence scale) (Yokoyama et al.).
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This WilS a cross sectional study \lsing an exterJlnl non
exposed comparison ),;TOllp.

robehaviora1l had occurred. Mean concentrations of man
delic acid were 169 mg/g creatinine and phenylglyoxylic
acid 277 mg/g crt'atinine. These Wl're estimated to be
equivalent to a Illl'an cxpo~urc of22 ppm of styrene in air.

SUBJECfS

ANALYSIS

The study involved all 12 workers from a single rein
forced fibreglass factory manufacturing boats in Japan.
One subject, with sinus arrhythmia, was excluded from
the neurophysiological studies but included in the per
formance testing. For the neurophysiological measures a
comparison group was chosen from men seen at a region
al health clinic. They were healthy volunteers matched;l:2
years to the age of t.he exposed men. Testing of tlus group
was done over a period of two years following the work
place testing of exposed workers. For t.he behavioural
t.esting a comparison group WilS taken of 11 male workers
in a steel factory in the SaIlle area.

Test results for cases were compared for those with con
trol subjecl<; using paired sample t-tests in the neurophys
iological study and non-paired t-tests for the neurobe
ha\'iori11 study. Pearson correlations were calculated to
examine whether there was a dose resp;;'nse behvccn uri
nary metabolites and test score.

DESIGN

OUTCOMES
Peripheral nerve function was as~essed using st;nsory
and motor nerve conduction velocity, measured in the
median nerve. Using a method developed by this group,
the dispersion of conduction velocities was al~o calculat
ed. This was done by determining.. for exposed and con
trol 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 sys
tem 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 extrover
sion and neuroticism and on alie 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 h-vo months after the testing. using ~a
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 inter
preted as showing that U1e di~tribution of fibres was shift
ed towards [he slower velocities in the styrene exposed
group when compared with the control~. Sensory conduc
tion velocity of the median nerve was slower in the
exposed workers and there was less variation in R-R inter
val. No significant difference was found on motor nerve
conduction velocity, on somatosen<;ory evoked potential
or on heart rate. It is reported, although no detail is given,
that there lVas no relation behveen urinary metabolites
and any of the neurophysiological test scores. On the
behavioural measures of styrene workers there were no
differences behveen the exposed and comparL<;on 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 dose
response analysis but it was commented that no signifi
cant correlation was observed between scores on the pic
ture 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 test
ing 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 adjuSbnent for these fac
tors increased the estimated difference between the hvo
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groups. Amongst other chemical exposures were acetone
(mean 9 ppm) and methyl ethyl ketone (lilean 1 ppm) but
these were not included as confounders in tIll' analysis.

mal, healthy volunteers. A secondary aim was to investi
gatt;' the relationship between the ('xposure regimes and
blood styn-"Jlt;' 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 dysfunc
tion of the autonomic nervous system. Yokoyama et al.
conclude that perfomlance 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 com
pare 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 sig
nificant history of exposure to solvents, smoked ciga
rettes, took any medication, or drank more than l8g o[
alcohol per day.

These two papers have weaknesses in aspects of power,
potential bias and interpretation. Fin;t the number of sub
jects was very small (11 in the neurological study) and
did not have the power to reach condusiom of adverse
effect. Measurement of controls in a different environ
ment and, for the neurophysiological studies, over a very
different period, gave the possibilities of systematic
errors including those of instrumentation, reporting and
obselVation. 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 perfo~ance 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 effecl~ 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 DI,
SO Y.

Modeling the acute neurotoxicity
of styrene.
] Occup Euvirou 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 onc~ before, six times dur
ing, and four times after each exposure regimen via an
indweUing 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 neuro
physiological function. A '2' and '7' recognition test, iden
tifying '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 13.8m' stainless
steel exposure chamber. Exposure regimens comprised:
Day 1: 100mins at lSppm, IODmins at 32.5ppm, IOOmins
atSOppm.
Day 2: 100mins at SOppm, lOOmins at 75ppm, lOOmins at
99ppm.
Day 3: fluctuating exposure level between 10-150 ppm for
4 hours.
Day 4: constant exposure to ~Oppm followed by highly
variable auto-correlated period of exposure between 5
200ppm for 4 hours.
Three subjects (A, 8 and C) completed the exposure
regimens for days 1 and 2. Two subjects (A and D) com
pleted 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
useu to measure the association between exposure "nu
the results of the 2 and 7 re.cognition test. A test of
Kendall rank correlation was used to evahlatc the rela
tionship 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 st)'rene concentration.

RESULTS
No change in the P300 test amplitude or latency was
observed. Scores for the 2 and 7 recognition test
improved (presumaply due to increased familiarity with
the test) between days one and lwo but showed no other
significant change.

Ska H, Vyskocil A, Tardif R, Cnrrier G, Thuot
R, MI/ray K, Vinll C.

Effects of peak concentrations on the
neurotoxicity of styrene in
volunteers.
HI/lilt/II t/nd Experilllclltlll Toxirology 20(}3; 22: 407-1115.

AIM

To identify acute neurotoxic effects associaled with short
ternl exposure to current occupational exposure limits in
Quebec (213mg/m' (50ppm) 8 hour rnA and 426mg/m'
(lUOppm) 15min average)
DESIGN
Experimental design, using an exposure chamber to com
pare the effects of five different exposure regimes.

CONFOUNDING
The before/alter 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 alcoho1.

The authors conclude that exposure at the ACGIH TLV of
20ppm would protect workers from acute styrene toxid
ty, 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 lS0ppm has adveI'Se effects on the nervous system.

OUTCOME
Three groups of tests were used to assess neurotoxic out
comes:
• Sensory: Colour vision measured using a Lanthony D
IS desaturated panel; a vision contrast test; and an olfac
tory 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 hoUl'S duration were used:
• Constant 106mg/m';
• Variable exposure, mean concentration 106 mg/m' but
with four lSmin peaks up to 213mg/m';
• Constant 213mg/m';
• Variable exposure, mean concentration 213 mg/m'
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(SOppm) but with peab up to 426mg/m' (100ppm);
• Two stable low-level expos\Ue to Smg/m'. Used as iI
'null exposure' for physiological e(fects but with a
detectable odour.
The test exposures were carried out in a cOllstant
sequence.
ANALYSIS

Bio-available doses will have been 100I'l'r for a given expo
sure i.n the expusure chamber as subjl'cts Ivcre at rest. Tn
.1ddition, these C'xposurl'S were relilth'ely shorl terrn.
Nonetheless, this study is reilssluing about the acute
f;'ffect~ of these lewis of l'xposure in naive individua1.~.

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

Multhrariate analysis of variancl' techniques were used to
evaluate the effects of exposure on outcome measures
incorporating threl' f<lctors: moment of measurement;
type of exposure; and mean styrene concentration.

Somatosensory evoked potentials in
workers exposed to toluene and
. styrene.
Br JInri Mcd.1993; 50:520-527

RESULTS

Only results for subjects completing all exposures were
included in analyses (24 of 42 initial subjects). No signifi
cant effect of exposlue on sensory tests was: noted. In the
neurobehavioual tests subjecl~ had a faster IC<lction time
on the colour word stress test <It the end of the day
reg<lrdless of exposure, although accuracy remained
unchanged; subjects had a faster responsl' time on the
symbol digit matching test after exposure compared with
before, and as they progressed through sessions; and sub
jects remembered a higher number of digits on thl' digit
span memory test as they progressed through ses.sions.
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 indi
viduals discontinued their participation and it is not
known whether this might have biased the results
towards the null. Period and order effeds were not con
sidered in the analyses.
AUTHORS' CONCLUSIONS

Short term exposures up to 213mg/m' (50ppm) with
peaks up to 426 mg/ml (lOOppm) did not induce neuro
toxic effects. Caution should be exerdsed in extrapolating
these results to occupational exposure situatioru.

AIM
To detect pOSSible sub-clinical impairment in the
somatosensory pathway in WOrkl'IS exposed to styrene.
DESIGN

Cross sectional study with an extern,1l non-exposed com
parison group and lIsing normative reference data.
SUBJECTS

20 workers exposed to styrene (5 men and 15 women) in
a factory making glass laminates. The compa.;s:on group
was 13 male and 40 female volunteers without any
known exposure to any neurotoxic agents. No informa
tion is given on how these weIC 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 pot(!fltials were mea
sured after stimulation at the wrist and spinal and ~orti
cal SEPs after stimulation to the tibial nerve. Results of
the sensory evoked potential measurements were consid
ered abnormal if any latency conduction time or conduc
tion 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 conduded experiment
but its extrapolation to the workplace is problematical.

EXPOSURES

Exposed subjects had a
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855';, exposed for more than 5 years with a maximum of
22 years. For the period from 1980-1989 the styrene con
centration in <Iii" ranged from 140-57U mg/Ill'.

ANALYSIS
Mean values in the outcome variable in the expused and
comparison groups were examined using t-tests with
multiple regression to adjust for sex, age and height.

Tsai 5, ellen j.

Neurobehavioral effects
of occupational exposure to
low-level styrene.
Ncuroloxicology awi Terat%S.'11996; 18:463-469.

AIM

RESULTS
Six women were determined to have abnormal sensory
evoked potentials, two of the peripheral type, hyo central
and two with impairment on all SEP pathways. In a table
showing the relation of abnormal SErs to exposure eight
<Ibnonnal cases (including males) an' included with a dis
proportionately high (not statistically significant) number
in those with longer exposure d~ration. The 15 women
exposed to styrene had significantly slower peripheral
conduction velocity and reduced latencies compared
with the comparison group.

To evaluate possii>le adverse effects of low level styrene
exposure on central and peripheral nervous systems in
fibreglass reinforced plastics workers.

DESIGN
This was a cross sectional study with an internal non
exposed comparison group.

SUBJECTS
Workers in six manufacturing plants in Taiwan. 86 of 117
were found to be eligible, could perform the testing and
Ivere 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 fmal analysis. Drinking habit was

OUTCOMES

considered but the values in the exposed group were
very similar to those in the comparison.

Symptom information was collected using the Swedish
Q16 symptom questionnaire. Tests of vibration and ther
mal 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 learn
ing, symbol digit test, pattern comparison, pattern memo
ry, visual digit span, switching attention, and associate
delayed recognition. In addition, information on mood
scales was collected and a vocabulary test was completed.

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 compari
son group; no data on these differences in the comparison
group are given.
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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 ch.emicals 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 induding layering, cementing and spray-
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ing fur whum the mean styrcne cuncentration was 21.9
ppm. Acetone and methyl cthyl acetooe were detected
rarely imd at very low kveb.
ANALYSIS

Multiple regression was used to adjust for possible con
founding and the Bonferroni Inequality used to take
account of multiple comparisuns..
RESULTS

No difference was found in eilher acute or chronic symp
toms between the low and higher exposure gruups. On
behavioural testing the sCOn!S on the continuous perfor
mance 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
\\'el'<' rather similar (except, perhilps, for years of educa
tion which is ilbout IU months longer in the I[;'ss exposed).
There i5 a comment thilt \\'hen the analyses I\'ere repeilted
using the vocabulary test instead of years of education,
the resull'> for the continuous perfomlance test WilS mar
ginally less significant (p=0.06). Vibration perception has
been used rather little in styrene workers and has the dis
advantage it may be affected by a low motivation to per
form well. However it is of interest thill the vibration
threshold but not the thermill threshold is considerably
different in exposed and non-exposed, suggesting that
such motivational factors may not be very important.

Viaene M, Veulelllans H, Masscheleil1 R.

Experience with a vocabulary test
for workers previously and still
exposed to styrene.
Scalld J Work Environ HIIII 1998; 24:308-.~11.

AurnORS' 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 perfor
mance test was significantly and adversely affected and
feel this result agrees ,vith a consensus that reaction time
seems to be the most prominent effect of styrene exposure.
They interpret the higher threshold for vibration as indi
cating that styrene affects the function of faster myelinat
ed fibers. They conclude by saying that subtle but signifi
cant 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 \Iv, Veulemans H, et aI.

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.
OCCIlP Enviroll Med 2001; 58:103-112.
These two papers present data £rom the same study
and are considere~ together below.
AlM

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
behveen symptoms and test scores and industrial hygiene
data in the exposed group; to examine whether there was
a link behveen microsomal epoxide hydrolase (mEH) and
test performance in workers exposed to styrene.
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DESIGN

ANALYSIS

Thi!; was a mixture of a cohort and cra!;s sectional
designs. To l'nler the cohorl workers hild to have heen
employed in a single boat building plant sorndirne
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 t'arlier paper, vocabulary scon' was related to dura
tion of l'xposure, having adjusted for years of t'ducatioTl
and age, in the group as a whole and in those previously
exposed compared to those currently exposed.ln the sec
ond papee, wht'rt' the comparison group is induded,
comparisons wert' made between scores in those current
ly exposed, those formerly exposed and Ihe comparison
group. The statistical analysi!; included one-way analysis
of variance, Fisher's exact tt'sl, multiple linear regression
and mul~ple logistic regre!;sion.

SUBJECTS
185 workers who had been previously invulved in expo
sure studies of styrene were traced and of these 117 par
ticipaled. A comparison group of 64 non-exposed work
ers 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 uut and this
permitted calculation of the exact number uf 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 lamina.tion 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/m' and for formerly exposed 17
mg/m'. Concentrations while laminating were 148
mg/m' and 157mg/m' 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 reporled
in the later paper, performance tests from the same bat
lery; namely, hand-eye coordination, simple reaction
time, symbol digit substitution, associated learning, asso
ciated recail, digit span and color word vigilance. The
subjects completed a 60 item questionnaire (the neurolox
icity 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
"ombula!}' 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 sig
nificantly lower than that of those who had been laid of[
three years earlier. in the later paper scores on the symbol
digit substitution, digit span fonned and hand-eye coor
dination (in former employees) appeared to be \vor!;e
than those for the comparison group. The information
b>lven in the text docs not appear to be identica.lto that in
the tables but the text has been given priority. The
exposed workers (including those currently exposed)
remembered having more compla.ints at work than the
comparison group did, and that diminished taste sensi
tivity persisted 10 the time at which the inquiry was car
ried 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 induding duration of exposure those with higher
mEH (the faster metabolizers) did worse on the symbol
digil substitution tesl, 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) educa
tiona.llevel. 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 t~ be very similar. No
mention is made of any other chemicals that may have
been present in the work environment.
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AurnORS' CONCLUSIONS

Viaelle M, Fa·lI7.uels W, VculclIlans H, et nl.

In the earlier paper, the authors conclude that the use of
short vocabulary te.~ts to estimate pre-morbid capacity
(as "hold tests") lIlay be limited as they are aflccted by
exposure. In the second paper, the authors conclude that
some subjective symptoms or complaints and neurobe
havioural ef(ects in work~rs were persistent even at T\-\'A
exposure concentration.s thought to be safe in Ule 1980s.
The results suggest that less than 10 years of exposure to
a mean concentration of styrene of 155 mg/m' may result
in persistent neurotoxic effccl~.
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 pa~ting 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 pennit any finn conclusions.
As such, the symptom data in these papers is not very
uscftll. 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. A~ 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 rela
tion between duration of exposure and vocabulary score
is due to inadequate adjustment for confounding or is.<I.
real effect. The authors conclude it is real, but it is some
what 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 neurobe
havioural 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.
OCCIiP Environ Mcd 2001; 58:103-112.

See Viaene M, Veu!emalls H, Masschelein R.

Experience with a vocabulary test
for workers previously and still
exposed to styrene.
Sca"dJ Work Ellviroll Hlth 1998; 24:308-311.

WeJp E, Kogevinas M, Andersen A, Bellnnder
T, Bioeea M, COKXOn D, Esteve Gennaro V,

r

Kolstad H, LunalJerg I, Lynge E, Partanen T,
Spence A, BoffeUn P, Ferro G, Snmeei R.

Exposure to styrene and mortality
from nervous system diseases and
mental disorders.
Alii J Epid~mioI1996; 144:623-33.

AIM
To examine mortality from diseases of the nervous sys
tem, mental di~orders and suicide in relation to styrene
exposure.
DESIGN

Cohort mortality study.
SAMPLE

41,167 workers at 660 reinforced plilStic plants were iden
tified 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 cal
endar period using job title, type of product and method
of production. The methods used were not clearly stated
in the paper but it ~ppears 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 pay~oU data at each plant or, in Denmark,
from the national pension scheme. ExposufC 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 calcu
lated.

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 I",as 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 follo\\'
up differed behvcen 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
systcm were analysed in rel<llion to time since first expo
sure, duration, average exposure and cumulative expo
sure having adjusted for country, age, calendar year and
sex. Trends were observed by each o[ these exposure vari
ables, with significant trends being seen for duration of
exposure <lnd cumulative exposure. Consistent trends
with exposure parameters were also seen [or sub-groups
of epilepsy (N=7) and for the 11 deaths from degenerative
nervous system diseases, of which 7 may have been A[5.
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, cal
endar year and sex but no information was available on
other workplace or lifestyle confounders.

AUTHORS' CONCLUSION
Mortality from central nervous system diseases and espe
cially 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 ner
vous system. In any further follow-up the lack. of infor
mation 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=I.01, 95% CI 0.62-1.54) or from disease of the ner
vous system·(SMR=0.76, 95%
0.51-1.09). There was an
excess of external causes of death (SMR=1.13, 95% CI1.02
1.25) which was reflected in an increao;ed rate of suicide
(1.10) and other wolent causes (1.17). For !he internal com
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NEUROPSYCHOLOGICAL EFFECTS OF STYRENE EXPOSURE:
REVIEW OF LITERATURE PUBLISHED 1990 -2003
=~~---

Wong 0, Trent [S.

Mortality from nomnalignant
diseases of th e respiratory,
genitourinary and nervous systems
among workers exposed to styrene
in the reinforced plastics and
composites industry in the United
States.
Seal/Ii I Work Enviroll Hltll 1999; 25:317-2.:;.

AIM

To detennine mortality from diseases of the nervous sys
tem 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
usc. 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 expo
sures 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 depart
ments. Analysis against external referents used US

national age-gender-year sped fie death rates to compute
cause-specific standardized mortality ratios. Because racr.'
was not generally ayailab1c, the enlire cohort \\'as
assumed to be' white. hltern<11 analyses werr.' performed
using Cox's proportional hazards analyses.
RESULTS

In the SMR analysis no excess was found for diseascs of
tl~e nervous system with onIy 14 (aU male) deaths (2 from
epilepsy); indeed the S!l.m. 0.56 (95% cr 0.51-0.95) sug
gested 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.l3 for tllose exposed for more than 20 years.
When a similar analysis was carried out by duration of
exposure the highest SMR (1.03) for disNSCS of the ner
vous system was seen for deaths in those who had a
duration of more than 10 years, the highest exposure cM
egory. 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 tile
open mould process or mixed and closed mould proccss
es, 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. Infonnation was not available for lifestyle
factors that may have acted as effect modifiers (particu
larly 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.
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REVIEWER'S CONCLUSIONS

DESIGN

\Vith only 14 deaths the opportunities for analysis of this
cohort was limited. HowevC'r, 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, dmation and aver
age intensity. It would have becn helpful to have some
tabulations of rate.~ by grouped factors from the internal
analysis. While this would have been infomlative, it is
unlikely to detract from the overall conclusion of the
paper that no excess is present.

Cross sectional Shldy with an external comp<lrison group
of unexposed suhjecl~.

Yokoyama K, Araki S, Murata K.

Effects of low level styrene exposure
on psychological performance in
FRP boat laminating workers.
Nellrofoxic%gy 1992; 13:55J-556.

See Murata K, Araki S, Yokoyama K.

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

Yuasa J, Kishi R, Eguchi 1; 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 identi
fied in three Japanese factories employed in the manufac
ture 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
<lnd peroneal nerves ilnd of sensory conduction in the
ulnar and sural nerves. Latency, amplitude and dur<ltion
of the action potential were also measLUed. 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/I. 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 com
pare 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 para
meter of electrophysiological response is most sensitive
to early change in styrene exposed workers.

98

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 ~th peroneal motor distal latency. In a
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multiple regression analysis, having included estimates
of relevant confounder~ (ilge, height, weight, body Illa~s
index, number of cigarettes smoked, alcohol consomp
tion and skin temperature) ur.inary milndelic ilcid coneen
trillion lVas significantly related Lo ulnar ilnd peroneill
motor distill liltencies. No relaLion was found between
reported symptoms and expo:mrc.

3. Challenor ], Wright D. Aggressiun in boat bllilder~: a
search for altered mood sLaLes in boaL builders exposed 10
.~tyrl-'ne. Occur Med (Oxford) 2000; 50'.185-92.
4. Checkoway II, CusLa LG, Camp ], Coccini T, Oilniell
WE, Dills RL. Peripheral markers of neurochemical func
tion among workers exposed to styrene. Br ] Ind Med
1992; 49:560-5.

CONFOUNDING
Infonnation was collected, and included in parts of Ule
analysis, on height, weight, body mas:; index, skin Lem
perature and illcohol intilke. No mention is made of other
chemicals ilt work that might have acted as confounders.

5. Edling C, Anundi H, Johanson G. et ill. Increase in neu
ropsychiiltric sympLoms after occupaLional exposure to
low levels of styrene. Br] Tnd Med 1993; 50:843-850.

AUTHORS' CONCLUSIONS

6. Geuskens R, Klililuw M, Tuin ]. eL al. Exposure tu
styrene and health complainLS in the Dutch glilss-rein
forced plastics indusLry. Ann Occup Hyg 1992; 36:47-57.

A low concentration of styrene affected the peripheral
nervous 1>),stem. Motor distalliltencies of Ule upper and
lower extremities seem to be sensitive parameters for
toxic neuropathy induced by styrene exposure.

7. ]egaden 0, Amann 0, Simon JF, Habault M, Legoux H,
Galopin P. Study of the neurobehavioural toxicity of
styrene at low levels of exposure. Int Arch Occup Environ
Hlth 1993; 64:527-31.

REVIEW'S CONCLUSIONS

8. Kolstad H, Juel K, Olsen 1, E1sebeth L. Exposure to
styrene and chronic heillth effects: mortillity and inci
dence of solid cancers in the Danish reinforced plastics
industry. Occup Environ Med 1995; 52:320-327.

It is not clear that clerical workers are the most appropri
ate comparison group but collection of the information
on some of the more obvious confounders might have
minimized the importance of any unmeasured con
founders. Although the authors make considerable play
of the relatively low levels in which they observed effects
(most workers currently exposed to 10 ppm for most of
the time) much higher values may have been encoun
tered in the past and this is not discussed. It should also
be noted that no overall difference on any neurophysio
logical factor WilS seen. All the differences reported are
within sub-group analYSis of those of relatively high ver
sus low levels of man-delic add.

9. Lctz R, Mahoney F, Hershman 0, et al.
Neurobehavioral effects of acute styrene exposure in
fiberglass boatbuilders. Neutoxicology and Teratology
1990; 12: 665-668.
10. Matikainen E, Forsman-Granholm L, Pfaffli P,
Juntunen J. Nervous system effects of occupational expo
sure to styrene: a clinical and neurophysiological study.
Environmental Research 1993; 61:84-92.
11. Mergler 0, Huel G, Belanger 5, Bowler- RM, Truchon
G, Drolet D. Surveillance of early neurotoxic dysfunction.
Neurotoxicology 1996; 17:803-12.

APPENDIX - LIST OF PAPERS
1. Bergamaschi E, Mutti A, Cavazzini S. et al. Peripheral
markers of neurochemical effects among styrene-exposcd
workers. Neurotoxicology 1996; 17:753-760.

2. Bergamaschi E, Smargiassi A, MuttiA, et al. Peripheral
markers of catecholaminergic dysfunction and symptoms
of neurotoxicity among styrene-exposed workers. Int
Arch Occup Environ Health 1997; 69:209-214.

12. Murata K, Araki 5, Yokoyama K. Assessment of the
peripheral, central and autonomic nervous system func
tion in styrene workers. Am] lnd Moo 1991;20: 775-784.
13. Pierce CH, Becker CE, Tozer TN, Owen OJ, SO Y.
Modeling the acute neurotoxicity of styrene. J Occup
Environ Med 199B; 40: 230-240.
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"14. Ska T3, VyskociJ A. Tardif H, Carri.er c.;, Thuo! H,
Muray K. Viau C. effects of peak concentrations on the
neurotoxicity of styrene in volunteers. Human ,md
Experimental Toxicology 2003; 22: 407-415.
15. Stetkarova r, Urban P, Prochazka B, Lukas E.
Somatosensory evoked potentials in workers exposed to
toluene and styrene. Br J Ind Med 1993; 50:520-527.

19. Welp E, Koge\'inas M, Andersen A, Bellander T,
Biocca M, Coggon D, Esteye J, Gennaro V, Kolstad H,
Lundberg r, Lynge E, Partanen T, Spence A, BoffeLLa P,
Ferro G, SMacci H. Exposure to styrene and mortality
from nervous system disCilses and mental disorders. Am
J Epidemiol 1996; 144:623-33.

16. nai S, Chen J. Neurobehavioral effects of occu pation
al exposure to low-level styrene. Neurotoxicology and
Teratology 1996; 18:463-469.

20. Wong 0, Trent LS. Mortality &om nonmalignant dis
eases of the respiratory, genitourinary and nen'ous sys
tems among workers exposed to styrene in the reinforced
plastics and composites industry in the United States.
Scand J Work Environ I·nth 1999; 25:317-25.

17. Viaene M, Veulemans H, Masschelein H. Experience
with a \.ocabulary test for workers previously and still
exposed to styrene. Scand J Work Environ Hlth 1998;
24:308-311.

21. Yokoyama K, Araki 5, MlUata K. Effects of low level
styrene exposure on psychological performance in FR.P
bOilt laminating workers. Neurotoxicology 1992; 13:551
556.

18. Viaene M, Pauwels W, Veulemans H, et a1.
Neurobehavioral changes and persistence of complaints
in workers exposed to styrene in a polyester boat build
ing plant: influence of exposure characteristics and
microsomal epoxide hydrolase phenotype. Occup
Environ Med 2001; 58:103-112.

22. Yuasa J, Kishi R, Eguchi T, Harabuchi 1, Arata Y,
Katilkura Y, lmai T, Matsumoto I-I, Yokoyama H, Miyake
H. Study of urinary mandelic acid concentration and
peripheral nen'e conduction among styrene workers. Am
J Ind Med 1996; 30:41-7.
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The Effect of Styrene Exposure on
Color Vision: A Review
Gregory W. Good, OD PhD, Jnson

J. Nichols, OD MS MPH'

ABSTRACf
hlfrodllcfioll

Styrene (CAS RN 100-42-5) is an orgLlnic,
lipid soluble chemical that has been report
ed to have several health effects. In
humans, styrenl' exposure in the workplace
has been primarily associated with cHects
on the nervous system. As such, it is
thought that color vision assessmenls may
play an important role in determining the
neurotoxic status of individuals exposed to
styrene. The purpo:>e 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 jour
nal sources for the terms "styrene" and
"color vision," and 23 articles were identi
fied. 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

'The Ohio State University College of
Optometry, Columbus, OH
Corresponding Author and Address
Reprint Requests:
Gregory W. Good, 00 PhD, OSU College
of Optometry, 320 West 10th Ave., PO Box
182342, Columbus, OH 43218, E-mail:
Good.3@osu.edu

three were in a non-English language, and
four were review-type articles or peripher
ally related to the topic.'·; Two letlers to the
editor, 14 original re~earch 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 epidemio
logical methods, color vision lest methods,
styrene exposure assessment, sample size,
control selection, recruitment procedures,
statistical methods, internal and extemal
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
vlsion, dyschromatopsia, CAS RN 100-42-5
The SIRC Review November 20Q6

Resulls
Most all studies reviewed were cross-sec
tional 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 manufactur
ing plants, or from other sources (Le., con
venience samples). Styrene exposures were
assessed by air samples (personal or area)
for ambient levels and through urinary
concentrations of mandelic acid (MA) or
phenylglyoxyJic acid (PGA), which are the
major urinary metabolites of styrene. Most
studies used the Lanthony desaturated D
IS (dO-IS) panel arrangement color test to
assess color vision, given its sensitivity to
very mild color vision alterations; the test
was usu'ally scored using the Color
Confusion Index (CCl). 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
ex posure groups was 1.14 to 1.33, while the range of eel
values for the low exposure groups was 1.02 to 1.17.
Studies tested for furtlll'r dose-respollse type effects of
styrene exposure by dichotomizing eel values based on
v<lrious 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 deficienC)~ compared to control groups. Often, low
exposure groups did not significantly differ from tht;' con
trol group, or population, age-specific normal values for
the test. Two studies were able to show that styrent;' expo
sure It;'vcis were able to predict the CCI. Some prelimi
nary evidence suggests that the mechanism of color
vision loss associated with styrene is retinal, rather than
in the optic nerv,e or higher processing levels.

Conclusions
Styrene exposure, at high levcis, is associated with color
\'ision deficiency. However, the magnitude of these defi
ciencies is relatively minor, especially relative to congeni
tal color vision defects and it is unlikely that the level of
defect would have much functional significance. The lit
erature seems to support the notion that styrene levels
above 50 ppm may lead to alterations in color vision,
although the exact exposLUe dose is unclear. Workers per
forming tasks associated with high styrene exposure lev
els should use precaution and personal protective devices
when pOSSible (i.e., respirators). Questions that remain
unanswered induded 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 a/Color Visioll aIJd COllge/lital Color Vision
Deficie/lcies
Human color vision is possible due to the three compo
nent (trichromatic) color processing system in a nonnal
visual system.' 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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nill componenls.' Of the 8% of males and 0.4% of,ft;'males
who have inheritt!d abnormal components, color discrim
ination can vary from near normal to !;cverdy inferior.
Mim)' non-human land-ilnimals possess dichromatic
visual systems." Only the short wavdength-st;'nsiti,'e and
a single, medium w<lvelength-sensitive photopigments art;'
present to allow color interpretation. Although some
humans inherit a dichromati~ color system, this is (In
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 l~ng (red) wave
length-sensitive photopigments are carried on the X ciuo
mosome." As the abnormal genes arc recessive in nature,
red-green color vision deficiencies are therefore inherited
in a sex-linked recessive pattem. The two longer wave
length·sensitive pigments in human photoreceptors arc
extremely similar in chemical composition (vary at only
15 of the 364 amino acid sites). Additionally, the two
genes responsible for their development afe in juxtaposi
tion near the distal end of the long arm of the X chromo
some. The close proximity of the two genes and the near
ly 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 dis
crimination of greens from yellows from reds, and thus is
thought to provide for better ability to search for ripe
fruit and vegetables."
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 eas
ily perceived as different by color vision nonnals 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 long~r
wavelength-sensitive component,s (either the middle or
the long wavelength sensitive components) has an abnor
mal sensitivity. The abnonnal red-green photopigments
have sensitivities that are shifted relative to normal such
that less difference between the middle and long wave
length sensitive photopigments is found. These «lIoma/Olls
trichromats can have widely varying color discrimina
tion. Mild anomalOlls trichromats can perform most color
discrimination tasks as well as those with normal color
vision, while severe anomalous trichromat.,; have very
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reduced color di.~crin1inntion nnd often cnn not be di[fer
entiated functionally from dichcomal:s.
The gel1e for the short wavelength photopigment i;;
present on chromosome 7." Although a gelletic ilbnormal
ity 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."
Because of the rarity of the condition, testing [or its pres
ence is seldom accomplished in normal clinical practice.
Red-green color vision defects in females are reI ativcly
[<lre due to their sex-linked recessive inheritance patlern.
An interesting note is that females that arc heterozygous
for color vision defects may show mildly abnonnal dis
crinlination abilities. This can occur with the inactivation
of tile dominant gene in a cell of the developing fetus.
This process was first described by Lyon and·has been
termed "Iyonization."" Thus, a single cell, and ultimately
all of its daughter cells, may display a "recessive" charilc
teristic in spite of a dominant illIele being present.
Lyonization occurs in many X-linked conditions of the
eye." Modern genetic testing has shown that this X-inac
tivation is relilted to methylation and unmethylation on
the activated X-chromosome and inactivated chromo
some, respectively.l~ The process is random, thus, por
tions of the retina will display a color vision defect, while
others will not. I '
Several investigators have described mildly reduced
color discrimination for female carriers of color vision
defects.'""U 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.' This color-opponent process
ing 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 &om 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

nent" color theory. In this theo!}j red is opposed to green,
yellow is opposed to blue, ilnd white is opposed to black.
Modern day '7.0ne' theories of color vision describe
trichrom<ttic processing at the uuter-retioill (receptor)
level and opponent processing within the inner relina
and along the "isual pathway to within the visual cortex.
Due to the paired color opponents and the differential
mode of inheritance, color vision defects arc often termed
as either red-green or blue-yellow.

fIGURE 1

----

- -

Cl£-XYZ Color Diagrilln. The monochromatic spectral
colors are represented as shown. White is at the "middle"
of the diagram at x=0.33, y~.33. Colors add in the diagram
along straight lines according to the "center of gravity"
principle. Tf equal amounl~ of color A and B are added, the
resulting color, C, is on ilstraight line exactly halfway
between the h\'o. Colors are graphed within this diagram
by measuring the relative amount of each of three prima
ry colors (colors X, Y, and Z for this standard diagram.)
which must be mixed in tile precise amounts to exactly
match the color in question. The relative amuunt of prima
ry X in the mixture i~ represented along the "x" axis, while
that for primaryY is represented along the "y" axis.
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FIGURE 2
Color confusion J.ines on CIF.-XYZ Dia);ram. The color confusion lines for the three typt's of dichromats (A-protanope,
B-dt'uteranope, C-tritanopt"l WiUl the lines of color confusion radiating from the confusion poinl'). Colors which graph
along a confusion line appear identical to the respective Iype of dichromat.
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Color Space DI/d Color Discrimination Deficils
The "trichromatic" nature of human color vision was first
expressed in a formal theory by Thomas Young around
]800.' 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 repre
sented. Figure 1 illustrates the CIE (Commission
Internationale de l'Eciairage) XYZ color diagram." The
positions of specific calaIS 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 spe
Me color exactly. The relative amount of the X primary is
represented along the "x" axis, while that for the Y prima
ry 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).

104

,

0"

0.'

0.'

.60
0

5W

0.'

0.'

eo

11.6

0.7

X

O.

0.0

0

"' "

'3

"

05

,.

0.7

,..

X

Color vision defectives that have only a hvo-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 dichro
mats. 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 indi
cated 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
"8" 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 subje<:t will also be able to see the figure.
Because the protanopic and deuteranopic color confu
sion 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 confu
sion lines, however, are drasticaIly different than the "red-
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FIGURE 3

Color Plate Design u.~ing Color C~nfusion Lines. Colm A
may be used as the background dol.;; in a Color l'i<lte
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, <IS both colors lie close to
confusion lines for protan and deotan type defectives.
Color vision normals would be able to c<lsily see a differ
ence in color between the background and figure.
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green" confusion lines. When analyzing the resulfs 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
DEFECfS

Deficiencies in color discrimination are frequently caused
by genctic abnormalities resulting in congenital color
defects. As mentioned previously, these defects are most
often confined to the long and middle wavelength sensi
tive photopigments (i.e., the red and green sensitive sys
tems). These defects are combined to comprise inherited
red-green defects. Abnormalities of the short wavelength
sensitive system are also possible, but as previously stat
ed, they are much rarer.

Indh'iduab with inherited color abnormalities have
stable color discrimination deficiencies II'hich are rela
tively predicl<lble ilnd easy to diagnose.!' The color dis
crimination losses in tlw hl'o eyes ilre compilrable; there
(ore, testing can be dOlle with bolh eyes viewing. Besides
the color discrimination deficits, these individuals have
otherwise relati\,cly normal visual functioning.
Individuals with acquired color deficits, however,
hilve less predictable losses which typimlly progress in
severity over time." The two eyes can show very different
effects; therefore, tests of color discrimination must be
performed monocularly. Very often, acquired defects ini
tially show discrim1nation loss more typical of blue-yel
low defects. Additionally, as these defects result from
"damage" along the visual system, changes in visual acu
ity or other visual measures may accompany the color
discrimination loss. Although initial dilmage to the visual
system may be. confined to a single color-processing
channel (for example the blue-yellow system), as the con
dition 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. Kiillner's rule lO provides a gen
eral rule to predict the type of color vision loss to be ini
liillly present depending upon the location within the
visual system. This rule stat'?S that blue-yellow defects
are found wilh diseases affecting the outer retina, while
red-green defects accompilny inner retina and the con
ductive pathways to higher visual levels. Verriest (1963)
more thoroughly investigated acquired losses and
described Type J, Type n and Type ill defects. These class
es are described in Table 1.
EFFECfS OF DEFECI'S ON EVERYDAY ACI1VlTIES

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 Cole'-' surveyed 102 red-green color vision
defectives and 102 color vision normals concerning vari
ous activities and the role color discrimination plays in
ease of their accomplishments.:U 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 discriminatiom.
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 discrim.i-
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TABLE 1

Verriest Classifications of Acquired Color Vision Defects
- -

Name

Description

Type J (Red-Green)

Protan lyp_e of defect with

1) Cone dystrophy

shiH of luminous efficiency

2) Chloroquine toxicity

-;___ Exillllpies of Causation

from photopic lo scotopic
Type II (Red-Green)

Deutan type defect with

o;c_~.;o~--cc;c_~_ _omc;cldC'C'c'b.lue-yellow loss
Tritan Iype defect
Type ill (Blue-Yellow)

1) Oplic neuropathy
2) Ethambutol toxicily
1) Glaucoma
2) Diabetes

\'ision status (for inclusion
or exclusion from a study,
for exampll:'), it is imperative
lhat clinical lests be per
formed to ensure diab'Tloslic
accuracy. Rclying on patient
reporting of color vision sta
tus ·is an inadequate melhod
to determine color vision
normalcy. Thi.~ is an impor
tant consideration when
studying acquired color
vision deficiencies, as
patient-reported histpry of
color vision defects is poor.

3) Nuclear cataracts
4) Aging

nation. Examples of tasks in which the mosl difficulties
were reported arc selecting colors of clothes and other
objects (automobiles, furniture, carp~t.~, etc.) and distin
guishing colors of wires, threads, and other things with
craft work and hobbies. Other tasks to which fewer prob
lems were reported were assessing bycolorif 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 wirh these particular tasks involving color.
In general, the more severe the defect as indicilted by
color vision testing. the greater the number of respon
dents reporting difficulties. It should be noted, however,
that some individuals described as having severe defi
ciencies reported no diffirulties an!1 some having relatively
minor deficiencies reported several areas of difficulties."
For example, 1 of 7 anomalous (deuteranomalous) trio
chromats that reported no difficulties judging color failed
the relatively easy Farnsworth 0-15 test, and 27 of 44
anomalous (deuteranomalous) trichromats that reported
some difficulties passed the Farnsworth 0-15 test. The
reasons for these unexpected responses can be related to
the different types of color discriminations these individ
uals 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 anom·
alous trichromats (16 of 65) were unaware of their color
vision defect at the time of their participation in the study.'"
Therefore, when assessing subjects to determine color
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CliniCilI Color Vision Tests
Clinical tests of color vision
5) Macular degeneration
are designed to evaluate dif
ferent aspects of color dis
crimination. For example,
pseudoisochromatic plates are typically designed to
determinl:' if an individual has "normal" color vision.
That is, dol:'s the individual possess the lhree, normal reti
nal receptors? Other tests are designed to determine color
discrimination ilbility regardless of the normalcy status
(arrangement tests). It is a basic tenet of color vision test
ing.. 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 adminis
tered. Several standardized color vision tests arc
described along with their vocational uses.
-Pselldoisoc/lrOmtllic Plutes (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." 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 tcsts are easy to administer,
however, and are frequently used as color vision screen
ing instruments. Individuals that fail the PIP screening
test are referred for further testing..
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Fflm.~worlfl-Nflmsell

(I-M) IOU lllh! 'lest. The FM IOO-huc

test \\,ilS developed to measure tlw fine color dbcrimil.lil
lion in persons with nomlill colnr vision ilnd to evaluale
lossl's in those with defeclive color vision." The lest con
sis!.,; of 85 CilpS of color from around the color circle. The
colors of the caps were chosl'n so thilt approximately
equill perceptual steps of color arc represented from one
cap to the next. Subjects work with one-fourth of the caps
at il time and must replace the caps into a tray in order
according 10 color. The test can be very difficult for a per
son with defective color vision as the difference in color
between adjaCl'nl caps is very small. The test is nol fre
quently used for vocational evaluations due to suhstnn
tial testing time that is required (may take 15 to 20 min
utes per eye for administration).
Fnrl/sworlh Parle! D-IS. The Fnrnsworth 0-15 test is an
arrangement test using 16 color caps. One of the caps is
affixed to the test tray." The other 15 caps must be
replaced into the tray according to color (similar to the
FM 1oo-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 10 fail only those
with moderate to severe color vision defects. Individuals
fail the test when two or more erIOrs (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.'"

umlliony Desnfllraterl D·15. The Lanthony Oesaturated D
IS (dO-IS) is similar in design and admiIUstration to the
Farnsworth 0-15. The principle differences behveen the
hvo are the boldness of the colored caps and the degree of
color difference behveen adjacent caps. The dO-IS has col
ors which arc lighter and less intense than the Farnsworth
0-15 colors. It is much more difficult to complete and was
designed specifically to evaluate subtle color discrimina
tion changes as a result of acquired color vision defects.
The test has been also used as an indicator of fine color
discrimination. It is quick1y administered and the results
are relatively easy to evaluate. Approximately 20% of
congenital color defectives pass this test.26
AllolI/n/oscope. An anomaloscope is an instrument designed

to diagno~ the color vision status of subjects." Two spec
tral COIOIS 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 pro
vide a diagnosis of the exact color vision status. It is the

only clinical test which accurately differentiates normals
[rom mild def",clive.~. Although thl' test is very useful in
clinical practice, lhe rcsull~ do not always predict absolute
functional ability. Therefore, individUills Jlll'asuring
abnormal on lhe anomaloscope typically arc testl'd using
an arrangement test to determine functional aptitude.

TI/C Color COl/fllsio" IlIdr): (eCl)
In numerous studies thal llH'estigate the toxic effects of
chemicals upon color I'i:;ion, Ihe dO-IS Panel Test is used
to assess fine color discrimination. Small caps of different
colors are rcplacl'd into a lray according to color. The caps
vary gradually in hue from blue i1fOund a color circle to
purple. The order with which the caps are replaced gives
an indication of which colo·r.~ may be confused.
The dO-IS is similar to the Farnsworth 0-15, however,
with the LanthollY 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 0-15 and dO-IS
tests in CTE-LAB color space. The CJE-LAB color space is
a transfonnation 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 OE-LAB diagram are used to represent measures of
subjective color differences.'

FIGURE 4
Farnsworth 0-15 and Lanthony Oesaturated 0-15 Tests
graphed in ClE-LAB Color Space.
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TABLE 2

Average age-specific Color Confusion index scmt's for
color vision normal subjects.
Age Range
(Years)

Bowman et aI,
1984°'(n= 120)

Muttray et ai.,
1998"(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

60-69

1.303

1.,185
1.153 (n·=2)

Bowman" recommended a scoring method for the
Farnsworth D-15 arrangement test which also can also be
used for the dO-IS.'" The method calculates the total dis
tance in ClE-LAB color space represented by moving
from cap to cap for each specific replacement order. This
total difference provides the Total Colour Difference
Score (rCDS). For perfect replacement with the
Farnsworth 0-15 the TCDS is 1"16.9. The color chips for
the dO-IS arc graphed in eIE-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 divid
ing a given rCDS by the distance representing perfect
replacement.'" Bowman and coworker? and Muttray'"'''
and coworkers have reported CCI values for the dO-IS
for subjects of different ages with normal color vision.'"""
Color discrimination decreases with age due to both opti
cal (transmission changes through media of eye) and
neural reasons. These values are summarized in Table 2.
In his paper, Bowman" provides the color space distance
values when going &am any given cap to any another, so
that other investigators can use this scoring algorithm.'"
These values, however, are based upon the locations
within color space for the Farnsworth D-IS test. Values
for the dO-IS test were not listed, which has led to some
confusion when analyzing the dO-IS using the CCI
method. At least one investigator using the dO-IS test has
apparently used the Farnsworth D-1S cap locations to cal
culate the TCDS while using the dD-I5 test''' When inves
tigators report dD-1S 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-1S val
ues were incorrectly substituted. Muttray and cowork
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ers" provide color spilce distance values for both the
Farnsworth and the Lanthony tests. (An analysis of the
funclional significance of incorrectly using the
Farnsworth 0-15 ClE-LAB positions for grilding of the
Lilnthony dD-1S test is provided in AppendiX A.)
The analysis of studies reporting to have used the dD
15 is further confused by the similarity in name of a scor
ing method termed the Color Confusion Score (CCS)."
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
coworkers" report using this method and reference it
appropriately but report scores more indicative of the
Color Confusion Index." Although the dD-1S 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 arc 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 sc.or'cs resulting from the
examination of a sample of red-green color vision
defectives using the dO-IS. Red-green deficiency
confirmed by anomaloscope.

----'--~---

Red·GreenAnomalous
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 groops. The
effects of age, <llcohol consumption, smoking <lnd vilrious
other known toxins art' small comp<lred to the dr<lstic dis
crimination ddicits <lccompanying m<llly congenital
d~fects. CCl ,'alues for 22 known red-green defectives <Ire
shown in Table 3 for comp<lrison." Many of the studies
investigating the effeeLs 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 explilin how the diagnosis of dyschro
matopsia has been made.-l.1 Steward and Cole report that
approximately 18% of the 102 color vision defective sub
jects they studied were unaware of having a color vision
defect prior to p;)rticipation in that particular study.~l This
is important to remember when evaluating the effecl" of
toxins on color vision. If a color vision defective is erro
neously selected as a test or control subject, a significant
ly high ccr value m;)y bias results. Many of these CCI's
for color vision defectives shown in '1able'3 are well out
side the 95th percentile v;)lues of color vision normals
reported by Mutteay and coworkers.'"
Calculating the Color Confusion Index for arrange
ment 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 arc confused (i.e.,
the axis of the defects) is not mathematically provided
and must be evaluated subjectively.
Vingrys and King-Smith'< have described a method of
evaluation for arrangement tests (FM 100 hue,
Farnsworth 0·15, and dD·IS) which provides mathemati
cal measures of both the color discrimination loss and the
primary axis of confusion.~ This method utilizes vector
analysis of the improper replacements to calculate the
magnitude and orientation of the principal color confu
sions. The value of the "C' index" representing a given
color deficit is highly correlated with the CCl, 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
eel is 0.976. Therefore, when using the -Vingrys/King
Smith 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 CCl (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; king
smith.lililosu.edu.
SfyrCllc

Background, Sources, and Exposures
Styrene (i.e., vinylbenzene, eU1enylbem:ene, 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 tem
perature. Due to il~ lipid solubilily, it is found in higher
concentriltions in animal tissues' such as brain, myelin,
and adipose, and can impair nelual membraneS" interfer
ing with the propagation of nerve i~pulses or neuro
transmitters.''"''
Styrene is one of the top 50 chemicals produced
worldwide, although it occurs naturally as well (i.e., cin
namic acid containing plants). About 10 billion pounds
arc produced each year. The major uses of this chemical
include plastic;, latex paints, synthetic mbbers, and pol y
esters. Styrene Ciln be detected in the atmosphere, gener
ally at low levels, which is mainly due to industrial and
auto emissions associated with its production ilnd use.
Thus, air is the primary exposure route for most individ
uals. 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 /-Ig/m' (where 1 part per million (ppm) of
styrene is equivalent to 4,260 /-Ig/m').'" Another recent
study estimated that total daily exposure of individuals is
between 18.2 to 55.2 /-Ig/person based on a review of the
literature." The World Health Organization (WHO)
reports that general ambient air levels are 0.3 /-Ig/ m' lead
ing to an estimated daily intake of behveen 6 and 40
JIg/person for nonsmokers in industrialized nations.'" In
general, typical ambient exposures are thus thought to be
less than 1 part per billion. Although it is difficult to esti
mate 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 radi
cals 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 produc
tion and the polystyrene industry are much lower than
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 contilinin!,; styrene. Typicill occu
pations indude reinforced pla::.tlcs workers Involved in
the manufilcLure of boats, ilutomobile parts, pipes, protec
tive wiltings, ,mrJ baU1S/showers. One study sampled the
vicinity of seven reinforced plastics industries in the
United States showing ambienl styrene levels ranging
from 0.29 to 293·:l/lg/m'." LeMasters and coworkers
(1985) examined occupational styrene exposure values (n
'" 1,500) from 28 reinforced-plastic manufacturers in the
Uniled States showing that the open mould process (24 to
82 ppm) is associated with styrene levels that are two-Io
three times greater than the dosed mould process (11 to
26 ppm)." The WHO reports ranges between 20 and 30
Ilg/m' for in Europe, with an estimated intake of 40010
600 Bg/person for individuals involved in this process.
Other sources of styrene and roules of exposure
include automobile emissions, cigarette smoke, food,
drinking water, and the elimination (thermal degrada
tion) of styrene-containing materials. Cigarette smoke has
been reported to contain between 18 and 48 IIg/cigarette
of styrene, although the WHO reports that active smok
ing may be associated with styrene exposures levels
between 400 and 500 Ilg/day."·" Small amounts of
styrene may migrate from polystyrene packaging into the
packaged food; small amounts of styrenl' may also be
present in some foods that have not been pilckaged in
styrene-derived materials. Although styrl'ne has.been
measured in drinking water, it is thought to l'vaporate to
air rather quickly.

Plmrl/meokincties
Absorption of airborne styrene occurs primarily through
the lungs, but also occurs through the dennis 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 phenyIglyoxylic add (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 occuning at
about 2.5 hours and the second occurring at about 30
hours.... The relation behveen inhaled styrene and MA is
linear up to 150 ppm (639 mg/mJ). 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 ~d of a workshift is indicative of acute
~posures.
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Heallil EHrets illlllll/llll1S
There has been conCl'rn <lbout the <lssociatiun' betwel'n
styrenl' exposure and GlilCer; studies have shuwn a rela
tion in mice and humans between styrene l'xposure and
lung cancer.'" ,; Huwever, the International Agency for
Research in Cancl'r (IARC) has concluded that there is
limited evidence for carcinugenicity in human." Other
health effects anecdotally reported include symptoms of
irritation of mucosal tis.~ues such as the throat, respirato
ry tract, and l'yes, central nervous system depression,
ototoxicity, pulmonilry toxicity, asthma, and contact der
matitisY'l-" Given styrene's lipid-solubll' characteristic, it
is often associated with several neurotuxic effects result
ing from depression of the central nervous system (e.g.,
slower reaction times, vestibulomotor alterations, weak
ness, headache, fatigue, malaise, dizziness, and nausea).
An ildrutional effed on the nervous system that has been
reported is impainnent in color vision discrimination.D .""'"
Prior to 1997, the American Conference of
Govl'comental Industrial Hygienists (ACGrB) estab
lished the Threshold Limit Value (TLV) for safe occupa
tion exposure at 50 ppm based on the potential for neuro
toxicity. In a previous literature review on the impact of
styrene on color vision, Sheedy concluded that "High
exposure levels are associated with color vision deficil'n
cy, whereas low exposure levels arc not."l.l However,
since that time, ACGIH has reduced the limit for safe
occupational levels from 50 ppm to 20 ppm, which i.., pre
sumably 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 bchveen lower lev
els of styrene exposure.ll."' ....., 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 non
English language, and four were review-type artides or
peripherally related to the topic.'·' Two letters to the edi
tor, 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. Ovcrall study dcsign ilnd epidemiological methods
2. Color vision test ffit'thods
a) Appropriatc testing conditions
b) Test scored appropriately
c) Examiners maskcd in regards to exposure status
(when applicable)
3. Styrene exposure assessmcnt
a) Ambient stYIl;;'nc measures (Lc., personal \'s. area
sampling)
b) Biological monitoring (MA or PGA ilSSe.'lSnwnt,,)
4. Sample sizc ilnd recruitment
a) Indusion of control group
b) General comparison of the expo.~ed and non
exposed groups
c) Miltching conducted
5. Statistical methods
a) Assumptions mct
b) Sufficient powcr
c) Dose-response analyses
d) Comidcration of interactions between variables and
effect modifiers
6. External generalizability of results
7. Impact of results un the workforce/workplace (if
applicable)

CRITIQUES
Praft-Jolmsoll (1964)",

The author present'> a case of retrobulbar neuritis associ
ated 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 nor·
mal. However, visual field testing revealed centrocecal
scotomas in each eye. Laboratory blood and urine analy
ses were unremarkable. The patient was diagnosed with
bilateral toxic retrobulbar neuritis and waS treated initial
ly with daily intram"uscular injections of vitamin B com
pound, 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 contin
ued for 6 months and om; year after first presentation, the
patient's vision and visual field had returned to nonnal.
Assessment
This case presentation is notable as it is one of the first

references In the MEDUNE literature regarding the effect
of styrene on the visual system. Given whilt is known at
present about .~Iyrene exposurc and vision, this patient
must hil\'e been exposed to extremely high levels of
styrene in order for this to occur. As \\'e 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."""" Additionally, there is a good
possibility thilt there is a strong nutritional deficiency
component to Utis case.
Kohli (1978)"
In this study, 345 workers (338 men) who were exposed

to styrene were questioned via case history and under
went a visual examination. The author reports that the
exposure level for these workers averaged 5 ppm; how
ever, the range of exposure levels was wide, and could
have been up to "a few thousand parts per million
momentarily dlUing heating of commercial polystyrene."
Ophthalmic findings induded one individual with an
afferent papillary defect, although this was accowlted to
ocular toxoplasmosis. There weIl;;' "infrequent" reduced
visual acuity findings (< 20/30), and causes associated
WiUl reduced acuity induded macular scars and ambly
opia. 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 ocdusions,
which had been suggested in previous reports as an ocu
lar complication associated with styrene. The author con
dudes, however, that exposure to styrene is correlated
with conjunctival irritation.
Assessment
This report was important as it was one of the first 'stud
ies' 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 sty~ne on yision.
There is no real quantification of exposure assessment.
The biological mechanism for conjunctival irritation asso
ciated with styrene exposure is unclear. Unfortunately,
there was no indication of an assessment of color vision
in this patient sample.
Skoog & Nilsson (1981)",

The authors note that information regarding styrene
exposure and central nervous system effects is scarce. The
purpose of this research was to evaluate the effed of
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styrene on the e1ectrort'tinogrilm (ERG) and stilnding
pott'ntiill (SP) of the eyr.-. The effect of toluene on these
outcomes was <lIsa Io'xilmined, but is not reported on in
this review. Cynomolgus monkeys (twu mille, and three
female) were anesthetized and tht' <lnimals were coupled
with the appariltus. Following baseline recordings, the
aninlals were infused with styrene by intravenous injec
lion (0.3 to 15 mg/kg body wt'ight). Blood styrene levels
were monitored through venous samples and g<lS duo
matography. The resull<; indicilted that the c-wave ilmpli
tude nt'arly doubled about 10 minutes after injection with
15 mg/kg. In addition, tht' stilnding potential of the eye
followed with similar changes after these styrene injec
tions, especially with higher doses. The author.; 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 ilbout 4
ppm in the blood. The authors suggest that it is difficult
to relate blood concentrations of styrene with ambient
levels. FinallYi they state that "It is not possible to explain
the obst'n'ed e{fects on the C-Wilve and the SP on the basis
of the present study" although both potentials are gener
ated primarily in the retinal pigment epithelium.
'"Note: The ERG essentially consists of 4 main elt'ments:
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 b
wave is next seen and is thought to be generated within
the retinal Mueller cells. Although Mueller cells are sup
port cells within the retina and don't directly participate
in the transmission of the visual signal, the b-wave, how
ever, 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 epitheli
um 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-ocu1ogram (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-allercd retinal
function and color vision impilirment. Additionally, the
route of administration of styrene in this study was dif
ferent than that for worker~ exposed on the job. Howl;'vt'r,
this is an interesting article in that itplilces potential dilm
age from styrene to the visual system within the retina.
Also, it is interesting to note that the ERG returned to
nllrmill after the styft'ne blood level dropped.
Gob/Ill {llIfi COlOorkas (1991)"
This study examined a cro.~s-section of styrene exposed
indusLrial workers for color-vision deficienot's; compar
isons were made with a group of 'normal' subjects. The
styrene exposed silmple included workers from seven
small fiber-glass plastics factories and there Wt'fC 34 men
and 41 women included in the silmple. Tht' 60 normal
individuals (34 men and 26 women) were workers in a
rock wool plant. There is no discussion of sampling meth
ods used or sample size considerations. Exclusion criteria
included the following: 1) congenital dyschromatopsiil, 2)
a medical history of hypertension, diabetes, or cerebrovas
cular disease, 3) uSt' of medications associated with color
vision loss, 4) alcohol use greater than 250 grams per
\\leek, 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 envi
ronmental monitoring was conducted via personal pas
sive sampling; both were conducted on a Thursday to
allow for workweek accumulation. The primary study
outcome was acquired dyschromatopsia, asses.sed by the
Lanthony dD-IS panel at the beginning of the workday
under a fluorescent daylight lamp (color temperature
SOOOK). 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, occupa
tional and recreational exposure to solvents, and alcohol
and drug use. Statistical methods included testing for data
nonnality (Kolmogorov-Smimov test), the Mann-Whitney
U test and paired t-tests, Spearman's correlation coeffi
cient, and multiple linear regression (dependent variable
was the CCI and predictor variables included age, seniori
ty, and exposure levels).
Although the authors stilted 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/m', while the
mean urinary styrene was 495 ± 44.8I1g/L and the mean
.MA was 342.9 ± 425.3 mg/L. Correlation results indicat
ed a significant relation between age and CO 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 agl;'
(Group 1= ' ; 29 yt'ars, Group 2 = 30-39 years, and Group :'I
=;0,..)0 years) and then compared till' median eel for the
exposed and unexposed sroups. The only difference was
in Group 3, whereby the exposed had a significantly
higher median ccr value than the control group (1.301
vs. 1.203, P < 0.05). Given the smalier sample sizes associ
ated with this subgroup analysis, it is not known what
the observed power was in any of the group compar
isons. HOIvever, in another post-hoc analysis, the authors
'matched' subjects on age (± 2 years), and then statistical
ly compared eCI values. The results ::;howed that the
mean CCI for the styrene exposed workers was ::;ignifi
cantly higher than in the control group (1.265 vs. 1.151, P
< 0.01). Environmental sampling data were used to exam
ine a dose-response effect, whereby subjects exposed to
styrene levels above the 'threshold limit value' (i.e., 215
mg/mJ = 50 ppm) showed significant increases in ccr
values when compared to the low-exposure group (p <
0.05). There was also a significant relation between uri
nary styrene excretion and eCI 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 CCL
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 dO-IS test
ing on one month later, and although no data arc present
ed, 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 work
ers, red-green discrimination also was affected."
There are five general conc1u'sions put- forth by these
authors which include:
1) Age is correlated with CCI values in both styrene
exposed workers and normal controls;
2) Blue-yellow discrimination is primarily affected in
styrene·exposed workers.
3) CO 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 con
trols; and
5) CO values can be predicted in multivariate analyses
by age, ambient styrene, or UIinary styrene excretion, but
not M A concentrations.

Assessment
Although the analyscs supporting the conclusions were
appropriate, there arc several issue::; with the ::;tudy meth
ods and desigll that should be addressed. First, there is
no discussion of the sampling methods used to identify
styrene·exposed subjects within the Sl'ven fiberglass
plants, nor the control group. It is important to know the
total number of styrene·exposed workers in all plant."
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 subjccts may have bcen excluded due to the
tendency to select those with more severe disease or expo
sures. There is no mention of masking of the examiners
performing the test procedure::; 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 dO-IS panel. This could spuriously
inflate the CCT values associated with the ::;tyrene-exposed
group leading to significant differences from the control
group. 'l'he styrene-exposed sample should have includ
ed only male subjects me of congenital color vision defi
ciencies. Muttray and coworkers also suggested in a cor
responding letter to the editor that alcohol use should
have been controlled for in the analyses even when week
ly consumption values were less than 250 g/week."" This
too could have increased the CCI values; however, alco
hol consumption would have affected the CCI values in
both the styrene-exposed and control groups.
Again, a concemin this study was the apparent lack of
testing data for nonnality; inspection of the data shows a
highly skewed range of data. This could have accounted
for the significant differences found between age
matched groups. The authors did not perform the appro
priate analysis to derive the fourth conclusion regarding
a dose-response effect. Given that three groups were pre
sent 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 calcu
lations for their observed findings in this case as it
appears as there is much variability in the styrene
exposed group in this outcome (i.e., the standard devia
tion is larger than the associated mean for MA concentra
tion). Also, it is dissatisfying that data and analyses were
not presented regarding the affect of .short-term elimina-
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lion of styrene exposure (i.e., the .j week \'<lc<llion) on
color discrimin<ltion. This is an important outcome that
nel'ds resolution. avera!!, this study provides some evi
dence for till' impact of styrene on color vision.
Fill/us 111111 Coworkers (1992)"
This stud y examined a cross-section of 60 shipyard work
ers who worked in the construction of glass reinforced
polyester materials. The sample was composed entirely
of men who rilnged 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 dura
tion [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 exposlUe was quanti
fied for a period of three months by g<ls phase chro
matography and m<lss spectrometry \'ia 16 sampling
units in the work area. In' addition, urinary excretion of
MA and phenylglyoxylic acid (PGA) were measured at
the end-of-shiftby high performance liquid chromatogra
phy. A 60 member male control group W<lS assembled,
and the controls were additionally matched tu the
styrene-exposed workers on age, intellectual level, and
etlmidty. Members of the control group were unskilled
workers, boilermakers, and warehousemen. Two styrene
exposed 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 rela
tion to age. It is unclear what statistical test was used for
this. The chi-square test Wils used to compare the number
of subjects in the red-green and blue-yellow range for the
Farnsworth test results. Other outcomes included a psy
chometric examination developed by the World Health
Organi7.ation (WHO), which included a social and med
ical history, occupation. drug usage, mood assessment,
reaction time, and other neurobehavioral items.
The mean value for MA was 230 mg/gcreatinine (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 wefC
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 anomaties <llready reported for workefl;
exposed to mixtures of l;olvent..," <lnd suggest Ulat the 50
rpm exposure limit m<l)' be too high given this finding.
Assessment
There is one general conclusion put forth by these
auUlors-that is, styrene exposure leads to impairment of
color vil;ioll. 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 imd the control group. The
authors did not l;tate whether one orientation of defect
class was more prevalent than the other nor how they
determined whether a defect was predominantly red
green or blue-yellow. The analyses presented arc of poor
quality, and there is no mention of controlling for con
founderl; {i.e., agel. It is likely that the analysis of error
scores \v<lS probably underpowered to find a difference
between these two groups b>iven the variability present.
ed. Although age-based subgroups aTe proposed in the
methods, there is no indication that statistical analYl;is 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 resuits (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 regard
i,ng the sampling methods used in order to ascertain any
potential selection bias associated with subject recruit
ment. There is no mention of masking of the examiners
who perfonned the testing regarding subject exposure
status. Finally, the styrene exposure sampling method
was for the workshop rather than through personal mon
itors 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 auto
mated procedure for analysis of the results" but do not
suffidently describe the method. Further, the actual test
ing methods used for color vision testing ilre not
described suffidently. 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) crit
icized 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.-" '2 The criticisms <Ire listed below:
1) Improper illumination used for color vision testing.
2) L<lck of control over subject's glasses <lnd contilct lens
st<ltus (Le., colored lenses).
3) Failurt' to excludl' Ulose with congenital color vision
defect".
4) The term "range" WilS notdefmed.
5) Failure to scret!11 vision or for ophthalmic condition~.
6) Skt!pticism of error :;core results given their high
mean:; compared with other studie:;.
7) Testing of subjects during the workshift with concur
rent exposure to styrene. It is suggested that this would
impact the ability to differentiate betwet'n acute and
chronic e[fects of styrent! in terms of color vision.
In response, Fallas and coworkers suggt!sted tht! fol
lowing:
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 morc appropriate. We have tht!re
fore 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 arc difficult 10 differentiate, and state that "it i~
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
miltched 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 reassur
ing." 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 improp
er scoring is associated with the high mean error scores.

However, as Shet'dy sug).;t!~ts, this i~ likely the cause of
the inflilled mean. \l He also sugge:;ts that the researchers
probably included lhe base value of "2" for each color
chip in lhe test." Corn'cling for lhis·factor would make
their me,lIl error scort'~ in line with what might be expect
ed bascd on the resu1t~ of other studies. in summary, the
data and analysis presented by Falla~ and coworkers
(1992) does not substantiate the claim that styrene expo
sure is assodaled with acquired color vision deficiencies."
GOVVIIIIIJ(/ Cllvlllleri (1993)"

This publication represent~ data prt!sented previously
(Gobba, 1991) in addition to some new data." Two groups
of subjects from 10 fiberglas~ reinforced plastic; factories
were included. Seventy-five styrene-exposed workers
from scI'en 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 con
trol group for Group B styrene-exposed workers included
40 normals that were matched on gender, age (± 3 yearsl
alcohol consumption (± 10 gm/day), and tobacco smok
ing (± 10 cigarettes/day). Further exclusion criteria
included alcohol consumption greater than 50 gm per
day, congenital color vision deficiencies, diabetes, hyper
tension, cerebrovascular disease, color vision altering
medications, and vi~ual 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 end
of-workshift. In addition, blood samples were taken ilt
noon on Thursdays for styrene determination.
The primary study outcome was color vision discrimi
nation, assessed by the dO-IS panel. Scoring was con
ducted using the method of Bowman (1984), in which the
eel is calculated. All color vision testing wa.s conducted
prior to beginning the workshift under a daylight fluores
cent lamp (SOOOK color temperature).'" Testing was con
ducted monocularly, although results presented repre
sent the average of both eyes. Statistical tests used to
compare group data included the paired t-test, Mann
Whitney U test, the Wilcoxon test, the chi-square test, and
ANOVA. Correla.tions were determined using
Speannan's method and multiple linear regression was
used to determine predictors (i.e., age, seniority, exposure
levels) of the CO index.
As discussed in the assessment of Gobba and cowork
ers (1991), there was a significant correlation between age
and eel in the 7S styrene exposed workers and the con
trol group." However, because these groups were not
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matched un age, the styrene-exposed workers lI'ere sig
nificantly older than the control group (37.6 rear~ ys. 32.0
years respectively), which could artificially infi<lte the
eel associ<lted wilh the ~t)'rene-expo!;ed I,·urkers. Tlw
authors stale thaI this is the re<lson for their assembly of a
second group 'of styrene-exposed wQrken;-in order to
match for potential confounder. Tn this second group, the
mean ambient styrene exposun:' was 68.2 mglm' while
the mean urinary styrene was 41.4 Ilg/L. The aver<lge
MA concentr<ltion for this new group is not presented.
The me<ln (±SD) CCI for styrene-exposed workers in this
new group was 1.206 ± 0.200, willie the mean (±SO) eCI
for the control group was 1.053 ± 0.070 (p < 0.001). The
authors state that only one styrene-exposed worker could
perfonn the test perfectly, while 16 controls were able to
do so (chi-square test, p <: O.01).ln order to assess a dose
response affect of styrene on color vision, subgroup
analysis was performed on styrene-exposed workers
whereby these workers were divided based on ambient
styrene exposure.~ abo\'e and below the threshold limit of
213 mg/m' (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 confinned 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.
S) Blue-yellow color discrimination is primarily affected
(data not presented).
Assessment
As mentioned above, some of this work has been previ
ously presented. However, due to potential problems
associated with the sample of the first group (i.e., no
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m<ltching W<lS conducted), a ~econd sample was assem
bled, with age, gender, alcohol, alld tobacco matched con
trols.Although this strengthens the study'S validity, then'
is still lack of det<lils regarding s<lmpling methods useu to
<lssemble the styrene-exposed workers and controls. With
the new sample, the conclusion thai styrene exposure can
imp<lir color vision seems valid. However, the conclusion
thai age and styrene exposure have a synergistic effect on
impairment of color vision is not supported. A~ far as one
can tell, no interaction terms were examined in the multi
ple regression nnalyses. As such, it is not appropriate to
suggest this rdation between these two predictor vari
. abies on color vision impairment. The data as presented
suggest that there is a dose-respome 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 CCl mean (1.11) probably does not statistically
differ from the control group mean ccr (1.053). This find
ing 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 eCI mean (1.11) is
actually very similar to the .previous control group CCI
mean (1.151). The conclusion that short-tenn eliminations
of styrene exposLUC 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-yel
low 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 arti
cle provides moderate evidence that styrene exposure
alters color vision.
Campaglla alld COIVorkers (1994);0
The authors state that this publication is part of a larger,
prospective study examining the reversibility of neuro
toxic effects of styrene. Three reinforced plastics manu
facturing 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 ana
lyzed for MA concentration, corrected for urinary creati
nine. Workers completed a questionnaire assessing socio
demographic information, work (!nvironment and
history, and medical outcomes induding ophthalmic
symptoms (eye irritation, tearing, and blurred vision).
Color vision was assessed using the dO-IS 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 rt'~;ults frum C<1mpilgna and coworkers,
1994.'"
Outcome

_ _~MC,ean Percent

Workers with Environmental Styrene
Above ACGll-I limit of 213 mg/m'

31.8%

Urinary MA ConcentrationAbuve
0.6 mmol/mmul creatinine

23.9%

Eye Irritation

37.5%

Blurred Vision

33.0r"

Tearing

2..~.9%

vision and contrast semitivily testing was conducted 12
hours after cessation of styrene exposure. Individuals
were conside~d 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 partic
ipate in the study; 128 agreed to participate, and lhis pub
lication represents the data from 88 individuals. No infor
mation 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 descrip
tive results from this study can be found in Table 4.
Workers with styrene levels above 213 mg/m' report
ed eye irritation more frequently than those below tha~
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 (chi
square, 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/mmot creati
nine were more likely to be those with acquired dyschro
matopsia 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

~ported). Regression models showed that agc i1nd i1lco
hoi consumption II'ere i1ssuciaLeu wHh color vision loss;
as such, models were <ldjusted for these facLors. The final
models showed thaL the <ldjusted eel \ViiS predicLed by
log of the J\olA concentration (F = 5.95, p < 0.05) and the
log of ambient styrene fur those not wearing m<lsk.<; (F =
9.39, P < 0.01). There was no reliltion reported by styrene
exposure and contrast sensitivity. The authors conclude
thilt color vision losses occur with styrene exposure ilt
higher levels, and the filet that no relaLion was observed
between exposure and contrasL sensitivil:y or symptoms
indicates very early impairment.

Assessment
Allhough this is iI somewhat short, technical publication,
il: does provide cvidence of the filct 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 pilrticularly important in this regard i1S
examiners are not masked regarding exposure status in
the currenl: design. Additionally; there is no mention of the
distribuLion of men and women in this patient sample. 1t
would have been appropriate to exclude -women from
these analyses gil'en their possible heterozygous genetic
color vision status. As such, the inclusion of women in this
sample could have spuriously inflated the Cel values
reported. Overall, this article provides moderate evidence
thilt styrene is associated with color vision deficiency.
Cilia alld Coworkers (1994r'"
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 neurobehav
ioral function. Included in the study sample were 21
workers (oul: of a population of 70 workers) from a fiber
reinforced plastic boat manufacturing facility. Subjects
were only included in the sa~ple if they had al: least 5
years of work experience and if they did not have central
or peripheral nervous system diseases. Medical examina
tions were used to screen for these illnesses. Workers gen
erally 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 sub
jects were matched on age, years of education, and
socioeconomic status to the styrene--exposed group sub
jects. However, it is also stated in the methods that the
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styrene-exposed \vorkcrs and the control group did not
differ on ::;mokin~ and drinking history as well-on al't'f
age, neither group reported drinking more than 50 grams
o[ alyohol per dill'. The worker::; were also asked to
restrain [rom alcohol uSl' [or the three days prior to test
ing. It is stated that none of the workers u::;ed any long
tenn medications that might affect their te::;t results.
Urine collection was completed at the end of the
workshift on the day of color vision testing [or determi
nation of MA and PGA concentrations. Personal, ambient
styrene sampling was not dl'termined in this study.
However, they estimated that the worken; 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 com
pleted all testing. Color vision testing was conducted by
the dD-15 panel undl'r a daylight fluore::;cent lamp pro·
viding 1,000 lux. All subjects Ivore their habitual visual
correction, and it is not stated if the test was conducted
monocularly or binocularly. The authors state that scor
ing was conducted via the method of Bowman, although
a total color difference score is reported. Statistical analy
sis of the data was conducted using log transformations.
The chi-square test, Fisher's exact test, con-elations, and
ANOVA were used to examine the data. As an additional
precaution, age, years of education, and alcohol use were
controlled for in the ANOVAmodels.
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 con
centration 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 mgt g creati
nine (median = 30.1 mg/g creatinine, range == 0.3 to 297.4
mgtg creatinine), while in the controls, the mean concen
tration of PGA was 0.7 mg/g creatinine (median = 0.58
mg/ g creatinine, range = 0.3 to 1.9 mgt g creatinine).
The total color difference score for the dO-IS 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 corre
lation 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, Ihey sug-gl'st that
even though these workers were expo~ed to low leyels of
styrene (1e~s than an ('~limated 10 ppm), their long-term
exposure to the chemical may be associated with thrdr
color vision deficiencies.
Assessment
Unfortunately, the conc\u~ion<; made by the authors are
obscun:!d by several factors. First, the total color differ
ence scores reported by the authors do not appear consis
tent with the scoring mechanism proposed by Bowman
and coworkers (1982). The CCI value associated with t.he
case group ('" 1.40) appears to be quite large, and may
reflect the inclusion of individuals with congenital color
vision deficiencies (therl' WilS no mention of exclusion of
cong-enital deficiencies and with a sample size that is so
small, the indusion of just one individual in !:his 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
conclusioIlS can be drawn regarding Ule effeel of styrene
exposure on color vision from the data and results associ
ated with this study.
Cali/paglia and (rYi/Jorkas (1995)"
The purpose of this work was to examine the relation
between "internal and external" styrene exposure facton;
with color vision discrimination and contrast sensitivity
at ncar. 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
reasoIlS: "poor" near visual acuity (n == 11), additional sol
vent exposures (n == 1), medications affecting v1sion (n ==
2), acute styrene exposures « 6 months, n = 8), incom
plete background data (n == 12), and "diabetes, color
blindness, ocular disorders and injuries" (n = 13). In sum
mary, 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 (cor
rected for urinary creatinine). Ou,tcomes assessed includ
ed sododemographic information, work condition, work
history, and general and ocular symptoms (i.e., eye irrita
tion, tearing. and blurred vision). Near visual acuity was
tested monocularly v.ith habitual correction using the
National Optical Visual Chart at 0.4 meters. Color vision
was assessed monocularly using thf7 dD-15 panel, and
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subject" were classified with eHher a blue-yellow or red
green loss. Scores for subjects were used to calculate eel
values according the BO\\'Jnan's ll1etlmJ, with an average
pre:;ented from both eyes. Subjects In-re further classified
for color vision ddiciem.;i!;!:; if he or she mispla<:ed a color
cap by 2 in the follO\dng categorie:;: type III blue-yellOlv
loss, type II red-green with concurrent blue-yellow loss,
and !ype Tred-green loss. Olle cap misplaced was consid
en~d normal. T.he Vistech chart (vcrs 6000) was used to
assess near contrast sensitivity at 0.4 meters monocularly.
"fhere is no statement about the usc of habitual visual cor
rection during this test. five spatial frequencies were test
ed 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-tesl" and Spearman's correlation
coefficients were used to examine the relation betIV!;!en
variables. Multiple linear regression was used to examine
predictors (i.e., age, seniority, alcohol use, mask LIse, and
MA) of either the CCI or contrast sensitivity. Logistic
regression was used to examine predictors (those afore
mentioned) of either one subjectively reporled symptom
or" qualitative dyschromalopsia."
The average self-reported alcohorintake was 160 ± 181
grams per week. The average MA concentration of the
group was 0.36 ± 0.52 mrnol/mmol creatinine and the
average ambient styrene concentration was 205.78 ±
262.35 mg/m'. For the group, there was a significant dif
ference between the two eyes on the CCI (1.20 ± 0.22 vs.
1.09 ± 0.12, P < 0.0001) and contrast sel15itivity, although
the spatial frequency for this difference in contrast sensi
tivity behveen the eyes is not reported. The between-eye
average CCI was 1.14 ± 0.16. Investigation of the data
shows that the difference behveen eyes in contrast sensi·
tivity may apply to all spatial frequencies. Linear regres·
sion models show that both age (95% confidence interval
[CIl for fl == 0.003 to 0.013) and urinary MA (95% CI== 0.052
to 0.263) predicted the CCl. Contrast sensitivity at 12 and
18 cycles/degree) were associated with age, while at 6
and 12 cycles/degree, it was associaled with MA. In sep
arate regression models, mask use and ambient styrene
were used as predictors of the CCI and contrast sensitivi
ty. In general, mask usc 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 associa.ted with
increased CCI values. In general, mask use and ambient
styrene was not associated with contrast sel15itivity loss.
Of the 81 styrene-exposed subjects, 25 (30.9%) were

considered to have the "profile of acquired dys.chro
matopsi<l." Of lhese, 22 had blue-yellow defects, one had
a red-green defect, and 111'0 had mixed defects. They also
slate thal six other workers had defects with nonspecific
ax!;!s. Logistic r!;!gressill11 was used to predict acquired
dyschromatopsia, and after controlling for age, alcohol
consumption, and mask usc, neither lv1A concentration
nor ambient styrene were significant.
Eye irritation was reporled by 35 subjects, followed by
blurred vision (n = 31), and tearing (n == 23). Logistic
regression was used to examine predictors associated
with symptom reported. !\1A significantly predicted eye
irritation (OR = 5.50, 95% CI "" 1.28 to 23.67), lear (OR =
4.73, 95% cr = 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 predicled eye irri
tation (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 \'ision loss occurs during 8 hour exposures to
styrene in workers who do not wear mask,,;
2) The effect occurs through respiratory absorption rather
than through the mucous membranes of the eyes;
3) Styrene exposure induces blue-yenow defects;
4) The effect may be due to an alteration of the liposolu
ble fraction of the cones or through altered dopaminergic
modulation in the horizontal cells;
5) MA concentration is associated with altered high spa
tial frequency contrast sensitivity caused by "changes in
neurooptic transmission rather than ocular defects;" and
6) These workers reported visual symptoms "more fre
quenlly than others" caLlsed by a local effect on the eye.
Assessment
This study was generally well-conducted and the analy
ses 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. AJthough 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 tenns of the contrast
sel15itivity, 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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E~/lclJi (JJJd Coworker:; (1995)"
The purpose of this reseMch was to examine the effeet of
low-dose styrene l'xpOSllre « 20 ppm) on color "ision in
a sample of Japill1('se workers. rhe original styrene
exposed salnpling frame included 69 workers (five
women) from six reinforced plastics factorie.~, and the
control group included 84 Ivorkers (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, OT llsed color vision-altering
medications). Thus, the final sample included only 64
styrene-exposed men and 69 conlIols (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 fluo
rescent lamp providing 1,000 lux and habitual glasses
were used. U subjects scored two or more errors, they
were classified as red-green or blue-yellow as appropri
ate. Further, the total color difference score (TeDS) and
CCI \'alues were calculated. Pearson's correlation was
used to evaluate the relation beh'leen eCI and age, while
Spearman's correlation was used to evaluate the associa
tion between CCI and MA concentration. In addition, the
Mann-Whitney U and Wilcoxon signed rank tests were
used to make group comparisons. Multiple linear regres
sion was used cvaluate the relation beh'lcen 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/I).
About 56.3% of workers had MA concentrations < 0.3 gil,
34.4% had concentrations 0.3 to 1.0 g/l, and 9.4% had
concentrations> 1.0 g/1. There was a significant correla
tion behveen 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). Styrene
exposed workers were subdivided based on MA concen
trations (Group 1 < 0.42 g/l and Group 2 O!; 0.42 g/l,
where 0.42 g/I N 30 ppm), resulting in a reduction to 57
individuals in earn group. The mean MA concentration
in Group 1 (n = 40) was 0.20 g/I (",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 resull~ showed that only Group 2 differed statis
tically (Wilcoxon signed rilnk test, P"'" 0.12 ,lilt! P < 0.01
for Groups 1 and 2 \'s. controls respectively). However,
for both of these gmups, there was not a significant corre
lation beh'leen MA concentration and eCI 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 W- 0.007, P < 0.01), smoking (fl = - 0.006, P < 0.05),
.and urinary MA (v = 0.16, P < 0.01) were significant pre
dictors of the CCI in the styrene-exposed workers.
Insignificant outcomes included volume of alcohol con
sumption, frequency of alcohol consumption, education,
exposure duration, and the interaction of expos\lre dura
tion and urinary MA. The adjusted R' for the model was.
0.328. Finally, the authors state that most of Ule 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 signifi
cantly higher than controls;
2) Urinary MA is a predictor of color \'ision loss;
3) There is a dose-response function whereby those with
er 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 recog
nize 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, espe
cially in higher styrene exposure levels measured
through urinary MA concentrations. This was not the
case for the low styrene exposure group, which did not
staHstically differ from the control group. A limitation of
this study included area rather than personal ambient
styrene sampling; this maybe why the authors chose not
to evaluate this variable as a predictor of color vision loss.
An addition;U limitation of this study was that there is no
mention of masking patient identifiers regarding their
status as a styrenc-exposed worker or a member of the
control group. Overall, this study provides moderate evi
dence regarding the impact of styrene on color vision.
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Mel'glcr fwd Coworkers (/996)'1

The purpose of this report \\'<lS to examine the effect of a
styrene-reduction inten'ention on neuroloxic effects asso
ci<1led with this chemical. The stud), design included it
longitudinally-assessed cohort of styrene-exposed \vork
ers. A battery of neurofunctional tesls was ildministered
to will pilrticip<lnts mainl)' composed of the Neurobehav
ioral Core Test BatLery (NCfB) and the Field Assessment
Using Sensory Tests (FAST) battery The dO-IS and near
contrilst sensitivity (Vistech 6000) are the two compo
nents in the FAST batter)'. In addition, self-administered
questionnaires induding sociodemographic infonnation,
work and medical history, and drug, smoking, and alco
hol usc were administered. Styrene exposure measures
were made by personal passive sampling and end-shift
urinary MA concentrations were measured. A daily time
weighted averilge was used for each of these outcomes.
Following baseline measures, styrene reduction recom
mendations were made to the planl<; which included the
instaUiltion of local ventilation systems and personal pro
tective device reinforcement. One plant heeded the rec
ommendations, while the other two plilnts did not.
Baseline outcomes were compared following two yeilrs of
additional exposrue in the three reinforced plilstics plants
using paired t-tests, Mann-Whitney U tests, or paired t
tests depending on the nature and distribution of the data.
At baseline, 118 workers completed the testing proto
col, 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 ambi·
ent styrene exposures (75 mg/m3 vs. 18 mg/m3, p < 0.01)
and urinary MA concentrations (0.11 mmol/mmol creati
nine 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 reduc
tions in ambient styrene (p < 0.05) and urinary MA con
centration (p < 0.001) compared ~ith baseline at Plant 3.
This was not the case at the other two plants. Of the fmal
57 workers completing both phases of the study, there
was no difference in their average CCI score when com
paring 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 significilntly reduced 0\'0 years later (mean ±
SD bilseline 69.5 ± 2U.8 to 62.1 ± 20.6, P < 0.01). When
workers Uiltil was striltified by plant (i.e., plants 1 amI 2
compared to pbnl J), their mean differences in eCl
scores (baseline - follow-up) were not significantly differ
ent from zero. The mean difference in CCI score for plan.ts
1 and 2 WilS -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 ch.mges ilssociated with styrene expo
sure were examined by separating workers on the basis
of their change in MA concentriltion (baseline - follow
up). The workers were grouped as follows: those with an
increase ~ 0.1 mmol / mmol creatinine (n = 17), those who
remained within ± 0.1 nunol/mmol creatinine (n = 22),
and those who had decreased by ~ 0.1 mmol/mmol crea
tinine. The authors state that there was a strong correla
tion (p < 0.001) between increase in M A concentration
over the two yeilrs and an increase in the' CCI index,
although they do not provide the actual correlation coef
ficient. Data for contrast sensitivity are not provided.
Based on these results, the authors make the following
conclusion. Differences in neuro-outcomes were associat
ed \\'ith changes in MA concentraLions-"the strongest
relation is with color vision which may be particularly
sensitive on a short tenn basis to increases and decreases
in exposufC."
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 evalua
tion of exposure and color vision loss. For most neuro
functional 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 CO values. There is no mention of the sample's gen
der in the manuscript; thus, it is not possible to detennine
the percent of females. This might be problematic if eCl
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)'"
The purpose of this work was to specifically evaluate the
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potential dose-respon~e effect associated with styrene
exposure <lnd color vision loss. Data that were used for
these analyses included that collected and analyzed in
two previous reporls by Cmnpagna and coworkers (1995)
and by Gobba and coworkers (1991). For these analyses,
subjects were excluded if they had medically confound
ing conditions (i.e., diabetes, hypertension, or cerebrovas
cular disease, cataracts), were taking ophthalmotoxic
medications, and those with a history of poor near visual
acuity, eye trauma, congenital dyschromatopsia, voca
tional exposure (0 other solvents, and those with incom
plete data. Subject" were also excluded if they wore pro
tecth'e masks on the job, consumed alcohol more than
200 gm/week. No contTol subjects were included in these
analyses, although data were collected on control subjects
by Gobba and coworkers, 1991. The final sample thus
included llBindividuab.
Individuals were assessed throughout the workshift
for environmental styrene via passive dosimeters. Color
vision discrimination was assessed using the dO-IS
panel, and eCI values Ivere 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 discrimina
tion, which were both found to be associated with
increased eel values. As such, the cel was then adjusted
in further analyses by "adding the mean score to the
residual." Spearman's correlation was then used to exam
ine (he relation between the adjusted CCI and styrene
exposure. A maximum likelihood technique was then
used to determine the threshold styrene exposure associ
ated v'/ith 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 expo
sure, or CCl 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% confi
dence 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 expo~ure 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 <lre lwo novel aspects associated l\'Ith this manu
scrip!. 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). Tn 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 docs appear, however, that <1S 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 bot.h studies. The second novel aspect
of this work is the specific dose-response analysis con
ducted from the overall data set. This method is based on
a change· point, which assumes no relation between expo
sure and the outcome of intel1c'st for low levels of expo
sure, but a relation for higher levels (i.e., where a dose
response 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
CCl for such low levels."·" The upper limit associated
with this threshold value was 26 ppm, although the cor
relation coefficient associated with this limit was only
0.21. Typical ambient concentrations arc around 1 part
per billion (ppb) and 20 ppm in fiberglass-reinforced
pl<lstics plants today.
Given that this work represent~ the re-analysis of pre·
viously reviewed studies, many of the same previously
identified problems stiU exist. These problems include
the lack of masking examiners in terms of case (or control
status) and the potential inclusion of females in the sam
ples, who may give spuriously higher CCl values
depending on their genetic status.
Cobb« and Cavlllleri (2000)'"
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 per
cholorethylene (PCE) and metallic mercury on color
vision in two separate samples of individuals. Two sam
ples of styrene-exposed workers were examiner (n, = 39
and n, = 30). The authors indicate that styrene exposure
was assessed by biological mOnitoring or personal pas
sive sampling, although they are not specific. A question
naire assessed work and medical history, exposure to
other toxic solvents, alcohol and smoking habits, and
ophthalmotoxic medication usage. Subjects were exclud
ed 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 \\'ere matched to the cases' on gender, age, and alco
bol and cigarette lise.
Color vision was ilsscssed using the dD-]:; panel and
exprt'sscd osing the CO. Each eye was tested individually,
and testing was conducted in the morning before expo
sure lUlder a daylight fluorescent lamp (1200 lux). The
examiners were "unaware of exposure levels of work
ers." Statistical assessments were made after first testing
data normality. The paired t-test was used for compar
isons between groups on eel data, and correlations were
assessed using Spearman's correlation coefficient.
First, 41 styrene-exposed workers were assessed [or
color vision deficiencies "during the last weeks before
summer holidays." The mean CCI from this group was
1.25 ± 012, which was significantly higher than controls
(115 ± 0.14, P < 0.01). Color vision was then assessed the
morning of the first day returning to work (30 days with
out work-related styrene exposure) in 39 of these same
individuals. The mean ccr was 1.2."1 ± 0.19, which did not
statistically differ from the baseline eCI 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 eCI 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 increa<;e was not statistical
ly 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 eCI val
ues increased in the workers with increased styrene expo
sures, 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
sholved 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 Ihe 10 workers was associated with increasing
errors in color discrimination.
A5seSSlllcllt
Although the Methods section of this article is well orga
nized 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 docs not appear that individuals with a
congenital color vision deficiency were excluded from

participation. The assessment of urinary MA concentra
tions would have also been a nice supplement to the data
and comparisons. The authors do not discuss gender in
their siunple, which is problematic as the inclusion of
females could have spuriously increased any eCI values
reported. This may not be problematic if both the case
and control groups have equal number of females,
although we C<lnnot be sure of this as the data was pre
sented. Further, there is inadequate discussion regarding
the control group, including it sdection, demographics,
and work history. Given the nature of the researcll, 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 appropri
ate 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 differ
ence as compared to the control group in terms of eCI
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 worker"s, there was a difference in eCI values
when compared to a control group at ba<;eline. However,
there was not a statistical increase in styrene exposure
over the twelve month period nor WitS there a statistical
change in eCI values. No data were reported for the con
trol group over this same time period. This draws into
'luestion the conclusion that any changes in color vision
occur over time with changing levels of styrene exposULc.
Kishi IIIld COlVorkers (2001)'"
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-exposcd 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 vi<;ual acu
ity (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 dO· 15 pand on
Mondays or Tuesdays at the begilming of the \vork-shift
unuer 01 daylight lamp (lUOO 1m:). Testing was conducted
lllonocul<lrly with \'isual correction. The test W<lS scored
in two ways. First, individuals IVere c<ltegorized as
abnormal (blue-yellow or red-green) with Iwo or more
errors in either eye. Second, a ccr score was calculated
for each individual. Correlation codficients (Pearson's
and Speannan's) were used to assl'SS the relation between
CCI and agl'and CCl and MA concentration, respecnvely.
The Mann-Whitney U te.~t was llsed to make compar
isons in outcomes between individuals. Multiple linear
regression was used to examine the relation between
sty!ene l'xposure and the CCl, while controlling for age.
Finally, the CCI was adjusted for age and cigarette con
sumption and a threshold effect of styrene was deter
mined 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) <md the averagl' MA concentration \vas
0.21 ± 0.44 gIL for styrene-exposed workers. The authors
state that there were "no large difference for age, alcohol
consumption, the number of cigarettesld<lY, and educa
tional attainml'nt among these workers," which appears
10 be true upon inspection of the data although no statis
tical comparisons were made. It does appear that the con
trol group cons.umed more alcohol as compared to the
styrene·exposed workers, although no statistical compar
ison was made. There was a significant linear relation
between the CCI and age for both styrene-exposed work
ers (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 val
ues 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 MAconcentrations: Group 1 « 0.1 gIL N 8 ppm
ambient styrene), Group 2 (0.1-0.2 gIL N 8 to 16 ppm
ambient styrene), and Group 3 (> 0.2 gIL N > 16 ppm
ambient styrene): The mean CCl 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 CO values from Group 3 com
pared with age-matched controls (1.13 ± 0.14, Wilcoxon
signed rank test, p <0.01).
The results from the multiple regression procedure
showeq. that age (p < 0.001), urinary MA (p < 0.001), and
smoldng (p < 0.05) predicted the CCT in styrene-exposed
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workers. Exposure duration, alcohol use, and educational
attainment were not significant predictors of the CCI in
the~e workers. Using thl' maximum likelihood anillysis, a
threshold urinary MA concentration of U.39 giL (95~o CI
= 0.32 gIL (0 0.48 gIL). This is equivalent to an ambient
styrene level of about 30 ppm.
The authors cunclude that for moderate and high
styrene exposurl's, CCI values differ from age-matched
normals indicating that there is a dose-responsl' affect.
Further, the lowest ohservl'd adverse effect level
(LOAEL) was 0.39 gIL and most individuals had a blue
yellow defect associated with styrene exposure (no data
presented).
Assessment
The Introduction and Methuds sections assuciated with
this article aTe dear and concise. Both the case and control
samples seem to be appropriately selected, with very lit
Ue 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 evalu
ate a dose-response affect of styrl'ne on color vision with
a 'larger sample of patients'; yet only 105 styrene-exposed
workers were included. It is unclear as to how this sam
ple size was determined to be large enough for the analy
ses 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 underpow
ered 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 CO is significanUy higher in the moderate and
high-exposure groups than the control grau p. 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." 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 exposl,lre seem to impact color vision rather than
low levels. It is unclear why no data were presented
regarding the quantitative analysis of color vision (num
ber 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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TABLES

ccr data from Triebig and coworkers (200 r)."
Test Period
--Bascline

Cases
Controls

._-----

10 Months
Later

~~--

CCI Monday Prior
Momin.g_ _ _ _
1.24 ± 0.25
p=O.ll
1.1U ± 0.11

----_._-

Cases

1.11 ± 0.11

Controls

1.10 ± 0.16

CCI Thursday After
the Workshift
----1.29 ± 0.27
1.I0±0.09

- - - - -_.

P = 0.61

Trie/Jig alld Coworkers (2001)'"
The purpose of this report was to examine how styrene
exposure affects color vision and 10 examine changes in
color vision over time after styrene exposure was
stopped. A sample of thirty male laminators (out of 50
styrene-exposed .\'lOrkers) was included in the study;
similarly, 27 males from the same company served as a
referent group. The exclusion criteria for participation
wefe as follows: congenital dyschromatopsia, diabetes,
hypertension, visual acuit), worse than 20/32, alcohol use
greater than 30 g/day, ophthalmotoxic drug use, oph
thalmic or systemic diseases altering color vision, and a
MA and PCA 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 behveen
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 dO-IS was conducted under a day
light lamp (1000 lux) binocularly ("due to time con
straints"). The test was scored using the CO, and com
parisons 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 work
shift 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 assess
ment of total styrene exposure. Statistical analyses
included the use of the U-test, Fisher's exact test, the

p= 0.05

After 4 weeks
Vacation
1.11 ± 0.11

Not Assessed

-------_. ----_._

1.16 ± U.14
1.08 i: 0.11

p= 0.18

1.05 ± 0.06
1.04 ± 0.06

p=0.56

Wilcoxon signed rank test, Speannan's correlation coeffi
cicnts, and linear regression.
FoIiowing the ventilation intervention, there was a
significant reduction in MA plus PCA levels in styrene
exposed 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). CCl data and analyses
are presented in 'laNe 5.
Further comparisons were made using these data. For
both cases and conlrols, 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 styrene
exp~scd workers following a 4 week-vacation period. The
mean baseline CCI was 1.24 compared to 1.11 after vaca~
tion (p = 0.01) while the mean CCl ten months later fol
lowing 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 individu
als were classified on the basis of an abnonnal CCI result,
although it is unclear how the authors define this tenn.
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 com
parisons between styrene-exposed workers and controls
with abnormal CO values at any test period showed sig
nificance. 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 Ccl, but not for PCA alone."
However, the regreSSion equation and slope of the line
between MA prediction of CCI score is actually insignifi
cant (p = 0.07). Spearman's correlation coefficients are
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then reported for the relation between MA an cel (r '"
0.61, P = 0.01) and between MA plus PGA and ecr (r =
0.59, P = 0.01); the correlation coefficient between PGA
alone and eel was not significant (r = 0,28, P = 0.28),
Finally, another attempt was made to examine a possi
ble dose-response affect of styrene on color vision by cate
gorizing styrene-exposed workers on the basis of a normal
or abnonnal CCi and then evaluating !vIA plus PGA levels
for each of these groups. No specific details are given
regarding the eCI cut-point used. The result presented is
slLch that "MA plus PGA of approximately SOD to 600
mg/g creatinine was iL'isociated with a normal CCI score."
The authors make several conclusions based on the
resulL'i 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 creati
nine ("" 20 ppm ambient styrene) is associated with the
upper, age-normal values for the co.
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 red
green errors in the styrene-exposed workers to come to
any conclusions regarding di.scriminatory defects.
Assessment
In general, this ar~cle is well presented, and the methods
and analyses seem to support the conclusions brought
forth by the authors for the most part. Color vision test
ing 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 control" in this
research, which improves the internal validity of the
study. Most other studies seem to usc 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 low
to-moderate alcohol use in the styrene-exposed workers
and referent group, controlling [or this as needed. It is
stated in the Methods section that "results were consid
ered significant if < 0.05;" however, none of the regres
sion procedures evaluating MA, PGA, or MA plus PGA
as predictors of eCI showed significance at this level,
although the authors suggest significant positive rela
tions from these analyses. The authors do show signifi
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c~nt Spearman correlatiuns between CCI and MA and
eel and MA plus PCA, although this sort of analysis is
less satisractory. The significance of these nonparametric
correlation analyses ~llgges[ that the variables of interest
did not meet the i1ssumptions required for the linear
regression.
From the data and analyses·presented, there is no f('J.Son
to doubt that styrene-exposed workers have worse color
discrimination than normal, nun-exposed individuals. We
also believe that although th~ sample sizes in both .the
styrene-exposed and control group in this study were
small, there is no mcUlodological reason to doubt Ulat the
discrimination losses arc reversible both after short-term
elimination and long-term reduction in exposure. nlL'i dif
fers from the result of Gobba that showed no improvement
in color dL'ioimination after a four week vacation period."
Tn that study, 20 styrene-exposed wprkers underwent dD
15 panel testing after one month of reduced exposure.
Although no data arc presented, UlC authors stated " ... no
tendency toward a restoration of color vision was
observed."'" Triebig and coworkers (200l) explain this dif
ference by suggesting that the stricter alcohol consumption
exclusion criteria employed in the current study may have
lead to the fInding. Mersler and coworkers (1996) also con
ducted a similar study, reducing ambient styrene levels and
MA concentration'i in 29 workers in one reinforced plastics
plant did not statistically improve their color disoimin.1.
tion." It is unclear why these discrepancies exist, and future
studies need to address the issue. It is unclear how repealed
applications of the dD15 panel influence these sorts of out
comes, especially when the test is administen:xi binocularly.
Overall, this study provides moderate evidence of the rela
tion between styrene exposure and color vision function.

Castillo Ilwt Ccnvorkers (2001)"
The purpose of this study was to examine potential
changes in visual function associated with long-term
styrene exposure in a cohort of workers.... " The investiga
tors hypothesized that cumulative styrene exposure
reduces near contrast sensitivity, and current styrene
exposure is associated with color vision alterations. All
workers l!Xamined in this study participated in both pre
vious assessments and remained employed at the plant.
The plant from which individuals were sampled was a
shower and bathtub manufacturers. There were 32 work
ers still employed who participated in the previous fol
low-up assessments, and 24 decided to participate (6 morc
were eliminated due to poor near visual acuity). There
was an intervention in the plant after the first data collec
tion period, in which additional ventilation was installed
and respirator use was highly encouraged. Ambient
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styrene II'<lS measured with p!:'rsonal pilssive devices ilnd
urinary /l.1A was measured at the enu-of-shift iltlhe !:'nd of
the work-week (corrected for urinary creatinine)_
Diltil were corrt'cted for respirator use, ilnd a cumula
tive exposure index (CEI) WilS determined ror each work
er using styrene exposure dilta. Visual function ilssess
, ments were conducted Saturday mornings, and indud!:'d
neilr visual acuity (monocular, hilbitual correction) and
color vision (dO-IS, monocular). II was reported that the
Color Confusion Score (CCSj was used to quantify color
vision test resulls. All dala were log-trilnsformed, and
ANOVA and two-silmple t-tests were used to compare
yeilr-sperulc data for individuals with each job clilssifica
tion. Job groups were also compared between years using
Friedman's ANOVA (nonparametric). Datil were com
bined when no differences existed.
Average ambient styrene levels ranged up to 600
mg/m' al the first data collection period, 430 mg/m' at
the second follow-up period, and 300 mg/m' at the cur
rent follow-up period. Median MA levels ranged from
0.25 mmol/mmol creatinine at the first follow-up period,
0.1 mmol/nunol creiltinine ilt the second follow-up peri
od, and 0.075 mmol/mmol creatinine at the current fol
low-up period, which represented il signifimnt decrease
over time (p = 0.015). For the 18 workers in this anillysis,
the rilIlge of CEI values was 198 mg/m' to 6,022 mg/m'.
Workers were divided into three exposure groups based
on the CEI: < 1,000 mg/m' (n = 6), between 1,000 and
2,500 mg/m' (n = 6), and greater than, 2,500 mg/m' (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 wefC age-adjusted. The authors made paired
comparisons using Wilcoxon signed rank test showing
significant increase in CCS scores between 1990 and 1992
(median \·alues 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 CPO
(Friedman's ANOVA, p < 0.05), but not a[1.5, 6.0, 12.0, or
18.0 CPO. Group individuals by the CEI, there was a sig
nificant difference between groups <It 3.0, 6.0, and 12.0
CPO (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 ilia sug

gests that as htlA levels were 101\' « 0.25 mmol/mmol cre
atinine) suggesting "These·IO\,' levels of ilctual exposure
probilbly account for the absence of il dose-dependent
relillion between color vision loss [md expo~llre."
Assessment
This work represents a third follow-up period to Ihe prt!
vious 1\"0 aSSt!ssments of a group of workers in the rein
forced plastics industry. As with the other studies, the
results here are not all that impressive. The iluthors 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, whidl they ust!d in their
previous reports. The CCS differs from the ccr in that it
assigns a score equivalent to the percentage increase in
distance tmveled around the color circle bilsed upon the
specific color cap replilcemenl. 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 longitudi
nal data in this study. The statistical models may not be
appropriilte, as repealed measures ANOVA was not used.
Repeated meilsuresANOVA is generally a more powerful
design, as it is based on 'within-subjects variance, provid
ing a more precise estimate of experimental error. If
repeilted 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 longitudinill study, it is extremely important to
control refractive status. The normal reduction in uncor
rected near vision seen with age can greatly influence
visual acuity and contrast sensitivity testing.

Gong and Coworkers (2002)'"
The purpose of this report was threefold: ]) to determine
the relation between current styrene exposure concentra
tion and color vision, 2) to determine previous/ cumula
tive styrene exposure and color viSion, and 3) to deter
mine 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 djse~e
(not specified), hypertension, diabetes, cerebrovascular
disease, prior head trauma, ophthalmotoxic drug use,
poor habitually corrected visual acuity, or alcohol con
sumption greater than 250 gut/week.. Thus, a total of 57
styrene-exposed workers (all males) from a reinforced
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plastic factory and a control group uf 69 males were
included in analyses. A history was cunducted to exam
ine work/ lifcstyle characteristics, previous solvent expo
Sllres, alcohol, cigarette, and dnlg use, and an<lmnesis.
from 1991 to present, workers were required to obtain
physicals 2 or 3 times per year, and end-shift MA concen
trations were measured during this physical. This
allowed for the detemtination 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 creati
nine concentration. Color vision was assessed monocu
larly using the dO-IS test under a 1,200 lux fluorescent
daylight lilmp. Although the same examiner performed
color vision testing to both groups, theY,were masked in
regards to their exposure status. The CCl was used to
quantify dO-IS test results. The Wilcoxon signed rank
test, Wilcoxon rank sum test, Shirley-Williams test (a non
parametric test for comparing several dose levels with a
zero dose conlTol), and general linear model (GLM) were
used to analyze the data.
Urinary MA concentrations were highest early, on
(040--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 cur
rent 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 styrene
exposed 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 ciga
rettes/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 sig
nificant difference between the groups in terms of educa
tion 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 signifi
cantly differed £rom one another (p < 0.01). No significant
relations were found between the CCl 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 averilge (:tSO) CCl
villue for the high cluse groups was 1.14 ± 0.24, for the
loll' dose group was 1.U9 ± 0.13, and for the control grol1p
was 1.02 ± 0.04 (Shirk'y-Williams test, high \'s. control p <
0.01, low vs. cuntrol p < 0.01). Anoth!:'r dose-response
analysis was condl1cted in which subj!:'cts were catego
rized based on their maximal previous styrene dose.
Those with oyer 0.85 gIg creatinine (> 50 ppm) were con
sidenxl the high dose group, and the mea,n age- and alco
hol-adjusted CCI value for this group was 1.00, compared
to 0.95 for the low dose groop (p < U.U1).
The authors conclude that styrene docs lead to alter
ations in color vision discrimination, and given the some
what low exposure levels in this study; the authors sug
gest that this is a factor in color vision loss. The authors
also imply that N1A plus PGA is a predictor ofCClloss, as
it approached sig'nificance in the GLM. Finally, the
authors suggest tllat doses as low as 10 ppm could lead to
alterations in culor 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. Tn other words, the reversibility of color vision
impairments due to styrene may be related to the maxi
mum 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 conclu
sions suggested by the authors. The analyses suggesting
that CCI values for the MA plus PGA group with expo
sures less than 240 grn/ 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 = 1.0.0 to
1.15, n = 29). Similarly, the mean (± SO) 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 cel values between
groups, suggesting that there were significant differences
behveen both the high and low exposure groups com
pared 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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anillyses :;howed for tht' right, left, and ,l\'eragt' of both
t'yes th'll MA plus PGA was not a predictor of color
vision loss (although for the right eyt', the p-\'alue was
0.058 for this predictor, and tIll' authors impty th.lt this is
significant). There is no real discussion about the discrep
ancy between analy:;es by the authors, and until such
issut's ilre resolved, one must cautiously interpret the
results from this study. Additionally, we bdieve that the
control group may suffer from somewhat of a sdection
'bias; in particular, the inclusion of medicill students in
addition to employees of other m'lnufacturing processes
is not appropriatt'. The selection of a 'control' gTOUp in
this type of study is of equal or grt'ater importance when
conducting a study of this naturt' than :;c1ection of the
'case' group. The control group must be rt'presentative of
the sample from which the cases were derived, having
the same characteristics as the cases except for Ihe fac
tor(s) of interest."·" It is highly unlikely that the styrene
exposed workers were similar to medicill students in
many regards. Finally, Viilene has also questioned the
result of Gong and coworkers, and has suggested that
their calculation of a Cumulative Expo:;ure Index is
nai've, and "blurs the relation between CEI and CCL""
DISCUSSION
The Effecf of Sfyrelle 011 Color Vision: Gel/eml Issues (Iud
ThreS/IO/d Levels
Determining a dose-response relation is a fundamentill
concept in toxicology. As such, it is an important assess
ment lhat needs 10 be conducted when evaluating the bio
logical 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-spedfic
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 dif
ficult 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 chem
ical such as styrene. Most of the studies of styrene and
color vision arc 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
mt'shed epidemiological design to study :;tyrene's impact
on color vision, a dose-Tl;'sponse effect can be assessed in
one of tlVO ways. rirst, styrene-exposed individuals can
be compared to 'normal' controls in temlS of their color
vision discrimination. Second, the 'dose' of styrt'nc within
the exposed group could be t'vafuatt'd in relation to
change in color vision. In doing so, the investigator may
st'iect cut-points for styrene exposure It'veis and examine
color vision discrimination across the exposed groups or
apply a regression procedure to describe and predict the
relation behveen the variables (clearly, the correlation
coefficient docs not perfoml these functions).
Most studies evaluated in. this literature review used a
control group to compart' color vision discrimination
against the t'xposed group, and most found a small, but
significant difference between the two groups (Table
12)."·"·""S:-·"'·"'''' Seven studies showed that, compared to
controls, styrene-exposed workers had significantly high
er 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 miIlion) and color
vision deficiency, compared to control groups. Often, low
exposure groups did not significantly differ from the con
trol group, or population, age-specific normal values for
the test. fuo studies were able to show that styrene expo
sure levels were able to predict the CCL 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 [or the associa
tion between styrene and color vision loss comes &om 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 a.~sociated with this literature
revie\\· revealed surprisingly small apparent threshold
doses associated with color vision lo~~.~'·" The study of
Campag-na ilnd coworkers (1996) su).;gested that a dose as
low as -4 ppm could induce color vision alterations that
could be clinically d!:'tected, whil!:' Gong and coworkers
(2002) suggested that a dose as I?w as 10 ppm was associ
ated with such alterations. Although Lhese lewis arc sig
nificantly higher than styrene levels found in the atmos
phere, most studi!:'s have sho\\'n thaL styrene exposure
induces color I'L~ion alterations in 'high' dos!:' groups (Le.,
greater than 20 to 50 ppm) compared with low dose
groups.~'·,""·"'·61 Because it is difficult to determine dose
response curves in human subjects, and thus, the thresh
old toxic dose associated with color vision deficiency,
suggestions based on analyses like those of Gong and
coworkers might be somewhat inappropriate. The analy
sis of Campagna and coworkers (1996) essentially fits two
lines through the high and low exposure data, an~ deter
mines the intersection point. Other studies that evaluated
the low d05l! group relative to a control group generally
show no difference in color vision discrimination. For
these and other reasons discussed in the assessments asso
ciated 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 cumula
tive 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 cau
tion in sugges.t these values from a literature review as
they are somewhat arbitrarily defined. A better approach
might be to perform a meta-analysis!meta-rcgression to
the data abstracted from the higher quality studies to
detennine a threshold value.
The application of cross-sectional! case-control
research methods in studying occupational styrene expo
sure 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 o~ a sub
stance given at anyone time. In the case of occupational
styrene exposures and color viSion, there are several fac
tors 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 mustbe made not
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only in the present, but also in the past in order to deter
mine the impact of styrene Oil color vision. Cros~-seclion
al re::;earch designs generally address a specific dose (Le.,
the current do~) in terms of the relation bet\\"l'l'l\ magni
tude o[ CXpOSUfl' and Ule outcome, although some inves
tigators have tried Lo examine cumulative exposures
(years or months) of exposure without much success.
What cannot be addressed by cross-sectional methodolo
gy is the impact o[ previous peak doses o[ styrene on
altered color vision. This Sl'l'ms to be an important part o[
the equation, as a very high peak dose might permanent
ly alter color vision function in an individual, l'ven
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 inves
tigator from establishing a sequence of events in tenns of
styrene dosing and color vision loss." Although most
studies reviewed indicate that they excluded patients
with congenital color vision losses, there is generally ·no
mention of the screening procedure used [or such exclu
sion, 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." Tf <Ippropriatl' screening for congenital
defects was not conducted, this may have significant
implications on eel results.
Prospective study designs, which can assess changes
in outcomes over time and factors that might explain that
change, arc considered the most rigorous of observation
al studies. The main advantages of using a prospective
design to study this issue are that it allows one to ascer
tain 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 belween
smoking and styrene exposure could be synergistic, and
these factors have not been thoroughly addressed in pre
vious studies. Well-conducted, prospective studies are
needed to help unravel the 'cause-and-effect' relation
behvct!n styrene and color vision discrimination, which
cannot be determined in these cross-sectional or case
control studies due to the unknown temporal relation
between disease and exposures.

Otller Substlillces alld Color Visioll DeficiellCY
Numerous substances have been identified through the
years which have detrimental effects upon color discrimi
nation. Often substances affect blue-yellow discrimina
tion due partially to the especially vulnerable blue cones
in the retina.'" Because blue-yellow. discrimination deteri-
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orates "normally" with age, it b uften difficult to docu
ment the toxicity uf these. ag!!nts separately from th!!
aging; processes. In addition, many ocular and s·ystemic
disease conditions ha\'e cnlor vision deficits associated
with the.Ill.
Aging. The measures of numerous visual functions
(e.g., visual il.ClIily, flicker fusion frequency, color discrim
ination) show similar age related changes. Sen~ilivily
increases Lhrough the teens Lo early twenties, remains
fairly stable for perhaps 2 decades, and then gradually
deteriorates. Verriest and coworkers, Bowman and
coworkers, and Muttray and coworkers have document
ed this relation with color vision using arrangement tests
that measure fine color discrimination (see Tables 3 and
4)."· 79 The decrease in color discrimination with the elder
ly has been shown to be due primarily to the yelluwing of
the crystalline lens and causes discrimination losses prin
cipally in the blue portiun of t.he spectrum."-;; The effect
is exaggerated at low to medium light levels as senile
miosis substantially reduces light levels on the retina."'"
Ocubr Disease Conditions. Type HI color vision
defects are shown for both glaucoma and diabetic
retinopathy. Glaucoma colur vision loss begins wiLh a tri
tan-type defect that progresses in severe cases to include
a red-green loss.'" While the usc of color vision tests has
not proven very beneficial in glaucoma diagnosL~, several
studies have shuwn that visual field testing with a blue
stimulus on a yellow background (Short Wavelength
Automatic Perimetry - SWAP) may help document begin
ning visual loss. In diabetic retinopathy color discrimina
tion loss can be great, again showing predominantly a tri
tan-type loss. As the condition progresses, red-green
defects are found such that. red-green pseudOisochromat
ic plates are also failed. The overall discrimination loss
can be so great that an averaging technique is required
with the FM-IOO hue lest to identify the blue-yellow con
fusion axis.'''
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 scle
rosis), inOammatory disease, or vascular disease.'" A red
grC{!n 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 \'ision defect. Digoxin, a cardiac glyco
side, also can produce an optic neuritis and an associated
Type 11 color vision defect. The colur vision effects from
buth drugs are reversible after withdrawal from both
agents. Quinuline deriv<lli\'e (e.g., chloroquine, quinine)
are lIsed prophylactically against malaria or fur treatment
uf arthritis. The drug stimulate pigment depu~ilion with
in the retina and initially produce a Type TTl Iritan-type
defect. Viagra is a drug lIsed to treat erectile dysfunctiun.
Trill1.~ient effects of blue-tint to vision and mildly reduced
color discrimination have been reported. l.ung-tenn ural
contracepti\'es use has been reported to cause Type III tri
tan defects. An interesting side note is that with even
short tenn usc, oral contraceptives and caffeine in combi
nation have produced reduced culor discrimination.
Lifestyle. The use of tobacco has long been known to
have toxic effects upon vision. lobacco amblyopia was
first described in 1868.'" It is an optic neuropathy with
demonstrates a central visual field loss and a Type II red
green color defect. The-condition is often associated with
nutritional deficiencies and responds favorably to vita
min therapy. More recentl}~ tobaccu usc has been associ
ated with cataracts and age-related macular degeneration
(ARMD)."..... This is significant in thai both these condi
tions have assuciated Type III tcitan defects similarly to
styrene toxicity. Concerning the ARMD, Hammond and
coworkers has shown that cigarette smoking is associated
wilh reduced macular yellow pigment which serves as
protective role to potential hazardous effects of short
wavelength light on the retina .... Muttray and coworkers
showed an association between cigarette pack. years and
color discrimination loss which they attribute to subclini
cal macular degeneration changes.'" ETb and coworkers
noted an associatiun behN"een 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 ....
Chronic use of alcohol has also been associated with
ocular changes with resulting color vision loss. Tn 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 alco
hol abuse. Mergler and coworkers studied th.e effects of
alcohol consumption on fine color discrimination (dD
]5).'" 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 discrimina
tion.:JJ 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 alco
hol and solvents (toluene, xylene, tricholoo,thylene, tetra
chloroethylene). Consumption of more than 2S0 g alco
hol/week in conjunction with solvent exposure showed
significant detrimental color discrimination effects."
Occupational Exposures. Color discrimination los:;e:;
have been shown to occur after exposure to se\'eral chem
ic<lb used in industry. lregren and coworkers (2000) pro
vide a comprehensive re\'iew of the color vision effects
[or several of these toxi.ns."
Cavalieri and coworkers studied workers exposed to
mercury vapor using the dO-IS test.'" Workers with uri
nary mercury levels greater than 50 ug/g creatinine had
significantly WOThe 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 controb by age, sex, alcohol, and nicotine.
They reported the color confusions were mainly along
the blue-yellow axis (Type III tritan defects). CavalIeri
and Gobba (199B) reported that this effect was reversible
after the oCOlpational exposure was reduccd."" 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 dO-IS test (CCI) to measure color di:;crirnination
in two groups of workers exposed to toluene and a con
trol group." 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 CO value for the higher exposure group and the
age and alcohol corrected CCl 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 bluc-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 predom
inantly female (93%). It is estimated that 15% of females
are heterozygous for congenital red-green color vision
defects and will have reduced color discrimination." 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

Toluenl;' c)(posnre ami the eel (Zal'alic and coworker:;,
1998):"
- - 

~?~ure

Group
High (mean 132 ppm, n == 32)

eel

p va~ue*

1.29

< 0.001

Low (mean 32 ppm, n == 41)

1.17

0.205

Controb (n == 83)

LIS

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

genital color vision defectives were identified to be elimi
nated from participation. Slightly fewer subjects were
eliminated from the study than is expected from general
population estimates. These concems create doubt for the
significance of tlle toxic effecis on color vision for the
lower exposure test group.
Cavalieri 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.'" It was reporled 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 urunodified toluene. The mean toluene expo
:;ure was calculated to be 42 ppm. Subjects with high
alcohol intake, smoked over 30 dgarettes/day, had poor
visual acuity, or had a congenital color vision defect were
eliminated from the subject pool. In spite of these limita
tions, 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 TOTC! (Cavalerri and coworkers,
2000).'"
Exposure Group
Exposed (n == 33)
Controls (n = 16)
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_c:ec:e:cI_ _~T"Oc:T"e=H1~_p-value
< 0.01
1.29
1.49
1.10

1.16
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ject pilrticip,mts nor WilS it explilined how congenitill
color \'ision defectives were identified.

FUllcliolln/ Sigllificallce f:f C%r Fi..;;io/l Deficit'ury
In order to determine the functionat significance of
styrene induced color \'ision defects, a typical value for
this effect must be specified. Most of the l:itudies in this
area used the dO-IS test and analyzed results using the
eel. For researchers that published meiln values, Ihe
mean CCl for the l:ityrene exposed subject populations
never exceeded 1.3U, cvcn for thc high exposure groups.
The highest mean values were reported by Gobba (1991,
. CCl '" 1.26), Gobba (2000, CCI = 1.29), Kishi (2001, 1.28),
and Triebig (2001, 1.29). Chia and coworkers did report a
mean equivalentCCI of 1.40 for the styrene exposed pop
ulation; however, it WilS apparent that incorrect methods
were ul:ied to calculale the TCDS.""" Therefore, for this
analysis, those results will not bc included.
Table 8 provides ccr scores for several sample
replacements on the Lanthony Oesaturated 0-15 test. It
appears that a CCT score of 1.30 can be achieved by mak
ing at least 1) three one-pli1ce 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 ccr scoring calculates the distance in CIE-LAB color
space that is traversed from the reference cap to Ule final
cap in the tray after replacement by the subject. CIE-LAB
color space Wi1S developed bi1sed upon perceptual differ
ences 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 Farnswo~th 0-15 is 2.07 times
that for the dO-IS test." 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 eCl score for specific cap replacement sequences
Lanthony Desaturated 0-15.
dO-IS Cap Replacement Order

CCI

Ref"1-3-2-4-5-&-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-l-1S-2-3-4-5-6-7 -8-9-10-11-12-13-14

1.30

Ref-I-3-2-4-5-7-6-8-9-1O-11-12-13-1S-14

1.36

Ref-1-1S-14-2-3-13-12-4-S-11-10-6-7-9-8

2.35

For the dO-IS, if an individual that makes a single
major misplacement with rei urn (e.g., from cap 1 10 cap
15 to cap 2) with perfect replacement following, the CCI
would be approximately 1.3 (sec l~lble R). As only one
major error was madt" it is expecled that the distance
across the color circle would be ncar the subject's just
noticeable-difference (jnd) in color. That is, if the subject's
jnd were much larger than the diameter of the color cir
cle, it would be expected that several major crossings
would be made, for cxample, from caps 1 to 15 to 2 to 14
to 3 etc, resulting in an extremely large CCI. Therefore,
illong this axis (from cap 1 to 15) the subject's jnd may be
cxpected to be approximately the diameter of the color
circle for the dO-IS in CIE·LAB color spacc. This individ
ual would not be expected to make a crossing error on the
Farnsworth 0-15 as its color circle is 2.07 limes that of Ihe
dO-IS. An individual with a 1.30 CCI on thcdO-15 would
not, therefore, be expected to make crossing errors on the
Farnsworth 0-15 test. Color vision defectives which pass
the Farnsworth 0·15 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
CClless than 1.30 failed the Farnl:iworth 0-15. All of these
individuals were anomalous trichromat,> and would be
considered very mild defectives. Additionally, all these
individuals demorutrated good color discrimination by
having anomaloscope matching ranges of 10 units or less.
As previously noted, Steward and Cole have docu
mented by survey the difficulties encountered by 102
color vision defectives. 21 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 difficultics. These items were 1) selecting colors
of dothes, 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 individu
als cannot see the mild amount of color in a desaturatcd
stimulus. For example, i1 green traffic signal ma)"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 circumsti1nces as posi
tional cues are present to aid in traffic signal color identi
fication.
In summary, the level of color discrimination demon
strated by the styrene exposed individuals showing sti1
tistically significant color defects are mild compared 10
congenital color vision defectives. The performance of
these individuals in recognizing color or in making color
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decisions in everyday actidlies would not bl' expected to
bl' sUbnoml<l1 in a functional sensl'.

The authors then state_ that th(;'re was a 1iignificant
reduction in ambient styrene (p < 0.05) ilI1J end-shift MA
(p < 0.001) after two year1i of follow-up for worker1i in
plilnt 3, but not plilnL<; 1 or 2 (data Me not presentl'd).
They then feport me(ln differences in eCl values
(13<15(;'linl' - 2 year follow-up) for plant~ 1 and 2, and plant
3 separately. The mean difference for plants I & 2 was
-0.12 ± 1.17 (p-valu(;'; not significantly different from
zero) and for plant 3 was 0.20 ± 0.78 (p-value: not signifi
cantly different from zero). Finally, the authors stratified
mean differences in CCI values using the criteria based
on change in MA beh-'lccn baseline and [he 2 year follow
up as follows: increase by 0.1 mmol / mmol creatinine,
rem<lined within ± 0.1 mmol/mmol creatinine, and
decreased by 0.1 mmol/mmol creatinine. Spearman's
correlation coefficient was used to examine thl' relation
between the respective group and thl' mean differences.
No data are presented other than schl'matically, but the
authors report a significant correlation (p < 0.001). Thus,
the authors conclude that "the strongest relation. [associ
ated with styl1!ne reduction] is with color vision." This is
somewhat of a stretch, and the author certainly had to
statistically hunt to find relation between styrene reduc
tion and color vision improvement (i.e., there Wl'fC no
statistical differences in the mean differences behveen
visits for the CCO. Correlation coefficients are particular
ly sensitive to sample size; thus, reporting only a p-valuc
is inappropriate, as it does not allow the reader to exam
ine the actual magnitude of the correlation.
A study by_ Gobba and Cavalieri (2000) more recently
addressed this issue.'" After an initial assessment,
styrene-exposed workers were re-examined 12 months
later. Results from this study are found in Table 10.

/{CC01JC/',lf frolll C%r \1i.,iol1 Dcjicif.'l1CY
There arc several types of loxidty thilt may be associateu
with styrene toxicity as it relatl'd to color vision ddicits.
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 peri
od of time (i.e., one or several doses within a 24 hours peri
od). Subchrunic toxic effects result from repeated expo
sures to a toxin over a period of one to sl'veral months, and
thb is the most common exposure route for environmental
toxins. Finally; chronic toxicities result from repeated expo
sures to toxin OVl'r a period of several months-to-yean;
resulting in cumulative damage to a tissue or organ struc
ture. AHhough damage from cmonic 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 nOnTIally. It is likely that styrene
exposures are somewhat chronic in this regard, although it
is not known if the toxidty to the ophthalmic system (color
vision alterations in this case) is permanent or temporary.
In other words, the permanency of color vision impair
ment after styl1!ne exposure is still in question.
Gobba and CavalIeri (1993) were the first to evaluate
the issue of color vision recovery following styrene expo
sure in a group of workers.'" In their study, a group of 39
styrene-exposed workers were examined with the dD-15,
showing a mean CO 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)."
styrene exposure reduction
on color vision deficits." Outcome
TIme 2*
Baseline
p-value
Baseline measures of styrene
Not Provided
Ambient styrene
75mg/m3
76 mg/m3
and color vision were estab
lished, and local ventilation (all 3 plants)

a

systems were established in
order to reduce styrene
exposures. Reassessment of
these outcomes was mea
sured again on the same
baseline workers two years
later. The results from this
study can be found in Table 9.
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End-Shift MA

0.11 mmol/mrnol

(all 3 plants)

Not Provided

creatinine

0.13 mmol/mmol
creatinine

CCI (n=57)

1.18 ± 0.20

1.19 ± 0.35

ru;

'Time 2 is a follow-up assessment performed two years a&er baseline following
installation of ventilation systems.
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TABLE 10

Rl"sulls from Gobbil .mct Cn'i1!Jeri (2000)."

Outcome
- - ----Group 1

----

--

Baseline
--

~--

·lime 2·

--- ---

Ambient Styrene

10.9 ppm
1.18±0.16_
CCl
- - ._-------

--

16.2 ppm
1.29 ± 0.21

p-value
>0.05

SUfe was conducted in 1999,
and reported in 2001. In this
assessment, only 18 of the
original participants were
included and tht;' authors
analyzed color vision testing,
lIsing the CCS rather than

the eel for somt;' unknown
reason. This is confusing as
Ambient Styrene
Group 2
14.4 ppm
10.2 ppm
>0.05
CCS outcomes are reporLed
CCl
1.27 ± 0.18
1.29 ± 0.26
>0.05
as 100 times the percent
above the distance traveled
in color space for perfect
'TIme 2 is a foUOIv-up assessment performed one year nfter baseline.
replacement; it appears as
though eel values were
reported by the authors.
The authors suggest, based on these analyses, that
This leads one to question the result and conclusions.
"These results suggest a progression in color perception
Scores for the three assessment period (1990, 1992, and
impainnent if exposure is increased, even if the difference
1999) arc reported figuratively; and are now age-adjusted.
in eel values was_not significanl." We disagree. The
Median values obtained from this figure are as follows
results of Gobba and Cavalieri (2000) arc inconclusive
(year data obtained is in parenthesis): 1.07 (1990). 1.045
(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
be because, again, this is cross-sectional research, and
difference between 1992 and 1999 (p:> 0.05). Again, the
results of this study arc completely in question, and no
. exposure and disease status arc measured at the same
time. We have no idea about the peak styrene levels
conclusions should be drawn.
occurring in the workplace throughout the 12 month fol
Finally, Triebig and coworkers (2001) examined the
low-up period. Thus, it is impossible to dralv any conclu
effect of altered styrene exposure on color vision discrim
sions from lhis study.
ination."" In this study, baselines assessments of exposure
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)." 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 \'ision and styrene expo-
0.08

~

TABLE 11

eel results from Triebig and coworkers (2001).""
Test Day
Thursday
After 4 Week
p-value
p-value
After Work Vacation
Avs.B __-ccccc=-__
Bvs.C
11orn~ ____coccccccc--"c,,=cc-____
-,cc~=-

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

1.24 ± 0.25

1.29 ± 0.27

1.11 ± 0.11

0.28

0.01

lO'Months Later
(MA +PGA= 273 rng/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
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tems. A control group W<ll:i initially included, but not
retested after in the follow-up periods, The reslllt~ from
this study Cill1 be seen in "lable 11.
This il:i the first study to provide l:iubstilntial evidence
that color vision alteralions are ill:isociated with reduc
tions in styrene. Thil:i indicates that in some regard, these
color vision alterations may not be complete. The authors
indicate that the styrene-expol:ied workers included in
this .!ltudy had at least 6 monthl:i of experience, although
they do not report an estimated cumulative work history
associated with styrene eXpOl:ilUe in these workers. The
authors suggest that the finding here may be di~ferent
from other studies because stricter alcohol consumption
exclusion criteria were employed. Regardless, there
seems to be no methodologieill or reason othenvise to
doubt there finding.
The evidence regilrding the recovery of color vision
following reductions in expol:iure is too inconclusive at
lhis point to make any finn recommendationl:i regarding
the issue. As discussed, sever<ll studies have found nega
tive or weak resuits, although this may have been due to
methodological or other issues. The study by Triebig and
coworkers (2001) docs provide evidence for an effect, ilnd
other studies need to replicate thil:i finding prior to con
clusions being drawn.

Pllysiologiml/AIIIlI01l1iCliI Basis for Color Visioll Dejicicl1cz}
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." He
bases his argument on styrene's predominantly blue-yel
low nature of the color discrimination loss and that com
ponents of the electroretinogram appear to be affected.
The studies which have been perfonned since his review
have strengthened his argument.
KolIner 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 red
green type defecls were common with those affecting the
visual pathway (inner retina and optic nerve). While sev
eral exceptions to this rule have been documented, his
observations have generally withstood the test of time."'
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."
In this regard, studies investigating the initial effects
on coIor 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 coworker.~, Gobba ilnd coworkers (I 991), and
Gobba <lnd Cavalieri all found predominantly blue-yci
10\\' type defects.·" '.J, ", ,'." I Ie also rt'ported that lVlcrgler
and coworkers r<'ported a high incidence of mixed
dyschromatopsia (both red-green and blue-yellow) but
predominantly for the highly exposed workers." This is
l:iomewh<lt expected as typically acquired color vision
losses begin with confusion along a given ilxis but as the
condition progresscs the orientation of IOl:ises become lel:is
defined. More reccntl)' Triebig and coworkers reported
color discrimination losse~ with styrene without a pre
dominant red-green or blue-yellow orientation." lL
should be noted, however, that these reports of orienta
tion of color confusion an' subjective in nature as the CCI
evaluation method of color discrimination provides no
objective measlUC of predominant color system los~.
The electroretinogram (ERG) has been used to evalua
tion electrical acth'ity in the relina of individuals exposed
to styrene. The ERG is a non-inv<lsive method to measUI'l'
the relative sln'ngth of the visuill signal as it progresses
through the retina. Several studies using the elec
troretinogram have shown abnormal retinal activity after
styrcne exposure. Skoog and Nilsson (1981) studied the
acute eHecls of toluene and styrene on the ERG on anaes
thetizcd monkeys.'~ Both agents affect the C-Wil\'e of the
ERG and the standing potentiaI of the eye. The c-wave il:i
believed to be generated by potential changel:i within the
pigment epithelium of I.he 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 arc limited.
Mirzoev and Sultanov (1989) studied the ERGs of
workers exposed to high levels of styrene.'" 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."
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 reti
nal cells in rats after styrenc exposure." Ten rats were
exposed to an atmosphere of 300 ppm styrene for 6
hours/day,S 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 infor
mation across the retina (through horizontal cells) and
has been shown to playa role in color perception."'"
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In summary, evidencl' continues to mount to implicate
the retin<l as the site of dam<lge causing the color discrim
ination losses with chronic styrl'ne exposure. \"!hile
amacrine cell loss has been implic<lted by the \Tettori <lnd
coworkers on r<lts, deLrimental effecLs upon the pigment
epithelium, photoreceptors, and other retinal structures
can not be ruled out."
SUMMARY

The impact of styrene on color vision has been <lssessed
by numerous investigators over the past 10-12 years. The
studies since the report by Sheedy have supported the
evidence that exposure to styrene can cause detrimental
effects upon fine color discrimination. Overall, this result
is best supported by thl' ~vork of Gobba and coworkers
(1993), Campagna and coworkers (1995), Eguchi and
coworkers (1995), Kishi and coworkers (2001), and
Triebig and coworkers (2001).~'·"'·"'·"'·" Although there is
no single, high quality study which confinns a causative
association between styrene and acquired color vision
deficits, taken together, these studies provide moderate
evidence of the association. However, no study l'v<lluated
was perfect, <lnd flaws were inherent in all of them.
Although studies of this type of occupational l'XpOSlUe
and biological effect are not easily conducted, some
methodological, statistical, or other issue precluded the
remaining studies from being included among those sup
porting the relation in our opinion.
The new data provide little evidence supporting a
threshold effect at exposure levels below 50 ppm. We
believe that higher doses (Le., greater than 50 ppm) of
styrene are associated with alterations in color vision
compared with normal controls. In general, several stud
ies showed a significant difference between the high
exposure group relative to the control group or a signifi
cant linear relation between ambient styrene or MA and
the eCI (Table 14). As suggested by others, we believe
that the small amount of evidence accumulated to date
suggests that styrene impacts color vision by altering reti
nal function-specifically, the amacrine cells. More recent
studies have supported previous claims that the detri
mental effects on color vision are at least partially caused
by changes within the retina and that the detrimental
color vision effects of styrene may be temporary.
However, the exact dose and mechanism of color
vision loss associated with styrene is stil[ in question, as
is the proximate toxicant (styrene or a metabolite), and
the dose metric (peak vs. metric). Other questions also
remain. It remains uncertain as to the degree of restora
bility of the slight loss in color vision, and if there are

morc susceptible subgroups (e.g., elderly, smokl'rs). Also,
it is not known whaL the impact of an acquired color

vision deficit of this magnitude would have on an indi
vidual functional status. ruture research is needed to
address these and other queslion.~ raised in Lhis report.
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APPENDIX I
Color COI~fll5ioll1lldcx

In numerous studies which inwstigate the toxic effects of
clwmicals upon color vision, the Lanthony Desaturated
D-15 Panel Test i<; used to ass~ss fine color discrimination.
Small caps of different colors are T~placed into a tray
according to color. The colors vary in hue from blue
around th~ color cirde 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 tlus total by the dis
tance representing perfect replacement. In his paper
Bowman provides color space distance values when
going from any givcn cap to any another. These values,
however, arc 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 DesatuTated D-15 is similar to thc
Farnsworth 0-15, 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-I5 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 calcu
lating the color confusion index are not from the appro
priate 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 overesti
mates CO when compared to the actual value and the
degree of overestimation increases with CO. However,
for results showing few errofs (i.e., CCI ,.,1), the
Farnsworth analysis can overestimate or underestimate
the actual value. Figure 2 shows the Farnsworth calculat
ed CO graphed versus the actual values. Figure 3 shows
the ratio of the two values graphed versus the actual
value. For low COs, there is considerable variability of
estimation shown. Overestimated and underestimated
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TABLE 12
------

eCI resuits from studies assessing impact of styren!;, on color dsion.

S~

Study Characteristics
Average or
Median
Average or
Control Ambient
MedianMA
._ _ _ _ _ _ Group
Expo~u~ _ Level ____

Matdled OR Adjusted CCl Values

Case

_~p~ ~g~

Gobba, 1991
Gobba, 1993 _

Y

'" 34 ppm"

, ___1.26±0.22
'" 0,48 gIL _____ 1.21 ± 0.20

Chia, 1994

Y

Not
Measured

84.0 mgfs
creatinine

Campagna, 1995

N

48.3 ppm

"Egue.=:clti=·, 1,9"9c'SC-____

Y

. - -. .- -

1.40

Controls

p-vaJue

1.15 ± 0.14

< 0.01

1.053 ± 0.07

< 0.001

----

1.13

0.0006

---~~~-~~~

0.36
mmoll
mmal
cr!;'atinine

1.14 ± 0.16

Not Conducted

~y'c---~":c.5'-"pp,,m"---cCo.=22~g,}/'.:1~::::~.::::::::~1.~22~±::~Oc:.~24~.~::::~1-;.1·2-±-O-.1-3--<0.01

Mergler,1996

Y

18 ppm"

0.12
mmol/
mmol
creatinine

1.18 ± 0.20

Campagna, 1996

N

-16 ppm'

Not
Measured

1.16'

Not Conducted

---0=.-----

-

Not Conducted

..
Y_ _ .~'~3~p~pm~_~__________~1.=24c-,,±~O.=2~1_~1=.1~4=±:cO=.1~4c-_ _<=O=.O~1_
N T , : llppm'
T,: 1.18
T,: 16 ppm'
T,: 1.29
0.08
n=lO
Not
NA
Measured
T ,: 14 ppm'
T,: 1.27
>0.05
-----O~------.--

Gobba, 2000
(2 case groups,
time periods)

T,: 10 ppmf

T,: 1.29

n=20
Kishi,2001

Y

Not
Measured

0.21 gIL

1.28 ± 0.28

1.18 ± 0.18

<0.01

Triebig, 2001
(Baseline)

Y

Not
Measured

MA+PGA:
0.472 gIg
creatinine

Man: 1.24
Thur: 1.29

Man: 1.10
Thur: 1.10

Man: 0.11
Thurs: 0.05

Triebig, 2001
(10 months
later after
intervention)

Y

Not
Measured

MA+PGA:
0.273g/g
creatinine

Mon: 1.11
Thurs: 1.16

Mon: 1.10
Thurs: 1.08

Man: 0.61
Thurs: 0.18

Gong.. 2002

Y

~~~--~-~~--~~~--~~-~~--.--.,~b

Not
Measured

MA: 0.26 gIg
creatinine
PGA:O.ll gIg
creatinine

1.04"

1.00

·<0.01

'Mean value reported., bMedian value reported., 'Not reported., ~Represents the average of measures taken from Monday
and Thursday; preshift MAmeasures., 'Represents the average of the two study sample (Italian and Canadian)., 'T, and
T, represent baseline and 12 month outcome assessments.
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TABLE 13
J{csu Its from studies using altemalin:' methods of as~essing color \'ision tests or scoring algorilhms.
Study Characteristi~
Averilge
or Median
Ambient

Srud}_'_
Fallils,
1992

Average
or Median
MA Level

Control
Gro_up__ _~~£osure
Y
24.3 ppm

Castillo,
2001

N

Cascs
,_________ Contr~ ~'alue
259.9 ± 136.9
262.7±
NS
MA: O.23g/g
creatinine
114
--,-- ,-- ---
PCA: .057
farnsworth 100 Hue Error Score
_ _--c_~/gcrea~tin":i"n__
'____
_ _ _ _ _ _ _--:_ _
Overall
0.08 mmol/
1.17
Not Conducted
Not
mmol
(Color Confusion Score?)
Reported
creatinine

TABLE 14
- - ' - - - ' - - , - - - - 

DO!:jC-Stratified CCI comparisons and regression analyses evaluating the dose-response effect of styrene on color vision.

~rudy

Gobb<l,1991
Gobba, 1993
Chia, 1994
Campagna, 1995

High Dose
Group
1.27"

Low Dose /
Intervention
Croup

Control Croup

p-value

Criteria

b

1.09
Not Compared
<0.05
215mg/m'
Not Compared
1.11
<0.05
213 mg/m'
"No Significant Linear Correlations were present behveen TCDS and MA or PGA"
1.29

"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

Mergler, 1996

1.18 ± 020

Hvs.C<O.Ol MA<0.42g/1
L vs. C: = 0.12
~_ _~~~_ _~_ _~H vs. L: <0.05
Not Compared
> 0.05
Intervention group included
1.19 ± 035
original workers after
installation of ventilation.

1.17±1.19

1.12±0.13

Campagna, 1996

"Color Confusion Index (<ldjusted for alcohol consumption and age) exhibited positive relationships
with environmental styrene exposure (Spearman r = 0.25, P < 0.01)"

Gabba,2ooo

" ... 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<O.OI

Triebig, 2001

1.24

L; 1.21 ± 0.26
C: 1.17 ± 0.19
p>O.DS
1.11"*

Gong. 2002

1.14 ± 0.24'

1.09 ± 0.13'

L; < 0.10 giL
0.1-0.2 giL
H:>0.2g/L

M;

NA

0.01

*4 week vacation
orig1nal cases

1.02 ± 0.04'

All < 0.01

MA + PGA < 0.24
gig creatinine

'Mean value reported., bMedian value reported.
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values are shown depending upon tIll' specific errors of
replacement Ivhich were made. For this sample, once Ihe
actuill ccr reached 1.25, the ecr using the Farnsworth
values always overestimated the actuill value. For the few
subjecl<; in this study with ccr below 1.25, the mean dif
ference in the Iwo calculiltions was only 0.0089 +/- 0.039.
For Cel values at 1.25 ilnd above, the mean difference
was 0.12 +/- 0.090.
From this investigation it appears that the error intro
duced by using the Farnsworth test color spilce pOi;itions
inste~d of Lhose for the Lanthony test is smilll; howe\'er,
the error appears to increase with ccr above eel = 1.25.
How these small errors could affect a study's results arc
difficult to determine without having the actual data 10
analyze. However, it is logical to assume that if the
exposed group had higher eCl's, the incorred calculation
could magnify (slightly) a small difference. Also, for
eCJ's just above 1 (and below 1.25), the incorrect calcula
tion could add variability and help "hide" a small but
significant difference betlveen control and exposed
groups.
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TABLE 1

Lanthony Based Analysis
"Correct"

Fams\\'orth Baseu Analysis
"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 Oesaturated 0-15 Tests
graphed in ClE-LA.B Color Space.

Ratiu of Farnsworlh Calculated "5. LanthoilY Calculated
eCI graphed versus the correct (i.e., Lanthony
Calculated) CCT.
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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'

EXECUTIVE SUMMARY

The effed of styrent;' exposure on color dis
crimination has been assessed by numer
ous 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 deficit~, however,
are mild when compared to the color dis
crimination difficulties exhibited by con
genital color vision defectives. Quality of
Life instruments have been recently devel
oped to help determine not only the func
tional 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 discrimina
tion ability. Studies have been done, how
ever, in which individuals with congenital
color vision defectives are questioned con
ceming the effects of their defects on life
activities. It is only those individuals with

'The Ohio State University College of
Optometry, Columbus, OR
Corresponding Author: Jason J. Nichols,
00 MS MPH, OSU College of Optometry,
320 West lOth Ave., PO Box 182342,
Columbus, OR 43218
Good.3®osu.edu
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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 ~ummary, 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 styr~ne exposure are
relatively mild, we believe that a study that
assessed the significance of styrene
induced color vision deficiency might
show little-to-no impainnents 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
INTRODUCIlON
styrene-induced color
vision deficiency might
show little-ta-no
impairments in quality
of life and functional
ability.
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The effect of styrene expo:>ucc on color dis
crimination has been assessed by numer
ous 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. ,., Recent studies have supported
previous claims that the detrimental effects
on color discrimination are at least partially
caused by changes within the re~a, and
that the detrimental color vision effects of
styrene may be temporary," The threshold
dose and m,echanism 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
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color \'i~ion loss, the <letual ~ignificance and handicap of
the associated dysdlromatopsia on an individual's func
tion in society and qU<llity of life has not been considered.
The purpose of this report is to examine the scientific lit
eratu~ in order to provide a better wlderstanding of the
potential significance that this and other acquired and/ or
congenital color vision deficiencies may h<lve on an indi
vidual's quality of life.
HEALTH, DISEASE, AND QUALITY OF LIFE

Traditional concepLs 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 dis,ease. Often, ill-health is reflected by a
symptom or a change in 'usual' function noted by the
patient. There are several traditional measuTCS of health
which include population-based outcomes (e.g., mortali
ty and morbidity rates), individual indicators (e.g., labo
ratory / 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 sun'ival rates are no
longer enough to describe the health status of an individ
ual or population. With the average life expectancy in the
United States at 76.2 year.;, society is faced with chronic
health conditions than ever before.' These include condi
tions such as cancer, heart disease, stroke, and diabetes;
previously, these conditions were as:>ociated with signifi
cantly shorter period:> of survival..
In 1948, the World Health Organization (WHO)
defined health to be "a state of complete physical, mental
and sodal well-being, and not merely the absence of dis
ease.'" The formation of this organization and its all
encompas:>ing 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 applica
tion 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 dis
ease, ability to perform daily activities, and more recently,

positive themes such ilS happiness, social and emotionrJl
well-heing, ilnd cogniti\'e function. Because many of
thest' olltcome~ are subjective in nature, surveys and self
reported instruments arc required in order to mak('
assessments. The main advantage to using these out
comes Ivhen defining health is thaL they provide in.~ight
into matters of human concern sudl as pain and suffer
ing, depression, cognition, functional ability, emotion, and
motivation. Because they are subjective, hO\\,ever, there is
concem 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, adver
tising, social science (e.g., sociology and psychology), and
medical science. It is somewhat of an ill-defmed 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.'" For instance, general quality of life may
encompass dimensions such as adequacy of hOUSing,
income, and perceptions of one's immediate environ
ment. 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
dimcIL~ion of quality of life, rather than a overall concept.
Again, there is no clear definition of health-related quali
ty of life. One somewhat simplistic way to think ilbout
health-related quality of life is that it includes an assess
ment of two things: 1) What the person can do (e.g., [unc
tional status), and 2) How the patient feels (e.g., well
being). Clancy and Eisenberg (1998) provided a more
sophisticated and detailed framework outlining four con
cepts associated with health-related quality of life." These
concepts include health perceptions (an individual's rat
ing of health or symptoms), functional measures (an indi
vidual's ability to carry out daily activities), preference
based measures (choosing between 1\'10 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."
There are two basic types of instruments that are
developed for use in quality of life assessments; generic and
disease-specific." 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." Although lhis instrument h(ll;
been used in ophthalmic research, vision researchers
m(linly use the SF-36 only La show COTlcurnmt validity
with a new ophthalmic instrument. The sewnd type of
quality of life instrument that can be used fur assessment
is the disease-specific instrument. This type of instrument
target'> 'domains' that are thought to be rdaled to a spe
cific disease (or similar diseases). An example of this type
of instrument is the Glaucoma Symptom Scale."
Quality of life (QoL) instruments should be reliable,
valid, sensitive, and responsive if they are to be clinically
useful." Although these psychometric properties are
interrelated, they are examined in somewhat different
ways. [oar 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 distin~,'uish responsiveness (the abil
ity to detect change in status over lime) 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
nonnal patients on repeated occasions." Validity assess
ment 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 mily be ready
for use in epidemiological studies or clinical trials.';·"
QUALITY OF LIFE AND OPHfHALMIC DISEASE
Quality of life (QoL) assessments have become important
outcomes in ophthalmic research over the last 10 years.
These instnunenls complement and enhance our under
standing of a patient's visual status, supplementing the
traditional clinical lests, such as visual acuity, used for
patient assessment. They also supplement our under
standing of how diseases such as cataracts, glaucoma,
macular degeneration, and diabetic retinopathy lead to
functional impairments and disability. Examples of oph
thalmic 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.'" ,.." 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.""" Of
the aforementioned instruments, only the NEI-VFQ
makes any sort of assessm~t of the sigruficance 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 ddects
are tlsuall)' predictable, st(lble, symmetric behvccn eyes,
and, thus, they are easy to diagnose." Patients with a con
genital color vision defect usually have otherwise normal
visual function. Congenital color defects are often subdi
vided based on the main axis of color confusion (i.e., red
green versus bl ue-yellow confusions) and on the mecha
nism of the defect (i.e., a missing cone type within the
retina [dichromacy] or an abnonnal photopigment sensi
tivity within a single cone type [anomalous trichroma
cyJ). The genetic basis and clinical implications of con
genital color vision deficiencies arc 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 dis
orders, or chemical exposures may lead to an acquired
color vision deficit. Individuals with acquired dyschro
matopsias have less predictable losses that may progress
in severily over time. Often, the hvo eyes are differential
ly affected, and there may be an accompanying loss in
visual function (e.g., contrast sen'>itivity). 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 Veeriest." 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."" This would correspond to a Type
ill defect, similar to other toxic retinopathies and diseases
like cystoid macular edema, central serous retinopathy,
and diabetic retinopathy. While retinal damage from dis
ease 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 blue
yellow 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 .... "
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were in transportation
the railroad ilnd
Zl1aritime industries. TIlt'
thought is that there is an
Verriest Classifications of Acquirr.-d Color Vision Defects
increased risk for an acci
dent or CTilSh with the misin
~am~ __________ Desc~ti~ _ _ _ _ _Examples of Causa lion _
terpretation of a signal light.
1) Cone dystrophy
Type I (Red-Green)
Protan type of defect with
These industries ilc.lopted
shift of luminous efficiency '2) Chloroquine toxicity
color vision standards in the
_____________ fro~h~ictoscotopic _ _ _ _ _ _ _ _ _ _ _
mid-to-lilte 1800'5. The air
Deutan type defect with
1) Optic neuropathy
Type II (Red-Green)
line industry instituted simi
milder blue-yellow loss
2) Ethambutol toxicity
lar color vision standards in
------:-
the early 1900's. There
1) Glaucoma
Type III (Bluc-Yellow)
Ttitan type defect
seems to be no broad agree
2) Diabetes
ment regarding color vision
3) Nuclear cataracts
standards
for personal auto
4) Aging
mobile use throughout the
5) Macular degeneration
world. In the United States,
however, individuals must
Diabetes is a metabolic disorder exhibiting elevated
be able to discriminate between a green, amber, and red
traffic signal in order to obtain a Commercial Driver's
blood glucose due to an imufficiency of or in~emiti\'ity to
insulin. There is a resultant breakdown of regulatory
License. Research has shown that a color vision deficien
mechanisms, some of which lead to alterations in the
cy aione is not a danger to safe driving.Y'
There seems to be even less of a consensus for color
visual system. In particular, research has shown that
vision standards in other occupations and trades where
there are changes in the short wavelength system (blue
cones) leading to alterations in visual function prior to
color vision discrimination may be important. This may
clinically detectable retinal vascular abnormalities. v A
be because many of these trades and industries are self
regulated, and are not equipped to handle such a health
report [rom the Early Treatment Diabetic Retinopathy
Study showed that 50% of its sample (n = 2,701) had color
standaro. Nevertheless, color vision discrimination may
vision scores worse than 95% of the normal population.~
be quite important in many occupations, as color is one of
These are patients with confirmed retinopathy, indicating
the most effective means of conveying information.'>
that they are more severe diabetics than the general dia
However, individuals with color vision deficits often
betic population. The color vision defect that was most
engage adaptive behaviors to compensate [or their
frequent was of the blue-yellow (tritan) type.
deficits in color perception and discrimination.
Glaucoma is an ophthalmic disease whereby the optic
Reports on the significance of color vision on function
al ability arc scarce. 1he best assessment of this issue is
nerve undergoes changes resulting from high intraocular
pressures leading to alteratiOIL'i in the optic nerve fiber
that of Steward and Cole."" In that study; the investigators
bundle. This disease also has an effect on color vision.-~
surveyed 102 individuals with congenital color vision
deficits and 102 normal controls. A questionnaire w_as
Traditionally it was thought that glaucoma leads to a
blue-yellow alteration in color vision; however, more
administered which was composed of fi~e sections: color
vision status/perception, everyday difficulties with color,
recent research has shown that red-green alteratiom may
occupational difficulties with color, difficulty with color
be just as common or likely.J> It was originally suggested
that short wavelength cones may more susceptible to
signal (i.e., driving), and reaction to color vision diagno
sis. The results of this studywerc interesting. Two dichro
damage from elevated intraocular pressure.
mats (5.4% of the dichromats) and 16 anomalous trichro
mats (24.6% of the anomalous trichromats) were unaware
prior to the study that they had a color vision deficit. The
COLOR VISION AND EVERYDAY FUNCTION
majority of dichromats (71%) and a small minority of
It has been known for well over a century that people
anomalous trichromats (27%) reported that they became
whohave color vision deficiencies may have occupation
aware of their deficit through difficulties with colors (p <
al impairments. Some of the first observations of this
0.002). Of the 18 individuals not aware of their color
specificall)~

TABLE 1
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vision deficit prior to this study, the gt!nerill respons!:' of
the individuals was d!:'scribed as "d!:'nial" or "coping,"
Th!:' results from questions about difficulti!:'s with
everyday activities, driving, ,lnd their occupations were
alsu interesting. Tn terms of ewryda), activities, the color
vision defectives reported difficulties with selecling col
ors of cloths, accessories, paints, carpet, furniture, wallpa
per, and cosmetics. They abo reported significant diffi
culty with crafts, hobbi!:'s, IIower identificiltion,
determining when fruits/vcgetilbles ar!:' ripe, and in
sporting acti\·ities. Color vision defectiws illso reported
difficulty with traffic signals ilnd sometime confusing
traffic signals with street lights. Finally, behvcell 29 and
43% of colur vision defectives reported that their altered
color vision impacted their career chuice, and some
reported difficulties with their current, ewryday work.
The study of Steward and Cole gem·rally showed that
dichromats report marl:' difficulty than ilnomalous
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 nui
sance value rather than a majur handicap in their every
day life." What is not known from this research is how an
individual with iln acquired color vision deficit might
respond to these sorts of questions about functional,
everyday impaimlents associat!:'d 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 (0 that shown by workers exposed to styrene.

report uf diabetic individuals to whom the NEl-VPQ
instrument was administered repurted that the scores for
color vision were among the highest (best) repurted, and
because deficits were uncommun, the scale \vilS not useu
in predictive anillyses (I.e., tu answer the question "is
retinopathy sl:'verity associated with quality of life-relat
ed color vision loss?").'" This scale is surely limited, and
probably not representative -of the ways in which color
vision may affect an individual's function and health stil
tus. This issue most definitely needs further study.
CONCLUSIONS
There is lack of information and studies that ha\'e
assessed the significance of acquired color vision defi
ciencies on quality of lif!:' and everyday tasks. Col!:' and
Steward showed that congenital color vision deficiencies
are associated with mild-to-moderat!:' impairments in
everyday tasks and occupationsi however, styrene-associ
ated 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 thiln that of
congenital deficits. We believe that a study thilt assessed
the significance of styrene-induced color vision deficien
cy on individuals might show little-ta-no impairmenls in
quality of life and functional ability. At present, there is
not an appropriate color vi'iion-specific quality of life sur·
vey instrument that could be used for this type study.
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Abstract
Benignus et al. (2005) presented an analysis on neurobehavioral effects of long-term styrene
exposure based on simple and choice reaction time, and colour discrimination. Significant effects
were declared for choice reactions and colour discrimination. In their discussion the authors
stress the significance of the results for accident rates and color discrimination demands, arguing
the costs of regulation for styrene should be seen against the benefit of reducing styrene-caused
accident rates. Such far-reaching conclusions required a deeper analysis of the meta-analyses.
The authors' interpolation of urinary metabolite levels to projected airborne styrene
concentrations did not use standard procedures, did not explain how multiple values in individual
studies were incorporated, and, although acknowledging it, did not account for a general trend for
greatly reduced exposures over the time period covered by the studies included in the analysis. It
is concluded that the analysis of neurobehavioral endpoints presented is not representative of the
studies available. However, the tasks in two of the four studies included for choice reaction time
do not fit the usual definition of choice reaction tasks. The seemingly arbitrary use of a linear
model limits the ability to identify a threshold of effect and is not supported by individual studies.
The perspectives offered in the discussion are analysed with the result that neither the
considerations on accident rates nor those on improvements of colour vision after reduced styrene
exposures can be accepted as contributions justifying a new assessment of the neurotoxicity of
styrene.
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Introduction
Previous assessments of the neurobehavioral effects of styrene have focused on assaying the
qualities of individual studies and attempting to find the best study for hazard assessment
(Fouremen, 1995; Rebert and Hall, 1994). Benignus el al. (2005) presented a modern approach in
a creative way to assess this issue: i.e., a meta analysis of several studies. Quantitative meta
analyses allow the use of more data to evaluate dose-response relationships, provided that the
data are sufficiently robust and appropriate assumptions based on experimental evidence _is
provided. However, the information lost in making assumptions that allow pooling of data may
outweigh the benefits of pooling the data. For occupational styrene exposure, the authors
evaluated relations between cumulative styrene exposures (or their metabolites) and simple
(SRT) and choice reaction times (CRT) and with color discrimination. They reported statistically
significant relations for CRT and the Colour Confusion Index (CCI), but not for SRT. The
presentation of data suggests that styrene exposure even in low concentrations causes remarkable
functional impairments. The extent of functional impairments has been declared as a 6.5%
increase in choice reaction time after 8 exposure years of20 ppm (the ACGIH recommended
limit) as well as an increase of colour confusion of2.2% (measured by CCI with age norms) after
the same exposure history which corresponds to 1.7 additional years of age in men. Tn their
discussion the authors stress the significance of the results for national accident rates and color
discrimination demands of real life situations, arguing the costs of regulation for styrene should
be seen against the benefit of reducing styrene-caused accident rates. Such far-reaching
conclusions require deeper analysis of the authors' meta-analysis, based on 4 studies of CRT and
5 studies of colour discrimination.

Issues of concern include: (1) the absence of inclusion I exclusion criteria for the selected studies
and the representativeness of the studies chosen for the intended objectives, (2) the exposure data
used and the assumption of a linear model of dose-response (3) the assumed link from inhaled
styrene to prolonged reactions, and from these reactions to higher accident rates.

Representativeness of studies included
The inclusion criteria for the articles used in the meta-analyses were not outlined explicitly, but
the authors implicitly mentioned: (a) exposure data - airborne ppm; urinary styrene, mandelic
acid or creatinine; (b) exposure duration; (c) mean or individual data for the dependent variables;
and (d) "long-term exposure" in the title (thereby excluding experimental studies). Using these
criteria, several additional studies could also be included into the model calculations. Five
additional studies for SRT meet these criteria (Kjellberg et al. 1979, Cherry et al. 1980, Fallas el
at. 1992, Edling et al. 1993, and Viaene et al. 200 I) with two possible others (Mergler el al.
1996, Edling & Ekberg 1985). One additional study concerning CRT (Mackay & Kelman 1986)
meets these criteria. For CCI one additional study definitely should be included (Triebig et al.
200 I), with two possible others (Sin-Eng Chia et al. 1994, Mergler et al. 1996). We believe that
the Benignus el al. article failed to reflect the available literature and thus their conclusions are
questionable. Table 1 presents some information on the relevant references that were not
included.
(Table 1 about here)
In addition, some data probably were used twice in the meta-analysis concerning color
discrimination. Table 4 of Benignus et al. lists five papers from which data were obtained,
including both Campagna et a/. 1996 and Gobba el at., 1991. The Campagna 1996 paper states
4
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that their analysis was based on data published by Campagna el al. 1995 (67 participants) and
Gobba et af. 1991 (51 participants) giving a total sample of 118. Thus, the 51 participants from
the Gobba et af. 1991 study (15% of total participants in the Benignus et af. analysis) appear to
have been included twice in the Benignus et af. analysis. This, plus the fact that several relevant
studies were not included by Benignus, indicates the color discrimination analysis is suspect.
Additionally, the criteria concerning the tests accepted as "choice reaction" tests in table 2, " ... in
which the subject must first select between options before deciding whether or in what way to
respond" (Benignus et af. 2005, p. 532) is a non-standard and wide definition for choice reaction
tests. The authors included results from Tsai and Chen (1996) in the analysis of CRT:
1) The tests performed by Tsai and Chen (Continuous Perfonnance, Pattern Comparison,
Pattern Memory, and Switching Attention) are tests for cognitive and executive functions
-and do not fit into the usual psychological test classifications for CRT (Lezak, 1995). The
authors do not explain how they incorporated the means of the four tests into the meta
analysis of CRT.
2) A second study in Table 2 (Jegaden el al. 1993) used a test requiring inhibition of
reactions in 50% of the trials - this being compatible with "go/no-go" tasks rather than
choice reaction tasks.{Nieuwenhuis el at. 2003).
Only the studies ofMutti et af. (1984) and Triebig el al. (1989) used typical choice reaction tasks
and thus we conclude that the majority of studies pooled for Table 2 do not reflect CRT.
Benignus et af. expressed dependent variables as a percentage of baseline, stemming from either
control groups or low exposed groups serving as "implicit controls." However, this may be
misleading. In the study of Gong el af. (2002) different control groups and "implicit controls" are
available and it remains unknown how they were used in the analysis by Benignus et af. The
authors refer to a "weight" statement ofProg REG. Probably the very high variance R2 = 0.91 for
CRT in Table 6 can be explained as a result of the weighting procedure of means.
In this context the authors cited Paramei et af. 2004 who standardized, by pooled standard
deviations, their differences between exposed and controls in order to get effect sizes. "This
transform conflates the measure of magnitude of an effect with its stability, so a transformed
score may be larger or smaller depending on the variance of the group." (Benignus el al. 2005, p
533). From our point of view the procedure ofParamei et af. is traceable, because an implicit
"quality control" of the studies has been installed which resulted in missing of homogeneity
between the CCI-related studies in the Paramei el al. article. To do meta-analyses by using only
percentages of baselines is possible statistically but it forgoes an important opportunity of
accounting for variability in control groups.
Exposure data and the models used
The studies included by Benignus et al. had differing exposure characteristics; the treatment of
exposures and analysis of the subsequent data indicate that exposures were underestimated.
Benignus ef al. say that those studies were included which provided exposure data from the end
of the shift urinary mandelic acid (MA) (exception Mutti el aI., 1984, back adjusted). In the case
ofJegaden et al. (1993) it is unclear what data were used by the authors. Jejaden et af. report end
of shift sum ofMA and phenylglyoxylic acids (PGA) on the day of testing and as a mean
concentration over 43 weeks. About 86% of absorbed styrene is transformed into the metabolites
5
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MA (57%) and PGA(33% )(Greim & Lehnert, 1998). Since Benignus et af. state that conversion
to ppm atmospheric styrene was baseQ on MA concentration, it is unclear how they translated the
Jejaden ef aJ. urinary metabolite data (sum mandelic + phenylglyoxylic acids) to ppm styrene.
Ambiguous descriptions for data-transfer from the original literature to the model inputs do not
support transparency of results,. and concrete information for each included study would improve
enormously the plausibility of the results. For the majority of the studies included, the
relationship between MA to styrene ppm is of interest because shift-end values refer to urinary
samples. For the correlation of inhaled styrene to MA, the data of five reports were pooled for
figure 2, and conversions from urinary MA to inhaled styrene were based on Fields & Horstman,
1979. The literature reveals additional information on this association, which are used more often
(e.g. Harkonen et af. 1978; Guillemin and Berode, 1988, Lauwreys and Hoet, 1993; Pekari et af.,
1993; ACOIH, 2001) and other values of predicted styrene ppm could have been calculated, and
thus the presented styrene ppm values - after prediction from MA - were only one of many
possible estimations. Thus their exposure estimations are neither transparent, nor do they use
standard extrapolations (such as ACOIH) from urinary metabolite data.
Another source for possible under-estimation of exposures occurs with the authors' treatment of
exposure histories; they assume a unifonn ·exposure during the work history of individuals in the
included studies with an average duration of about 8 years. Exposure effects are attributed to 8
exposure years, extrapolated from exposure data belonging to the last day of exposure before
testing, but this fails to account for exposure reductions. The authors correctly reflect on
"overestimating the magnitude of effect for any indicated exposure". Contemporary data suggests
the magnitude of exposure reduction is great (HSE 2005, BOlA 2002) with pooling of data for
the period 1985-1997 suggesting exposure reduction of about 86%, although greater reductions of
exposures can be achieved (Welp et af. 1996).
In their analysis, the authors.assume that all persons in each included study (or each subgroup
within the Mutti et al. study) were exposed to the same concentration of styrene; however, as
shown in Table 2, that is not true. There was a wide variety of exposures within each study and
one cannot ascribe the effect as being caused by the mean concentration of exposure. Further the
individual studies report ranges of duration of exposure from I year to 16 years; Bcnignus et af.
treated all subjects within each study as exposed for the mean duration reported for the individual
study. While such assumptions are often used for testing a hypothesis of an effect, such lumping
of exposure concentrations and durations make dose-respo.nse evaluations and time-response
evaluations unreliable.
Further, the authors assumed a linear regression of dose-response relations using formula [2] for
the estimated value of effects. Thus, any search for a threshold of neurotoxic effects is
impossible. Visual examination of the scatter plot of work-years of styrene against CCI (Figure 7)
does not support an interpretation of linear dose response. Examination of Figure 4 shows that for
50 and 160 ppm-years styrene exposure there was no increase in CRT. Further doubt on the linear
extrapolation of effect with time is rendered by evaluations within two of the studies. Jejaden ef
al., 1993 found no greater effect among those exposed for 9-14 years than among those exposed
for 1 year. Triebig et al., 1989 reported no effect of duration of exposure based on a chronic
exposure index. Thus, the linearity imposed on the mathematical model does not reflect
sufficiently the empirical realities; i.e., the scatter plots provided by Benignus el al. do not appear
to support linear relationships.
6
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Statistical modelling should be encouraged in the field ofneurobehavioral assessment of
workplace exposures, but it is equally crucial to (i) perform appropriate modelling, with data that
makes reasonable modelling feasible, and (ii) to interpret such modelling carefully. Meta-analysis
can distance readers from the original data and therefore leave them highly dependent on the care
and diligence of the analysts. Application of the pooled data to linear regression models may not
be a reliable way of expressing the results Benignus el at. believe they found. In performing
"Dose-Effect Curves" in figures 4-6, the authors may be accentuating any effects observed in the
larger studies they selected, and minimising any effects observed in smaller-scale studies. When
using group-mean data (as opposed to individual-participant data) the fitting of regression lines
will often result in vastly inflated confidence limits. (see Prog REG and weight statement before)
The authors have assumed a linearity between dose and CRT and CCI in figures 4-6, and this
linearity of effect, when forced through zero can only produce highly "steep" effects. This feature
would make linear modelling inappropriate when dealing with effects generally assumed to have
a threshold. The authors should have suggested alternative_ non-linear methods of curve
estimation. However, such modelling of CRT may perhaps suffer from the low number of
observations (n = 7), but this would not be expected for the eel data (n = 15).

It is not quite clear why exposures less than 10 ppm were used as a baseline. "Zero" exposure
would be more appropriate, and thereby any exposure above zero be classified as an "exposure".
This measure may have been performed in the way that it was in order to allow for the inclusion
of as many studies as possible in the analysis, but this may also be perceived as more evidence
that not enough suitable papers existed for such analyses, without the data being ''tweaked'' to
suit the analysts.

Extrapolation from the models to real life situations
After the critical view on the procedures used by the authors, different restrictions of this meta
analytical study can be summarized, regarding the (1) the representativeness of the studies used,
(2) the analysed dependent variables, (3) the extrapolated exposure levels, (4) the historical bias
of exposures as well as (5) the assumed linearity of dose-effect relations especially in low
exposure levels. Such critical points can be seen as reason to abstain from further conclusions.
The authors correctly state that color vision deficiencies that are associated with exposure to
solvents appear to be primarily blue-yellow in nature. Their Discussion concerning the
significance of color vision defects, however, details studies with subjects with congenital
defects, which are ovenvhelmingly red-green type defects. Additionally, the degree of difficulty
performing everyday tasks (e.g. traffic signal recognition, judging of ripeness of fruit) reported
by color vision defectives in these studies varies considerably depending upon the severity of the
color vision deficit. Individuals with the milder defects report few, if any, difficulties with
everyday activities. Readers of this paper, however, are left with the impression that styrene
exposure of20 ppm for 8 work-years (predicting a 2.23% increase in mean eCI) can result in the
same functionally significant color discrimination losses equal to those found with more severe
congenital deficiencies. To place the 2.23% increase in eer into proper perspective, a perfect
score on the Lanthony test is 1.0. For a group of subjects with normal color vision, the expected
mean eel will be approximately 1.20. A 2.23% increase in mean eel would result in an increase
to only 1.23. Severe congenital red-green defectives, however, will have a mean Lanthony eel of
between 2.5 and 3.0.
7
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Benignus et al. have concluded that occupational styrene exposure to 20 ppm for 8 work years
would impair CRT by 6.5%, corresponding to an increase of roughly 100 ms. To illustrate a rea!
world effect of increased CRTs, the authors discuss the importance of CRT in automobile
driving, particularly total brake reaction times. A National Highway Safety Traffic
Administration study is discussed that has estimated that brake reaction times that are decreased
by 100 ms can reduce a significant amount of accident-related property damage and personal
injuries. Moskowitz and Fiorentino (2000) has identified 13 behavioral areas and tasks that
constitute driver related skills: aftereffects, cognitive tasks, critical flicker fusion, divided
attention, driving skills, perception, psychomotor tasks, CRT, SRT, tracking, vigilance, visual
functions and drowsiness. It is unclear which CRT testing method most accurately simulates the
CRT component of total brake reaction time. It is admirable that Benignus et al. wish to
demonstrate the effectiveness of reducing occupational styrene exposure; however, CRT is only
one component of automobile-driving behavior, and its relationship to brake reaction times is
unclear. Such a discussion is speculative and beyond the scope of their paper, and should only be
considered as a hypothesis rather than a request for regulatory action.
The predictive value of the models used
Benignus et al. (2005) refer to an article of Benignus et al. (1998) with similar ideas and
prognoses on the consequences of toluene exposure. They presented a model for the increase of
choice reaction times with toluene exposure (Figure 6 in Benignus et al. 1998). According to this
model 120 min. of27 ppm exposur~ to toluene should result in prolonged reactions of about
10%. However, various publications since the Benignus et al., 1998 publication do not support
this model prediction. These studies included acute effects of toluene (Neubert el al., 2001, van
Thriel 1999) as well as chronic effects considering current and life time weighted averages of
toluene exposure (Zupanic et al., 2002; Seeber el al. 2004, 2005, van Thricl 2000). Using
different appr.oaches and a repeated measurement design, none of these studies can finned the
model predictions. Thus, for toluene the results ofa creative model-approach did not find any
correspondence in the real life of toluene exposed workers.

Conclusion
The assessment ofneurobehavioral effects from workplace styrene exposure remains unclear,
with conflicting results reported ranging from slight effects as low as 22 ppm to no effects as high
as 100 ppm. Insufficient details were provided in the Benignus et al., 2005 paper to reconstruct
and therefore, fully assess the validity of their meta analysis ofneurobehavioral effects of
styrene. However, their extrapolation of urinary styrene metabolites into air styrene exposures did
not use typical extrapolation relationships, and did not account for reductions in workplace
styrene exposures during the course orthe studies included. Two of the four studies included in
evaluation of styrene effects on CRT do not meet the accepted criteria for CRT endpoints. Their
use of a linear model precludes estimation ofa no-effect level, and is not justified by the data.
The assumption of a cumulative (duration) effect is counter to the results of two of the four CRT
studies, which explicitly looked for, but found no effect of duration of exposure on CRT. Further,
any change in color discrimination from styrene exposure has no clinical impact, contrary to their
assertion and no impact of styrene exposure on driving ability or automobile accidents has been
demonstrated.
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Table I: Chamcteristics on additional studies regarding simple and choice reaction after occupational styrene
exposure. Characteristics on the additional study wilh CCI is superfluous since already included in an earlier
meta-analysis (pammai ['/111., 2004)
RT measure
Reference
Ex~osure measure
Additional studies for simple reaction time
2 exposure groups.
Before and oller
Chenyel aI.,
MA conc.
1980
shift
ppm data.

Conlrol?

Blind?

,

N

Viaenc et aI.,
2001

Exposure hrs.
(mglm]) conc.

NES  timin~ not
specified

Yo. matched
for age, sex,
schooling

yO'

27 current exposed
90 formerly exposed
64 controls

Edling et 01.,
1993

Styrene TWA
concentrations
(mean = 8.6ppm)

Yes - matched
for age, shift
and workload

?

20 exposed
20 conlrols

Fallas el aI.,
1992

Styrene conc
(24.3ppm). MA
cone, PGA cone.

Testing one work
day. Follow-up 2
5 weeks after
exposure
{vacation)
WHO-NCr
banery

Inclusion: OK
Pre-shin
effects on
SRT.
No after-shift
differences 10
conlrOls
Inclusion: OK
Less IhM 10
years exposure
with 36 ppm
docs not
produce SRT
effects
Inclusion: OK
No SRT eITecl

Yes - malched
for age,
ethnicity,
social status

?

60 exposed
60 controls

Inclusion: OK
No Rt eITects

Kjellberg el aI.,
1979

Data available

Available, but
few participants

?

7 exposed
7 conlrols

Inclusion: OK
Styrene elTects
weTC shown,
bul few
participants

Mergler e\ aI.,
1996

Respiratory
monitoring (ppm)
MA conc. in three
plants

WHO-NCTand
FAST

longirudinal
follow-up
Sludy

?

118 baseline
57 relurned at
follow-up

Edling &
Ekberg 1985

Respiratory
monitoring (ppm)
morning MA cone,

SRT before and
after shift

yO' no
matching
mentioned

?

12 exposed
10 controls

Inclusion:
possible.
Changes in
exposure
directly
reflected by
chMges in
SRT
Inclusion:
possible.
NoSRT
effects at

Yo. matched
for age

13 low exposed
14 high exposed

Comment

TWA

exposure of
2Sppm
tllOm~ml}
Addition"1 stLld~ for choice reaction time
MA conc,
Mllckay&
CRT before IUld
KeirnM 1986
after shirt

No J
exposure
groups used

No

10 exposed

Inelusion:
possible.
Some CRT
effects but
difficult to
determine
elTects of testpractice
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reliably

Table 2. Characteristics of Cohorts for CRT Studies from 8enignus et al., 2005
Number
Exposed
worker.i
]0

Mean
Ag,

Ag'
Range

28

+1- 6

Muni e\ al..
1984

50

40

+1-11.5

Tricbig cl ill.,
1989
Tsai e\ al.,
1996

36

Reference

Jejaden el al.,
1993

Not

24-59

Mean
Exposure
Concenlration
22.7 ppm
43 week
30 ppm
14@<25ppm
9@25-50
14@50-75
13@>75
18 ppm

Concenlralion
Range
4-55 ppm
average
20% above 50 ppm
10-300 ppm

Mean
Exposure
Duralion
5 Y'

3-251 ppm

8.7 yr
8.1
7.9
9.7
7 Y'

+/- 40 ppm

8.3

Duralion
Range
+1-4.5
II persons 1 yr
9 persons 2-5
IOeersons9-14
+1- 4.0
4.7
4.9
5.0
1-16

~iven

41

J5

+1- 8.9
16-67

22 ppm

+1-7.9
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We read with interest Ihe recent ecological study by
Coyle el a1. [IJ in which they concluded Ihal "slyiene
was an imponanl breast carcinogen." This finding is
likely an incidental one for several reasons. Ecologically
speaking, the associalion of ambient styrene exposure in
Texas and breast cancer is nol supponed by breast
cancer rales in Ihat slate. Furthermore, there are several
cohort studies of Slyrene workers that show no clevation
of breasl cancer. Air monitoring of styrene in Ihe
Houslon area demonslrales Ihat exposures arc very low,
especially compared 10 occupational exposure.
The aUlhors asserl that, because Texas ranks first
among all US Slales for the amount of styrene released,
there is support for Iheir finding of a relalionship' be
lween styrene and breast cancer incidence. 'If Ihis were
lrue and if slyrene releases were a cause of breast cancer,
one would expcclthat the rales ofbreasl cancer in Texas
would be among lhe highesl in the nalion. However, this
is not Ihe case. In fact, Texas has the loweSI [2]. The
overall average annual age-adjusled incidence rate for
breast cancer for the period between 1997 and 2001 for
Texas was much lower Ihan the national rate (110 versus

127 per 100,000). Similarly, (he rates per 100,000 among
Whites (110 verSus 130), Blacks (104 versus 107) and
Hispanics (77 versus 87) were lower in Texas than the
nalion [2J.
The hypothesis generaled by the ecological dala
analyses of Coyle el al. is nOI supported by olher sludies
of styrene exposure. The sludies referenced by Coyle
e\ aL [3,4J do not contain any informal ion on exposure,
only on the industrial branch in which individuals
worked. Conversely, the cohort studies for which breasl
cancer rales were reported, representing more lhan
100,000 men and women wilh occupalipnal exposure 10
slyrene (Table I) show no elevation of breast cancer.
Given the slronger sludy design (cohort versus ecologi
cal) Ihe hypothesis has been lested and not supported.
Funhennore, the authors' conclusions are inconsis
lent with dose-response principles. Based on ongoing
monitoring, ambient styrene monomer exposures in Ihe
Houston area average 0.018 ppb [5J, whereas exposures
in reinforced plastics workers have been 50,000 ppb or
greater [4,5,9]. In other words, industrial exposures are
approximately] million fold higher Ihan environmenlal

Table I. SummDry of studie:s or breast cancer and styrene
r~tio

Number of breast cancer cruesJoohort

Rate

54.487 Cases (577 males)

1.1l (66.2/59.8)

29,009 Case:;

v~r5US,

101.254 controls

1.38 (Exposure

Design

E:o:posure

Authors

Ecological

Re:;idencc in counties
with reported release
Occupation listed
on de~th certificate
Employment in
reinforeed plaslie industry
Employment in rcinforced
plastics industry
Employment in rubber plant
Employment in rubber industry
Employment in reinrorced plastics
ond composites industry

Coyle el aJ. [I)

"'~

4 C~ses among 7949 work~rs

level 3)
0.46

control
Cohort

13 Cases among 40,688 workers

0.52

Cohort

6 Cases omons 2492 female workers
J Cases among 36.691 workers
14 C:lscs amon8 15.826 workers

0.57
0.79
0.62

Cohort
Cohort
Cohort
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Cantor et oJ. [6]
Coggon et aJ. [7]
K08cvinas et

~I.

[S[

Solionova and Smulev:ich [9J
Sorahan et aJ. [10)
Wong ~t aJ. [IIJ

exposures in the area of Texas. IL is not biologically
plausible that styrene could increase breast cancer rates
among individuals living in areas with extremely low
exposure potential without evidence of risk among those
highly exposed in the industrial settings.
The authors have dismissed the negative results of
the occupational cohort studies because women were
under-represented. However, in the study by Coyle
el aI., breast cancer cases among men are treated equally
to those of women. The statistical models in their study
predicted less than 15% of the study variability. In light
of the low breast cancer rates in Texas (to the US), lack
of supporting evidence in occupation cohort studies, and
evidence of low styrene levcl~ from air monitoring, the
current study is a textbook example of the ecological
fallacy.
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AbslTacl

Styrene is known 10 be both hepatotoxic and pneumotoxic in rodents. 4-Vinylphenol (4-VP) has been shown to be a
minor metabolite of styrene in some studies and is a morc potent loxican! in mice than eilher styrene or styrene oxide. 4
VP is metabolized primarily by CYP2EI and CYF2F2 to an unknown metabolite. The purpose of this study was to use
inhibitors of these cytochromcs P450 [0 address the question of whether the parent compound or a metabolitc is
responsible for 4-VP induced toxicity. Rats as well as mice were found 10 be susceptible to the toxicity of 4-VP. Prior
Ireatment with either diethyldithiocarbamate or 5-phcnyl-l-pentyne as inhibitors of CYP2EI and CYP2F2 prevented
or greatly decreased the hepatotoxicity of 4-VP as assessed by measuring serum sorbitol dehydrogcnase and its
pneumolo:ticity as detennined by measurements of cells, protein and lactate dchydrogenase (LOR) activity in
bronchoalvcolar lavage fluid. Thus thc hepatotoxicity and pneumotoxicity of 4-VP are due to a metabolite(s) and not
the parent compound. © 2002 Elsevier Science Ireland Ltd. All rights reserved.
Kcywu,d.s: 4_Yinylphcnol; Liver; Lung; CYP2EI; CYP2F2

1. Introduction

Styrene is a widely used chemical with extensive
human exposure, especially in the reinforced
plastics industry (Miller ct aI., 1994). The primary
route for the metabolism of styrene is via styrene
oxide, and this epoxide is generally thought to be
the active metabolite responsible for the toxicity of
styrene (Bond, 1989). Styrene causes both hepato
toxicity and pneumotoxichy with mice generally
being more susceptible than rats (Roycroft ct aI.,

• Tel.: + 1·765-494-1412; fllX: + 1-765-494-1414
E-mail ad",,,:;:;: geurtson@purdlle.edll (G.P. Cllrlson).

1992; Morgan et aI., 1993a,b; Gadberry et aI.,
1996: Cruzan et aI., 1997). Styrene has also been
shown to cause lung cancer in mice but not in rats
(Cruzan ct aI., 1998, 2001).
Other metabolic pathways also are involved in
the metabolism of styrene (Sumner and Fennell,
1994). One of these involves ring hydroxylation to
yield 4-vinylphenol (4-VP). Bakkc and Scheline
(1970) identified 4-VP in the hydrolyzed urine of
rats doscd orally with styrene, but it amounted to
only 0.1% of the administered dose. Pantarolto et
al. (1978) identified small amounts of4-VP in the
urine of rats administered styrene inlraperitone
ally. They also found 4-hydroxymandelie acid and
4-hydroxybenzoie acid, metabolites similar to the

0300-483X102lS - sec front matter <t-) 2002 Elsevier Science Ireland Ltd. All rights reserved.
PH: S0300-4 83X(02)OO 34 0·2
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end products from styrene metabolism via the
. styrene oxide pathway. 4-VP was determined to be

a minor metabolite in the urine of workers
occupationally exposed to styrene (Pfarni et aL.
1981). Compared with the more common pathway
of styrene metabolism to styrene oxide and even
tually to mandelic acid, the amount of 4-VP
measured in the urine was 0.3% that of mandelic
acid. Watabc cl ul. (1984) reported the formalion
of 4-VP using 14C_labeled styrene and a rat hepatic
microsomal preparation. They found that this
metabolic process required NADPH suggesting
that it is cytochrOJ;ne P450 dependent. Similar
results were found by Pantarotto ct ul. (1978)
who also found this process to be inducible by
treating rats with 3-methyleholanthrene. However,
we were unable to demonstrate the fonnation of 4
VP from styrene in rodent microsomal prepara
tions but did find that 4-VP was rapidly metabo.
lized by mouse and rat hepatic and pulmonary
mierosomes involving 'CYP2EI and CYP2F2
(Carlson et al .. 2001). Tn a study in which rats
and mice were exposed by inhalation to [ri~g
U_ 14C]styrene, Boogaard et al. (2000) reported
finding 14C02. They suggested that ring hydro
xylation may be occurring followed by ring open
ing. On the other hand, recent studies in which
human volunteers inhaled DCs-styrene did not
reveal metabolites that could be derived from ring
hydroxylation (Johanson et al .• 2000).
The possible contribution of 4-VP as an active
metabolite of styrene in either the acute or chronic
toxicity associated with stryrene is unknown. Little
information on the toxicity of 4-VP is available in
the published literature. Berger et al. (1977)
reported that feeding 4-VP at a concentration of
I mg/g diet for 7-12 days resulted in a decrease in
the uterine weight of the small rodent MicrO/liS
mon/anus. A report in RTECS (1986) on 4-VP
indicates that 200 mg/kg administered topically to
rabbits is corrosive. We recently examined the
hepatotoxicity and pneumotoxici!y of 4-VP in CO
l mice (Carlson et ill., 2002). Ooses of 4-VP from
25 to 200 mg/kg were administered i.p. Hepato
toxicity was assessed by measuring serum sorbitol
dehydrogenase (SOH) and by light microscopy.
Pneumotoxicity was assessed by measuring pro
teins, cells and lactate dehydrogenase (LOH)

179 (2002) 129-136

activity in bronchoalveolar lavage nuid (BALF)
and by light microscopy. 4-VP caused a dose
dependent increase in serum SOH and mild
hepatocellular swelling. It caused an increase in
cell number and LOR activity in HALF. Micro
scopically, there was widespread and severe ne
crosis of the bron~hioles by 12 h. Re
epithelialization of the bronchioles was evident
by 48 h. These studies indicate that 4-VP is both
hepatotoxic and pneumotoxic. The doses at which
changes were observed (50 and 100 mg/kg) were
lower than those observed in similar studies with
either styrene or styrene oxide (Gadberry ct al.,
1996),

The metabolism of 4-VP in vitro has been
measured by detennining the loss of substrate in
microsomal preparations (Carlson et aI., 2001). 4
VP metabolizing activity in mouse liver micro
somes was three times greater than that in rat liver
microsomes, and activity in mouse lung micro
somes was eight times greater than that in rat lung
microsomes. This activity was completely absent if
NADPH was not present. Studies with cyto
chrom~ P450 inhibitors indicated the involvement
of CYP2EI and CYP2F2. The latter was of
particular importance in lung. The current studies
were designed to investigate the hypothesis that
inhibition of 4-YP metabolism could influence its
toxicity, either increasing it if 4-VP itself was active
or decreasing it if a metabolite was responsible for
its actions. In addition, studies were carried out
using rats as well as miee to detennine if there were
species differences in susceptibility. The inhibitors
selected were diethyldithioearbamate (DDTC) and
5-phenyl-I-pentyne (5PIP). As noted above we
have used these inhibitors in vilro and demon
strated inhibition of 4-VP metabolism (Carlson et
al., 2001). DDTC administered to rats and mice
has bcen found to be protective against the toxicity
induced by carbon tetrachloride, a chemical
known to be dependent upon bioactivation by
CYP2EI in order for it to exert its toxic effects, by
a number of investigators (Siegers et aL. 1981:
Masuda and Nakayama, 1982; Lauriault et aI.,
1992). 5PIP administration has been shown to be
protective against styrene-induced pulmonary
toxicity (Grecn et aI., 2001).
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To examine hepatotoxicity serum SDH eleva
tions were used as an indicator of hepatic damage.
This is a very specific and sensitive indicator of
hepatic damage (Dooley, 1984). We found for 4
VP that this measurement is a more sensitive
indicator of damage than is histopathology (Carl
son el al.. 2002). We also found this to be true for
carbon tetrachloride-induced liver damage (Paus·
tcnbach et al., 1986). To examine pulmonary
toxicity, proteins, cells and LDH activity in
BALF werc measured since we have found them
to be good, dose dependent indicators of 4·YP
induced damage to lungs (Carlson et aI., 2002).
The dose of 150 mg!kg 4·VP u~ed in these studies
was selected based on the fact that whilc 100 mg!
kg could produce both pneumotoxicity and hepa·
totoxicity, it would be difficult to show protection
at that level of response. On the other hand, higher
doses, e.g. 200 mg/kg, can lead to lethality
(Carlson el ai., 2002).

III

Lawn, NJ). All other chemicals were reagent grade
or better.
2.3. Study design

AduH male CD·I [Crl:CD-1 (ICR) BR] (27-35
g) mice were obtained from Charles River La
boratories (Wilmington, MA). Adult male
Sprague-Dawley rats (200-250 g) were obtained
from Harlan Sprague-Dawley (Indianapolis, IN).
The animals were housed in group cages in an
AAALAC-accredited facility in environmentally
controlled rooms on a 12-h lightl2-h dark cycle.
Rodent laboratory chow (No. 5001, Purina Mills,
Inc., SI. Louis, MO) and tap watcr were allowed
ad libitum. All animals were allowed a minimum
of I week to adapt to the animal facilities and diet
bcforc being used in any experiment.

To examine the toxicity of 4-VP, groups of mice
or rats were administered 150 mg!kg 4-VP per kg
body weight in saline i.p. These dilutions were
made immediately prior to dosing. Controls were
treated with vehicle (propylene glycol in saline).
Some groups received either DDTC in saline at a
dose of 400 rng/kg as an inhibitor of CYP2El or
5PIP in corn oil at a dose of 100 mg/kg as an
inhibitor ofCYP2F I h prior to the 4-VP. For the
hepatotoxicity sLUdies. groups of ten mice or five
rats were administered 150 mg/kg 4-VP. Twenty
four hours later they were anesthetized with
diethyl ether. The abdominal cavity was opcned,
and the diaphragm was cut. Blood was obtained
by cardiac puncturc. For rats individual animals
were used, and for mice the blood was pooled from
pairs of animals for measurement of SDH.
For the pneumotoxicity studies, groups of five
or six: mice or rats .were administered 150 mg/kg 4
YP. BALF was obtained 24 h after dosing. The
animals were anesthetized with diethyl ether, and
the abdominal and thoracic cavities were opened.
The incision was continued to the neck ~egion lO
expose the trachea. A nick was made in the
trachea, and an oral feeding needle was inserted
and tied in place. The lungs were perfuscd twice
with 0.8 ml of lavage fluid for a total of 1.6 ml in
mice or twice with 7.0 ml of lavage fluid for a total
of 14.0 ml in rats. This fluid consisted of NaCI
(145 mM), KCI (5 mM), NaH 2P0 4 (1.9 mM),
Na2HP04 (9.4 mM) and glucose (5.5 mM) at a pH
of 7.4. These protocols and procedures ~vcre
approved by the Purdue University Animal Care
and Use Committee.

2.2. Chemicals

2.4. Biochemical analyses

4-VP (10% in propylene glycol; purity >95%)
was obtained from Lancaster Synthesis (Wind
ham, NH). NADH, pyruvate, and tris buffer were
from Sigma Chemical Co. (SI. Louis, MO).
Triethanolamine was from Mallinckrodt (paris,
KY) Fructose was from Fisher Scientific (Fair

Serum was prepared, and serum SDH activity
was measured spectrophotomelrically by the
method of Gerlach (1983). Serum (0.2 ml) and
NADH (12 mM) were incubated for 30 min at
30°C in trielhanolamine buffer (0.2 M, pH 7.4).
The reaction was started by addition of 0.3 ml of

2. Materials and methods
2.1. Allimals
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72% (w/v) fructose for a final reaction volume of
3.0 mi. SDH activity was measured by the decrease
in absorbance ofNADH at 366 nm for 2 min using
a Shimadzu Model UVl60U UY-visiblc spectro
photometer. Results are expressed as )1ffioVmin pcr
I serum.
In the analysis of BALF, the number of cells in
100 IJI of BALF was counted using a hemocyt
ometer. The remaining BALF was centrifuged at
low speed, and the amount of protein determined
using the bicinchoninic acid method (Redinbaugh

and Turley, 1986). LDH activity was measured by
the spectrophotometric method o[Vflssauil (1983)
in centrifuged BALF samples from individual
mice. BALF fluid (0.1 ml), NADH (0.24 mM),
and Tris (81 mM)/NaCI (203 mM) buffer (PH 7.2)
were incubated for 15 min at 30°C. The reaction
was initiated by the addition of 0.5 ml pyruvate
(9.8 mM) to make a total volume of 3.0 m!. The
activity of LDH was measured 30 s after the
addition of pyruvate by the decrease in absorbance
of NADH at 339 nm for 2 min. Results are
ex.pressed as ).lmoVrnin per I BALF.
2.5. Slarislical analysis
Values arc ex.pressed as mean±S.E. In compar
ing the values, an ANOVA was utilized followed
by Student Newman-Keuls' test to detect differ
ences among the groups. In each case the level of
significance selected was P < 0.05. In some cases,
because of differences in the variances, it was
necessary to log transfonn the data.

inhibitors have any apparent innuencc on this
elIcet.
As expected, 4-VP demonstrated hepatotoxicity
in mice as measured by several-fold increases in
serum SOH activities (Table I). This effect was
decreased considerably if the animals were first
treated with either DDTC or SPIP. In the experi
ment with DDTC treatment prior to the 4-VP, the
value for this group fell between thosc' of the
control and the 4-VP treatment group and was not
statistically significantly different from either. For
the mice treated with SPIP prior to the 4-VP, the
value was between the control and 4-VP treatment
values and significantly different from both. These
data suggest that inhibition of metabolism could
ameliorate this effect of the 4-VP. 4-VP also
proved to be hepatotoxic in rats (Table 2). As
evidenced in mice. protection was observed with
both inhibitors in rats. The SDH activity for the
group treated with DDTC prior to the 4-VP was
not different from control. In the study with SPIP
there were no significant differences among the
three groups aHhough the value for the group
treated with 4-VP was five times the control value
and the activity of the group treated with SPIP
prior to the 4-VP fell between the control and 4-YP
alone values.
Pneumotoxicity was assessed using analysis of
BALF fluid. Cells, protein, and LDH released
T~blc

I
Illflucncl: of DOTe and 5PIP on tbe eITel::t of 4-VP (ISO mglkg)
on mouse St:rum SOH activity
Treatment

3. Results
Immediately following the intraperitoneal ad
ministration of 4-VP both mice and rats became
very lethargic and lay prostrate in their cages, but
they recovered from this condition in 2-3 h. A few
of the animals, both mice and rats, died between 2
and 24 h following the 4-VP dosing. This was
apparently due to CNS effects, which appeared
very shortly after dosing. In neither mice nor rats
treated with the inhibitors of 4-VP metabolism,
DDTC for CYP2El or SPlP for CYP2F, did the

Control b
4_Vinylphenolc
DDTC +4-vinylphenol~
Control b
4.Vinylphenol c
5P I P +4.vinylphenol d

N

,,
,
,,,

SOH activity·
4S.7±6.6"
159.1±3I.S r
9J.0±19.l c.r
22.1 ±4.S"
205.9±26f
138.2±15.9 1

• Activity is expresSt:d as Ilmolfmin per I.
b Control received propylene glycol in saline.
c Administered i.p. 24 h prior to sacrilke.
d Oiethyldithiocarbamatl: at a dose of 400 mg/kg or 5.
phenyl-I·pcntyne at a dose of 100 m&fkg was administered i.p.
I h prior to 4-VP.
c-sValues with different superscripts are significantly diITer
ent from one another (P <0.05).
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N

SDH activityA

mice, prior treatment of the rats with either of the
inhibitors protected the animals to the extent that
the values for the combination groups did not
differ from their respective controls.

S
4
4

11.2±0.9"
79.4±IS.l f
33.2±6.2"

4. Discussion

S
S
S

10.S±3.1"
44.7±14.1"
25.2±6.0"

Table 2
InHucnce of DOTe and 5PI P on the effect of 4-VP (ISO mglkg)
on rill serum SDH activity
Trcatment
Conlrol b
4·Vinylphenol<
DDTC +4.vinylphcnol<l
Control b
4_Vioylphcnolc
SPI P+4-vinylphenol~

133

Styrene produces both liver damage and lung
damage in experimental animals with mice usually
being more susceptible to these effects than are
rats (Roycrort et al.. 1992; Morgan et a!., 1993a,b;
Gadberry et 01., 1996; Cruzan ct aI., 1997). These
toxic effects arc generally attributed to the genera
tion of styrene oxide (Bond, 1989) which has been
shown to be both hepatotoxic and pneumotoxic in
mice (Gadberry et a!., 1996). The basis for this
species difference is not entirely clear. However,
we have shown that styrene is metabolized to
styrene oxide to a greater extent in mouse lung
than in rat lung particularly to the more toxic R
enantiomer and especially by the Clara cells, the
target for styrene (Hynes et a!., 1999).
However, an additional pathway has been
identified in which, not surprisingly, the para
position on the styrene is hydroxylaled to yield 4
VP. There is both direct evidence-for the formation
of this metabolite (Bakke and Scheline, 1970:
prarfli e[ al., 1981; Pantarolto et a!., 1978) and
indirecl evidence (Boogaard el aJ.. 1000). 4·YP is
metabolized to as yet unidentified metabolites

A Activity is expressed as I'moUmin per l.
b Control received propylene glycol in saline.
c Administered i.p. 24 h prior to sacrifice.
d DDTC at a dose of 400 mglkg or SPIP 0.1 II dose of 100 mg!
kg was administered Lp. I h prior to 4-VP.
dValues with dilTerent SUPCrlicripts lire sigoifieantly dilTereot
from ooe another (P <0.05).

from the respiratory tract into this fluid were
measured. As expected from our previous study
(Carlson et aI., 2002), 4-YP caused increases in all
three parameters in mice (Table 3). LDH activity
increased to five to nine times the control value.
The cell count was elevated to 18-24 times the
control value. The protein concentration increased
to two and one-half to three timcs the control.
Prior trcatment with either of the inhibitors
demonstrated dramatic effects dccrcasing the va
lues to control level. 4-YP proved to be pneumo·
toxic in rats as well as in mice as indicated by
incrcascs in all three endpoints (Table 4). As in the

Table 3
Influence of DDTC and SP1 P on the pneumotoxicity of 4-VP (ISO mglkg) in mice
CeJ[sb

Proteins~

126.2±28.6B
S4.6±9.9 B

S<I±17'
1278±2SSh
3IS±IOSo
S9±2S o

)[)±19'
79S±66h
417±67'

SIO.S±I64.4~

IOS6±373~

64.1±13.5'

296±139&

N

LDH aClivity'

4·Vinylphenol<
DDTC+4.vinylphenol r

6
6
6

64.6± 11.6s
32<1.9±52.I~

Controld
4-Vinylphenolo
SPI P+4-vinylphenol'

6
S
6

Treatment
Control d

~

Activity is expressed as I'mollmin per I.
b Cclls per 1'1 BALF.
< Micrograms protein per 1'1 BALF.
d ConlrOI receiycd propylene glycol in saline.
" Administered i.p. 24 h prior to sacrilice.
r DDTC at a dose or 400 mgfkg or SPIP lit a dose of 100 mg/kg was administcred i.p. I h prior to 4-VP.
iohYalues with dilTcrcnt superscripts are signilicanlly diITcrenl from one (mother (P < 0.05).
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328±36'
928± 142h
317±375
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Table 4
[linuencc of DDTe and 5PIP on the:

pneumOloxi~ily

or 4-VP (150 mgfkg) in rats

Treatment

N

LDH aCliviLyR

Cclls b

Proteins"

Controld

5

29±IO'
218±113 h

95D±451 h

5

IS,S±U'
384.2±200.Sh
65.0±34.6B

5

12.7±1.311

6
6

49.6±17f
14.2±3.4 8

4_Vinylphcnol c

DDTC+4-vinylphcno]'
Controld
4-Vinylphenol'
SP 1P +4_viny[phcnol f
A

)

126;l)i

35±7&

174±54i

53±7&

250±8s
353±4Sb
232±i08

207±30'
119±34'

Activity is c;o;prcssc:d as iJIlloUmin per I.

Cells per Jll BALF.
e Microgmms prOleill per ml HALF.
d COnlrol received propylene glycol in saline:.
C Administered i.p. 24 h prior [0 sacrifice,
r DDTe al a dose of 400 mglkg or SPIP al a dose: of 100 mg/kg was administered i.p. I h prior \0 4-VP.
l.hValues with dilTerenl superscripts IIrc significantly diffcrcDl rrom one another (P < 0.05).

b

although it has been suggested that these may be
ring-opened products (Boogaard et al., 1000). We
have shown that the 4-VP is metabolized rapidly
by mouse and rat hepatic and pulmonary micro
somes although we have not yet been able to
identify the product(s) (Carlson cL aI., 2001). This
process requires NADPH, and the use of chemical
inhibitors has identified CYP2EI and CYP2F2 as
being the most important cytochromes P450
involved. 4-VP metabolizing activity in mouse
liver microsomes was three times greater than
that in rat liver microsomes, and activity in mouse
lung microsomes was eight times greater than that
in rat lung microsomes.
Recent studies using methodologies similar to
those employed in the current study have shown
that 4-VP is both hepatotoxic and pneumotoxic in
mice (Carlson ct al.. 2002). Statistically significant
increases were observed in serum SDH and in cells
and LDH activity in BALF at doses as low as 50
mg/kg. Thus 4-VP is an order of magnitude more
potent than either styrene or styrene oxide is
(Gadberry et aI., 1996).
The current studies have shown that, like the
mouse, the rat is also susceptible to the effects of 4
VP on the CNS, liver and lungs. In both species,
treatment of the animals with DDTC or 5PIP
resulted in a remarkable prevention of 4-VP
induced hepatotoxicity. DDTC is a relatively
specific inhibitor of CYP2EI (Ono et aI., 1996)
although studies using CYP2EI knockout mice

indicate that it may also inhibit CYP2F2-asso
ciated activities to some extent (Powlcy and
Carlson, 2001). 5PIP is a good inhibitor of
CYP2F2 especially in the lung where this isozyme
is located in Clara cells (Chang el aI., 1996). Green
et al. (2001) recently demonstra.ted that the
administration of 5PIP (200 mg/kg i.p.) inhibited
the metabolism of styrene in vivo and prevented
increased bronchiolar cell replication rates, a
response to cell damagc, in the lungs of CO-I
mice. However, this inhibitor is not completely
specific for CYP2F since Roberts et aL (1998) have
shown in in vitro studies that at high concentra
tions it will also inhibit the activities of CYP2EI.
The overall finding though is that these inhibitors
protect against the toxicity of 4NP by inhibiting
these two cytochromes P450.
Pneumotoxicity was observed in both rats and
mice. The increase in cells observed in the BALF
following 4-VP was very great. This was observed
previously in mice not only in terms of the number
of cells in BALF but also by histopathology
studies which indicated microscopic lesions in the
lungs of mice given 4·VP (100 mg/kg i.p.) as eady
as 12 h after administration (Carlson et al., 2002).
The distal bronchi and bronchioles were partially
lined by varying proportions of attenuated or low
cuboidal epithelial cells, and their lumens con
tained sloughed cells and necrotic cellular debris.
Protection against the pneuma toxicity was ob
served with both inhibitors.
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The exact role of 4-VP in styrene-induced
toxicity is not yet known. However, these studies
and others (Curlson et al., 2002) indicate that 4-VP
i~ more toxic than styrene or styrene oxide. Since
the toxicity to both liver and lung is greatly
diminished by the treatment of both species with
either DDTC or SPlP, it is likely that these toxic
cITeets arc rehited to a metabolite of 4-VP and not
4-VP itselr.
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Abstract
Styrene (8T) is an important industrial chemical. In long-term inhalation studies, 8T
induced lung tumors in mice but not in rats. In order to test the hypothesis that the

lung burden by the reactive metabolite styrene-7,8-oxide (SO) would be most
relevant for the species-specific tumorigenicity, we investigated the SO burden in

isolated lungs of male Sprague-Dawley rats and in-situ prepared lungs of male
86C3F1 mice ventilated with air containing vaporous 8T and perfused with a
modified Krebs-Henseleit buffer (37°C). 8T vapor concentrations were determined in
air samples collected in immediate vicinity of the trachea. They were almost constant
during each experiment. 8T exposures ranged from 50 to 980 ppm (rats) and from 40
to 410 ppm (mice). SO was quantified from the effluent pertusate. Lungs of both
species metabolized ST to SO. After a mathematical translation of the obtained ex
vivo data to ventilation and perfusion conditions as they are occurring in vivo, a
species comparison was carried out. At ST concentrations of up to 410 ppm, mean
SO levels in mouse lungs ranged up to 0.45 nmollg lung about 2 times higher than in
rat lungs at equal conditions of ST exposure. We conclude that the species
difference in the SO lung burden is too small to consider the genotoxicity of SO as
sufficient for explaining the fact that only mice developed lung tumors when exposed
to ST. Another cause has to be considered as driving force for lung tumor
development in the mouse.

Introduction
Styrene (SD is an important chemical of wide industrial use, particularly in the
production of polymers, co-polymers and reinforced plastics. Its toxicology and
metabolic fate are described in several reviews, e.g. IARC (1994); Sumner and
Fennell (1994); IARC (2002); Cohen et al. (2002). After its uptake by the mammalian
organism, ST is oxidized to styrene-7,B-oxide (SO) by

cytoch~ome

P450 dependent

monooxygenases (CYP). SO is a directly DNA alkylating mutagen (comprehensively
reviewed in IARC 1994 and IARC 2002). It induced

~ose

dependent forestomach

tumors after oral administration in mice (Lijinsky, 1986) and in rats (Conti et al., 19B8;
Ponomarkov et aI., 1984). This metabolic intermediate of ST is further biotransformed
by epoxide hydrolase (EH) and glutathione S-transferase (GSD. In long-term animal
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studies, ST induced lung tumors in mice but not in rats (summarized in e.g. IARC

1994; IARC 2002; Cohen et al., 2002). At ST exposure concentrations below about
250 ppm systemic bioavailability of metabolically formed SO (determined as
concentration in blood) is very similar in both species as has been demonstrated in
inhalation studies with rats and mice (Kessler et aI., 1992 and Morgan et aI., 1993,
data comparatively depicted in IARC 1994). The systemic SO burden is governed
predominantly by the ST and SO metabolizing capacity- of the liver as shown by
Csanady et al. (1994). However, in the lung, the entrance organ for vaporous ST, the
SO burden of ST inhaling rodents might be considerably higher than is to be
expected from systemic concentrations because lungs of rats and mice have been
demonstrated to be able to form SO from ST (Salmona et al., 1976; Cantoni et al.,
1978; Carlson, 1997; Mendrala et al., 1993; Nakajima et al., 1994; Hynes et aI.,

1999; Oberste-Frielinghaus et al., 1999). Although the occurrence of SO has been
qualitatively shown in lungs of mice after dosing 14C_labeled ST intra peritoneally (Lof
et aI., 1984), quantitatively reliable data on the SO burden in the lungs at steady state
were not available so far. Assuming the SO lung burden to be most relevant for ST
induced tumorigenicity and considering lung tumorigenicity occurring only in mice,
one might speculate the SO levels to be considerably higher in lungs of ST exposed
mice than in those of rats. In vivo, this burden cannot be determined correctly
because of fast metabolism in the lung as can be estimated from the activities of
GST and EH towards SO measured in lung cell fractions by Oberste-Frielinghaus et
·al. (1999). Therefore, the aim of the present work was to quantify the SO burden in
isolated perfused rat lungs and in in-situ perfused mouse lungs ventilated with air
containing vaporous ST.

Material and Methods
Chemicals
All chemicals were of analytical grade if not indicated otherwise. Styrene (purity ;::
99%), racemic styrene-7,8-oxide (purity 97%), (1R, 2R)-(+)-1-phenylpropenoxid
(PPO; purity 97%), magnesium sulfate (99% anhydrous), albumin from bovine serum
(purity

~

96%, essentially fatty acid free), HEPES buffer (minimum 99.5%, titration),

and D-(+)-glucose (purity 99.5%) were obtained from Sigma-Aldrich, Steinheim,
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Germany. Acetonitril (CHROMASOLv" for HPLC) was obtained from Riedel-de
Hasn, Seelze, Germany, isofluran from Baxter, Unterschleir..heim, Germany, Ketamin

(10%)

"Wirtschaftsgenossenschaft

from

Deutscher

Tierarzte

eG",

Garbsen,

Germany, Rompun® (2%) from Bayer, Leverkusen, Germany, n-hexane (Picograde)
from Promochem, Wesel, Germany, and Uquemin® N25000 (Heparin-Natrium) from

Hoffmann

La

Roche,

Grenzach-Wyhlen,

Germany.

Gases

used

for

gas

chromatography were from Linde, Unterschlemheim, Germany. Diethyl maleate

(purity 95%) and all other chemicals were obtained from Merck, Darmstadt,
Germany.

Perfusion medium: The perfusion medium of Uhlig and Heiny (1995) was used.
Krebs-Henseleit buffer (37°C) containing 2% bovine serum albumin, 0.1 % glucose,
and 0.3% HEPES. The pH was adjusted to 7.35-7.40.

Determination of ST: ST was measured in air samples using a gas chromatograph
(GC-SA, Shimadzu, Duisburg, Germany) equipped with a flame ionization detector
(FID) and a stainless steel column packed wrth Tenax TA, 60-80 mesh, 1.S m x 1/S"
(Shimadzu, Duisburg). Air samples of 50 1.11 were injected directly on column.
Separation was done isothermally at 200'C using N2 as carrier gas. Injector and
detector temperatures were kept at 300·C. Retention time of ST was about 1.5 min.
Chromatograms were recorded and integrated by a Shimadzu C-RSA integrator.
Calibration

curVes were constructed

three times

by generating

ST vapor

-concentrations ranging from 10 to 1000 ppm in atmospheres of closed desiccators
according to Filser et al. (1993). Calibration curves were linear in the· whole range.
Analysis of linear regression through the origin revealed correlation coefficients of at
least 0.957 between peak areas and· atmospheric styrene concentrations. Each time
before starting an ST exposure, a one-point calibration was carried out in the
concentration range used in the actual experiment.

Determination of SO: SO was quantified by GC/FID and additionally in at least one
effluent perfusate sample per exposure experiment by GC/MSD for the unequivocal
identification of SO. Fresh lung perfusate samples of 2.S ml (rat) and 1 ml (mouse)
were immediately spiked with a methanolic PPO solution of O.S IJrnol/l (rat S 1.11;
mouse 1 1.11) and mixed with acetonitrile (rat 2.5 ml; mouse 1 ml). n-Hexane (rat 4.5
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ml; mouse 2 ml) was added and the mixture vigorously shaken for 2 min. Phase
separation was done by centrifugation (5 min, 5°C, 4400 rpm). The clear supernatant
was collected and the remaining aqueous phase extracted once again. The
combined extracts were concentrated under a gentle stream of Nitrogen to a final
volume of 2.5 ml (rat) and 0.5 ml (mouse) ahd then stored at 4°C in a closed
autosampler vial for a maximum time span of 2 days. GC/FIO or GC/MSO analysis
was carried out within this time frame. Under these conditions, SO and PPO were
stable as had been demonstrated by Kessler et al. (1990).
GC/FIO determination of SO and PPO was done by capillary gas chromatography as
described in Kessler et al. (1990). An Agilent GC 6090N equipped with a direct on
column injector was used. The retention times of SO (13.3 min) and of PPO (14.0
min) were very near to those reported in the study of Kessler et al. (1990). The limit
of detection was about 30 nmolll perfusate at an injection volume of 25 IJI and a
signal-to-noise ratio of 3:1.
GC/MSO determination by capillary gas chromatography was done according to
Bitzenhofer (1993) using a gas chromatograph HP 5890 -series II equipped with a
mass selective detector (HP 5970), both Agilent, Waldbronn, Germany. 1 IJI of the
concentrated n-hexane extract was manually injected onto a "fused silica" pre
column (length 10 m, 10 0.53 mm; from Agilent, Waldbronn, Germany) using the
uGerstel-KaltAufgabeSystem KAS 3n from Gerstel, Muhlheim an der Ruhr, Germany.
The pre-column was connected to the separation column (HP-1 MS, film 0.33 IJm,
length 25 m, 10 0.2 mm; from Agilent, Waldbronn, Germany) by a "Miccon" press fit
connector. Helium (0.8 ml/min) was used as carrier gas. Column temperature was
maintained at 35°C for 0.25 min during the injection process. Then, it was heated up
to 220°C with a rate of 30°C/min. The temperature of the transfer line to the MSO
was 250°C. The electron ionization potential of the MSO was at 70 eV and the
voltage of the electron multiplier was 2000 Volt. Retention times were 7.7 min (SO)
and 8.1 min (PPO). Both substances were detected in the single ion-monitoring
mode at m/z 89 and 119 (SO) and 89 and 133 (PPO) and were quantified using the
mlz 89 according to Langvardl and Nolan (1991). The detection limit for SO was

about 15 nmolll perfusate at an injection volume of 1 IJI and a signal-to-noise ratio of
3:1.
Calibration curves (signal area of SO to signal area of PPO versus the concentration
of SO) were constructed over a concentration range from 0.1 IJmol/l 10 10 ].1m 0111
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using five different SO concentrations. Analysis of linear regression through the origin
revealed correlation coefficients of at least 0.999 (both GC/FID and GCIMS) between
peak areas and SO concentrations. At each ST perfusion experiment, a three-point
calibration curve through the origin was constructed.

Animals and Surgery

Male Spague-Dawley rats and male 86C3F1 mice were obtained from Charles River
Wiga GmbH, Sulzfeld, Germany. All experimental procedures with animals were
performed in conformity with the "Guide for the care and use of laboratory animals"
(7 th edition, Institute of Laboratory Animal Resources, Commission on Life Sciences,
National Research Council, National Academy Press Washington, D.C., 1996) under
the surveillance of the authorized representative for animal welfare of GSF. Up to
four weeks before use, two rats or five mice each were housed in the GSF-Institute of
Toxicology in a macrolon type III cage placed in a IVC top-flow system (Tecniplast,
Buguggiate, Italy). This system provided the animals with filtered room air. A constant
12-hour light/dark cycle was maintained in the chamber room. Animals had free
access to standard chow (Nr. 1324 from Altromin; Lage, Germany) and tap water.
When using the animals, body weights were in the range of 230 - 360 g (rats) and 25

- 34 9 (mice).
Lungs were prepared as described in Uhlig and Wollin (1994) for rats and in von
Bethmann et al. (1998) for mice with the exceptions that different narcotics were
used instead of pentobarbital sodium. To rats, a mixture of 0.8 mllkg ketamine and 1
mllkg Rompun® was administered. Per kg body weight, mice received a mixture of
1.4 ml ketamine, 0.4 ml Rompun OBi , and 6.3 ml of a 0.9% saline. Immediately before
intraperitoneal injection of this mixtUre animals were anesthetized by isoflurane
inhalation.
In summary, animals were intubated and ventilated by positive pressure (rats: 80
breath/min, tidal volume approximately 2 ml; mice: 90 breath/min, tidal volume
approximately 200 IJI) using the ventilation-perfusion systems for rat and mouse
lungs "Isolierte perfundierte Lunge Grol1e 2" (rat) and Ulsolierte perfundierte Lunge
Grol1e 1n (mouse) manufactured by Hugo Sachs Elektronik (HSE), March
Hugstetten, Germany. After laparotomy, they received intracardial injections of
Liquemin® N25000 (0,1 ml per rat and 0.05 ml per mouse). Thereafter, the
6
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diaphragms were removed and the animals exsanguinated. A ligature was placed
around both the pulmonary artery and the aorta. The canula for the influent perfusate
was inserted into the pulmonary artery and fixed by the ligature thereby closing the
aorta. Immediately, the apex cordis was opened by a cut·. Then the canula for ,the
effluent perfusate was inserted into the left ventricle and also fixed by a ligature. The
rat lung together with the heart were carefully isolated and suspended by the trachea
in the humidified and warmed rat lung ventilation chamber. The lid was closed and
the lung was immediately ventilated using negative pressure. The mouse lung was
prepared in the open mouse ventilation chamber and was not separated from the
body. After remov'lng the thorax, the chamber lid was closed and negative pressure
ventilation was started.

Experimental procedure
For safety reasons, all exposure experiments were carried out under the hood. The
once-through perfused lungs were ventilated by negative pressure with ST vapors of
defined concentrations in the inhaled air and SO was measured in the effluent
perfusate. Thereafter, the perfusion and ventilation parameters were extrapolated to
the species-specific in-vivo conditions and the corresponding SO lung burdens were
calculated by means of the partition coefficient lung-to-perfusate of SO.

Ventilation-perfusion of rat and mouse lungs: Both above cited exposure systems
from HSE, described in Uhlig and Wollin (1994) and Uhlig and Heiny (1995) for the
rat as well as in von Bethmann et al. (199B) for the mouse, were modified to enable
inhalation exposure to a gas of constant concentration.
Modifications of the rat system for inhalation exposure
Figure 1 presents a scheme of the mechanical parts of the isolated perfused lung
system for rats including the following modifications. A T-formed hollow tube (T-tube)
made in-house out of brass was cold-welded

to the upper end

of the

pneumotachograph tube and connected via a Tygon® tubing to the ST-vapor
transporting glass pipe. A constant flow of ST vapor from the UST-stock desiccator"
through the glass pipe and the horizontal duct of the T-tube was established (flow of
ST vapor containing air: 15 ml/min) by means of the roller pump I that contained
Tygon® tubing. The lung took its breathing air from the T-tube via the
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pneumotachograph tube. In order to enable the determination of ST vapor
concentrations immediately in front of the trachea, a custom made

~Kel_Fn

hub

needle (Hamilton, Bonaduz, Switzerland) was directed through a small pipe in the lid
of the artificial thorax into a lateral outret of the trachea attachment and fixed up gas
tightly by PTFE and silicone tubing. The upper end of this canula possessed a
Teflon® luer lock usually closed by a plug (No.5 in Figure 1). For measuring ST
concentrations in inhaled air, the plug was exchanged by a Hamilton syringe (100 IJI
series 1710 TLL, obtained from Machery-Nagel, Duren, Germany), and a gas sample
of 50 lJl was collected and immediately injected on the column of the. GC-8A.
Modifications of the mouse system for inhalation exposure
Figure 2 presents a scheme of the mechanical parts of the isolated perfused lung
system for mice including the modifications enabling inhalation exposure. The
original system is equipped with a moistener for inhaled air (No. 11 in Figure 2). This
vial (volume about 2 cm 3), which is covered by a PTFE plug, contains two openings,
one to the external air and the other one to the pneumotachograph (No.8 in Figure
2). After drilling a hole through the PTFE plug, a small PTFE host was inserted
tightly. The ST vapor was transferred from the ST-stock desiccator by the roller
pump I (11.3 ml/min) into the air space of the moistener. The ventilated lung inhaled
the ST vapor from the air mixture paSSing through the modified moistener. In order to
determine the actual inhaled ST concentration, the 51 mm long needle of a Hamilton
syringe (100 1-11, series 1710 TLL) was inserted into the trachea through the opening
of the moistener to the room air (No.5 in Figure 2), and an air sample of 50 IJI was
collected and ·Immediately injected on the column of the GC-8A.

Exposure conditions: Rat lungs (n=13) were ventilated in the negative chamber
pressure mode as described in. Uhlig and Wollin (1994) and in Uhlig and Heiny
(1995) with the exception that inspired air was neither moistened nor warmed above
room temperature. Instead of applying the reCirculating buffer method of Uhlig and
Wollin (1994) the less elaborate once-through perfusion technique was used. Inhaled
air contained mean ST concentrations between 49 and 984 ppm (see Table 2). The
exposures lasted between 32 and 43 min. At each exposure start, background SO in
blood was measured but it was in .no case detectable. The experimental conditions
(mean ± SO) were: Perfusion flow 18 ± 1.4 ml/min (manually adjusted); tidal volume
2.2 ± 1.3 ml; breaths/min 80 (fixed) with a deep breath at every 5 min to prevent
8
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atelectasis (see Uhlig and Wollin 1994); pulmonary resistance (the flow resistive
forces in the airways) 0.46 ± 0.14 cm H20' sec/ml; dynamic compliance (an index of
the functional stiffness of the lung) 0.20 ± 1.3 ml/cm H20.
In all mouse experiments (n=12), lungs were ventilated in the negative chamber
pressure mode and were perfused as described in von Bethmann et al. (1998) with
the exceptions that inhaled air was neither moistened nor warmed above room
temperature. This air contained average ST concentrations between 39 and 407 ppm
(see Table 3). The exposures lasted between 55 and 68 min. At each exposure start
background SO in blood was measured but is was in no case detectable. The
experimental conditions (mean ± SD) were: breaths/min: 90 (fixed) with a deep
breath at every 5 min, tidal volume (210 ± 45 jJl), and perfusion flow 1.0 ± 0.24
mllmin. The dynamic compliance was 0.027 ± 0.005 ml/cm H20.
The values of these parameters were controlled and monitored by a computer
running the software ("Pulmodyn® W from HSE) of the ventilation-perfusion system
that possessed the "PLUGSYS" unit (from HSE) to amplify the raw data.

LDH release into the perfusate was measured using the test kit "LDH IFCC-Methode
3rc~

(Rolf Greiner BioChemica, Flacht, Germany) in order to test for the integrity of

the alveolar membranes. Mean activity (±S.D.) in the influent perfusates (background
controls) was 7.1 ± 4.3 Uti (n=25). In the effluent perfusates it was 6.7 ± 4.3 UII
(n=93). The maximum value in the influenfand effluent perfusate was identical: 17.6
UtI. Consequently, the lungs were considered as physiologically and biochemically

intact.

Partition coefficient lung-to-petiusate of SO (Pup): The thermodynamic partition
coefficient Pup depends on the temperature and on physicochemical properties of
SO, lung tissue, and perfusate. For tissue and perfusate, water and lipid contents are
most relevant. Pup had to be determined (at 3rC) because it enabled to calculate
the actual SO concentration in the cellular tissue (CLSac) of the ST inh-aling lung at
steady state from measurements of SO in the vasculature (the effluent perfusate;
Cpso). Under this condition, CLsoc is in thermodynamic equilibrium with the perfusate
and can therefore be calculated by the relationship:

(1)

ClSOc = Pup Cpso

9
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About 30 m·ln before preparing the rat lungs with the aim to determ·lne Pup, the
animals were administered intraperitoneally with diethyl maleate (0.6 ml/kg body
weight Lp.), a glutathione-depleting compound (see Plummer et al. 1981). Thereafter,
rats were narcotized and the lungs were positively ventilated and perfused in situ
(see "Animals and Surgery"). Perfusion was carried out with the above described
perfusion medium for 10 min with a flow of 20 mllmin in order to remove blood
completely from the lung. Because only one ventilation-and-perfusion system was
available and three rat lungs were required for one experiment, the lungs had to be
stored before use. Therefore, they were flash frozen in liquid nitrogen and then
stored in a freezer at -80 D C.
After cutting the freshly thawed lungs into halves, each half was placed in a glass
beaker (10 ml) together with enough physiological saline to cover it completely. Then,
the beakers were placed for 5 min in a boiling water bath in order to denature the SO
metabolizing enzymes. Thereafter, lung-halves were· taken from the beakers,
carefully dabbed with a tissue, weighed, and cut in small slices. Each sliced lung-half
was placed in a glass culture tube (7 ml; with PTFE covered screw cab; K&K
Laborbedarf, MOnchen, Gennany) to which 1 ml of perfusion medium was added
containing a defined SO concentration (1 or 10 f.Jmolll). The tubes were sealed and
immediately incubated in a shaking water bath (3re). Parallel SO incubations were
carried out in perfusion medium alone in order to determine loss of SO by non
enzymic hydrolysis. Aliquots of 0.5 ml perfusion medium (one vial containing one
lung-half represented one time point) were taken at selected time points, PPO
(5 [.Jmolll) was added and the SO content in the liquid phase was

deter.min~

by

GC/MSD as described above. From the concentration-time courses of SO obtained
in the incubations with or without lung, the PUP was calculated by means of a two
compartment model describing distribution between compartment one (medium) and
compartment two (lung) and elimination from compartment one by hydrolysis. The
partition coefficient was C<:!lculated using the following equation:

(2)

k1, k2

Pup

=(k,v,) f (k,v2)
micro-constants

describing

the

compartments

v,

volume of compartment one (medium)
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SO

transport

between

both

V2

volume of compartment two (lung)

At any time point t, the concentration of SO in the medium of the vial containing both
medium and lung incubate (cso) is given by:

cso

con,centration of SO in medium at time point t

C1, C2

intercepts of the function

a,

~

rate constants of the function

These constants together with kel (the elimination rate constant describing the
hydrolytic disappearance of SO from medium in the incubations without lung) were
used to obtain k1 and k2:

(4a)

k, = - k,,- (aC, +

(4b)

k,

~C,)

I (C, + C,)

=1- c, C, (a - ~)'J I I(C, + C,) IC, (k"

+ a) + C, (k" + ~)]]

The elimination rate kel was determined from SO incubations with perfusion medium
alone, The SO concentration-time curve in these experiments followed the e-function:

(5)

cso -- C (0) e-k,,·,

cso

SO concentration in the medium in SO incubations without lung at
any time point t

C(o)

SO concentration in the medium at time point t = 0

kel

elimination rate-constant

The program "Prism" (GraphPad,

San Diego,

CA,

USA) was used to fit

corresponding e-functions through the data obtained in the SO incubations with pure
medium and with medium plus lung pieces in order to .obtain the values of kel, C1, C2,
a, and

13.

These values were inserted in Equation 4 to calculate k1 and k2 . Pup was

tlien calculated using Equation 2.
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Extrapolation from ex-vivo to in-vivo conditions: The perfusion conditions that had
been used ex vivo in the ventilated perfused lungs were smaller than those occurring
in vivo. This reduction was inevitable to avoid edema formation. Estimation of the in
vivo burden of the lungs is required for a species comparison of the SO lung burden.
between mice and rats that results from exposure to ST. In order to calculate the in
vivo burden resulting only from ST metabolism in the lung (i.e. not considering the
lung burden by SO resulting from ST metabolism in the liver) the following
extrapolation from the ex-vivo to the in-vivo situation was done considering the
relationship expressed by equation 1:

(6)

Csouv

= Pup CsoP . (Oaiv I Oaev) . (Olev / Ouv)

Pup

partition coefficient lung/perfusate of SO'"

CSOl..iv

SO concentration in lung in vivo [nmollg]

Cso p

SO concentration in effluent perfusate (ex vivo) [nmollmll

Oeiv

alveolar ventilation in vivo (mouse: 25; rat: 117 [mllmin])1r1r

Oaav

actual alveolar ventilation ex vivo [mllmin] (calculated as actual tidal
volume times fixed breath frequency times 213-°,)
lung perfusion ex vivo [mllmin]
lung perfusion in vivo (mouse: 17; rat: 83 [mllmin])H

•

determined at 3rC

••

from Arms and Travis (1988)
The number

~2/3~

represents the conversion factor from pulmonary to

alveolar ventilation (e.g. Arms and Travis 1988).
The equation was derived considering the differences between in-vivo and ex-vivo
conditions in the alveolar ventilations of the air containing the metabolic precursor ST
(represented by Oaiv and Oaev) and in the perfusion flows of SO (represented by Ouv
and Olev). It renders the dependency of the SO burden in the lung from the in-vivo
and ex-vivo ventilation and perfusion rates.

Calculations and statistics
Means ± standard deviations (SO) of measured data, comparison of means by the
unpaired two-tailed t-test, as well as the values of kinetic parameters describing
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measured concentration-time-courses were calculated using Prism 4 for Macintosh
(GraphPad Software, San Diego, CA, USA).

Results
Partition coefficient lung-to·perfusate of SO (Pup)
Pup was calculated using the parameters gained by curve fitting from 7
concentration-time-courses of SO in perfusate that were recorded up to 250 min at
pH 7.4 and 3rC (between 5 and 6 data points per concentration-time-course). Four
of these experiments were conducted in SO containing perfusate free of lung tissue
and the other three with heat-inactivated lung tissue in the perfusate at initial SO
concentrations between 0.55 an 10 J.Imol/l (Figure 3). For these experiments, the
kinetic parameters describing the fitted curves, the rate constants of the spontaneous
hydrolysis (I<er), and the calculated Pup values are given in Table 1. The half-life

(In2/1<,,) of the sponlaneous hydrolysis al pH 7.4 was (mean

± SD; n=4) 298 ± 27 min.

This value fits to that of 306 min determined earlier in potassium phosphate buffer at
pH 7.0 (Filser et aI., 1992). The value of Pup (mean ± S.D.; n=3) of 1.29 • 0.05 is
independent on the SO concentration in the range between 0.5 and 10 J.Imol/l, at
least.

SO burden in ST inhaling lungs
Figures 4 and 5 depict concentration-time courses that are characteristic for the
inhalation studies with ventilated, perfused lungs of rats (Figure 4) and mice (Figure
5). Atmospheric ST concentrations in the air entering the lungs were maintained
nearly constant during the exposure time (Figures 4A, SA). Concentrations of
metabolically produced SO in the effluent perfusate remained nearly constant from
about 5 min after starting ST exposures until the end of the experiments (Figures 48,
58). In both figures, the straight lines represent the mean concentrations of the
measured data from about 5 min after starting the respective exposure to its end.

The experimentally determined mean SO concentrations in effluent perfusate (Tables
2 and 3) were mathematically translated from the experimental to the species
specific in-vivo conditions of lung perfusion and ventilation (see Eq. 6). These
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translated ("measured") lung levels of 50 are depicted in Figure 6 (both species)
versus the corresponding 5T concentrations in inhaled air. Over the whole
n

demonstrated concentration range of 5T the "measured pulmonary 50 burden is
J

about 2 times lower in rat than in mouse. At 5T concentrations of 100 ppm and
above, the 50 levels in rat lungs are higher than in mouse lungs at 40 ppm.
Additionally, the 50 levels in rat lungs at 350 ppm 5T and above are similar to those
in mouse lungs at 160 ppm 5T.

Discussion
Th.e pulmonary 50 levels resulting solely from 5T metabolism in the lung (Figure 6),
are at least 5 times (mice) and 10 times smaller than the 50 blood levels that were
reached during inhalation exposure of rats and mice to equal 5T concentrations of up
to 250 ppm. From the blood data in rats and mice measured (Kessler et al., 1992;
shown also in IARC, 1994) and using the partition coefficient lunglblood of SO (1.9;
Csanady et aI., 2003), a maximum pulmonary SO level of about 2.4 nmol/g can be
extrapolated for a steady-st.ate exposure of rats or mice to 160 ppm ST by neglecting
production as well as metabolism of SO in the lung. Interestingly, this value is not far
from the pulmonary SO levels of about 1.5 and 2.5 nmol/g predicted for both species
by a physiological toxicokinetic model that contained pulmonary ST metabolism to
SO and metabolic SO elimination in the lung (Csanady et aI., 2003). Considering the
low SO burdens obtained in the ventilated, perfused lungs, it has to be concluded
that pulmonary ST metabolism is only of minor relevance with respect to the SO lung
burden in vivo. For in-vivo exposure, it follows that the pulmonary SO levels are
predominantly dependent on the actual SO blood levels and that not only blood but
also lung levels by the alkylating SO are similar in both rodent species below 250
ppm ST. One might speculate that not the 50 burden of the whole lung but that of
the terminal bronchioles, the actual target of the pulmonary ST toxicity (e.g. Cruzan
et al. 2001), should be considered as relevant. However, considering a 6-h exposure
to 160 ppm ST, the model of Csanady et al. (2003) predicts for the bronchioles of rat
lungs an SO concentration of almost 2 nmollg (similar to the SO concentration of the
whole lung) and for mice an SO concentration of almost 3 nmol/g (not much higher
than in the whole lung in this species). For equal exposure conditions, the
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physiologically based pharmacokinetic model of Sarangapani et al. (2002) predicts
for the terminal bronchioles of rats almost the same SO concentration as does the
Csanady model, but for the terminal bronchioles of mice almost 8 nmol/g are
expected. In a third recently published physiologically based pharmacokinetic model
concerning ST and its metabolite SO, the physiological description of the respiratory
pathways did not enable to distinguish between whole lung and transitional
bronchiolar region (Cohen et al., 2002). The small species difference in the SO
burden of whole lungs and bronchioles predicted by our model (Csanady et aI., 2003)
are in agreement with studies on DNA binding of metabolites of 14C_labeled ST
carried out in rats and mice that were exposed by inhalation to 160 ppm ST over 6 h
(Boogaard et aI., 2000). In the lungs of the animals sacrificed immediately at the end
of exposure, about the same extremely low N7-(hydroxyphenylethyl)guanine adduct
level of 14C_labeled SO of about 1 adductf1 DB nucleotides was quantified in both .
. species; adduct levels in mouse Clara cells, most rich in CYP450 enzymes (reviewed
in Gram, 1997), were similar as in the total lung. For the whole lung of mice exposed
to about 170 ppm over 6 h, a comparable guanine adduct level of 1.3 adducts/10 B
nucleotides was also reported by another group (Vodicka et al. 2001). "Covalent
binding indices" calculated by Boogaard et al. (2000) in livers and lungs of the 14C_ST
exposed rodents were also very small and similar in rats and mice. The authors
concluded Uthat DNA adduct formation does not play an important role in styrene
tumorigenicity in chronically exposed mice".
Considering that in a long-term inhalation study (Cruzan et aI., 2001) with mice
exposed to concentrations of up to 160 ppm, the frequency of lung tumors had
increased at ST concentrations <!: 20 ppm, and that no tumors had been found in
lungs of rats exposed up to 1000 ppm ST under comparative conditions (Cruzan et
aI., 1998), one has to conclude that the species-specific lung tumorigenicity of ST in
mice does not result directly from the lung burden by the genotoxic rrietabolite SO.
As already concluded earlier from the results delivered by our ST model, it is highly
probable that a non-genotoxic glutathione dependent mechanism is involved (Filser

e,

81. 2002).

Based on modeled tissue concentrations of SO and on kinetic interactions of the
glutathione turnover with the SO forming and eliminating enzyme activities that had
been measured in vitro (Oberste-Frielinghaus et al., 1999), our physiological
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toxicokinetic model (Csanady et al., 2003) predicted a drastic GSH decrease of 40%
in the bronchiolar region of mice and only a marginal one in that of rats following a 6
h inhalation exposure to 20 ppm ST. Although model predictions for the whole lung
agreed with measured data (Dhawan-Robl et al., 2000; Filser et aI., 2002), it cannot
be ruled out that also other ST metabolites might contribute to the glutathione
depletion in mouse lungs. For instance, 4-vinylphenole, a putative ST metabolite in
mice (Carlson et aI., 2001) and a minor one detected in urine of rats (Bakke and
Scheline, 1970; Pantarotto et aL, 1978; Manini et al., 2002) and humans (Pfaffli et aI.,
1981; Manini et al., 2002) resulted in a certain glutathione depletion in the lungs of
mice, following intraperitoneal administration (Turner et al. 2005). 4-Vinylphenol was
hepato- and pneumotoxic in rodents due to the formation of metabolites, probably
ring-opened products (Carlson et aI., 2001; Carlson 2002).

Repeated administration of mouse Clara cell toxicants as coumarin, naphthalene, or
4-ipomeanol can result in a certain tolerance to these chemicals, probably due to up
regulation of the detoxifying glutathione (Boyd et aI., 1981; Born et aI., 1999; West et
aI., 2000; Vassallo et al., 2004). However, after intermittence of daily injections of
naphthalene for 4 days, elevated glutathione levels in the terminal airways of tolerant
,
mice had declined to control levels and mice were again susceptible to naphthalene
injury ryvest et aI., 2000). Plopper et al. (2001) have investigated early events in
naphthalene-induced acute Clara cell toxicity. They described a broad heterogenicity
of loss of cellular glutathione and other sulfhydryls in the cell populations of the
minimally susceptible lobar and proximal bronchi. However, in the most susceptible
distal bronchioles, high loss of glutathione was detected in all cells. The authors
concluded that at least 50% of the intracellular glutathione pool must be lost before
cell organelle changes become apparent and that a loss of at least 75% is required
before toxic cellular changes become irreversible. The obselVed cytotoxic effects
should result at least directly from the glutathione depletion and not from a reactive
naphthalene metabolite, because Phimster et al., (2005) demonstrated that abrupt
glutathione depletion in mice resulted in Clara cell toxicity similar to naphthalene
treatment with respect to Clara cell swelling, plasma membrane blebs and actin
cytoskeleton disruptions (Phimister et al., 2005).
Furthermore, it is well known that severe changes in the GSH homeostasis can lead
to apoptosis and cell proliferation (reviewed in e.g. Rahman et al., 1999). Together
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with a depletion of glutathione in lung homogenate, such effects have been detected
in Clara cells of mice repeatedly exposed to ST (Gamer et al., 2004). Following
repeated

SO

or

4-vinylphenol

administration

to

mice,

cell

proliferation,

histomorphological changes and apoptosis in bronchi and terminal bronchioles were
observed. It was suggested that Clara cells were primary target cells (Kaufman et
aI., 2005).

Considering this information, we propose the following hypothesis to explain lung
tumor formation in ST exposed mice: Glutathione conjugation with the ST metabolite
SO results in perturbation of the glutathione pathway in Clara cells of the terminal
bronchioles because of insufficient glutathione turnover. This effect leads to cell
death and regenerative proliferation. Together with the cell burdens by reactive ST
metabolites as SO and possibly ring-oxidized derivatives, the finally observed
tumorigenesis in mouse lungs becomes comprehensible. In the rat lung, no such
effects are to be expected, since ST induced loss of glutathione is minimal in this
species (see Filser et al. 2002; Csanady et al. 2003).
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Tables
Table 1. Values of the parameters describing the concentration-time courses of SO
plotted in Figure 3 (pH 7.4 ; 3rC; perfusate volume V 1 = 1 ml) and hereof calculated
Pup values.

_Number
....._--

D,,!~~~d curves: esa

of Co

experiment

[~mollil

1
2

10.0
4.83

k"

[min"]

=Co-e-k .. ·!

Number of Co
experiment [~mol/ll

0.0022
3
2.27
0.0025
4
0.55
U L
Solid curves: esa - C, . e ' + C 2 • ell-!
a
Number of C,
C,
~
experiment
[min·']
IminO']
[~molll]
[~mol/l]
-0.096
5
4.03
6.00
-0.0026

k.
[min"]

0.0021
0.0025

Mean kal ± SD
[min"]; n=4

0.0023 ± 0.0002

0.51

p",. (calculated
using kel)
1.34

V,
[ml]

6

0.42

0.59

-0.033

-0.0021

0.53

1.30

7

0.40

0.60

-0.188

-0.0019

0.53

1.24

Mean Pup ± SD n-3 : 1.29 ± 0.05

Curves 1, 2, 3, and 4 (dashed lines with filled symbols in Figure 3) were recorded to
determine the rate constant

kel of the SO hydrolysis in perfusate. Curves 5, 6, and 7

(straight lines with hollow symbols in Figure 3) were obtained from measuring SO in
perfusate containing heat inactivated lung tissue 'probes of volumes V2 (mean values

of each experiment). The values of

COl C 1 ,

e2, kelo

a, and

~

were obtained by curve

fitting.
*; For calculation of PUP from these values see Equations 2 - 5.
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Table 2. Mean concentrations of styrene (ST) in inhaled air and of styrene-7,8~oxide
(SO) in effluent perfusate as well as tidal volumes and perfusion flows measured in
the experiments with ventilated, perfused rat lungs.
ST (ppm)

SO

49±3·

(~molll)

Tidal volume (ml)

Perf. flow (mllmin)

0.063±0.021·

1.0

18

113±10

0.11 ±0.028

1.2

19

160±16

0.50 ± 0.046

3.2

17

167':14

0.44 ± 0.11

2.4

19

261 ± 40·

0.61 ± 0.040·

3.7

19

265 ±49

0.26 ± 0.058

0.95

18

335 ± 52

0.48 ± 0.10

1.2

18

378 ± 48

0.29 ± 0.017

0.76

18

454 ± 32·

1.10±0.10·

3.5

19

494 ± 67

0.69 ± 0.091

2.2

20

477 ± 52

1.40 ± 0.11

2.9

15

631 ± 85

0.78 ± 0.054

1.9

18

984 ± 308

2.05 ± 0.10

5.2

21

Means

± SO represent at least 5 concentration measurements per exposure

experiment (compare Figure 4).
1r: Mean values of the data presented in Figure 4.
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Table 3. Mean concentrations of styrene (ST) in inhaled air and of styrene-7,B-oxide
(SO) in effluent perfusate as well as tidal volumes and perfusion flows measured in
the experiments with ventilated, perfused mouse lungs.
Tidal volume (ml)

Perf. flow (mlfmin)

0.26 ± 0.044

0.19

1.0

42±5*

0.25 ± 0.033'

0.19

1.2

BO±4*

0.64 ± 0.077'

0.26

1.0

158 ± 10

2.66 ± 0.53

0.21

0.50

169 ± 19

1.00 ± 0.28

0.20

1.0

172 ± 15

1.23 ± 0.08

0.21

1.0

202 ± 16

2.42 ± 0.18

0.28

1.3

255 ± 28

1.27 ± 0.31

0.15

1.2

257 ± 14'

2.22 ± 0.19'

0.18

1.1

271 ± 21

1.30 ± 0.25

0.20

1.5

374 ± 19

2.66 ± 0.33

0.21

1.0

407±41'

3.16 ± 0.39'

0.21

0.80

ST (ppm)

SO

39±5

(~molfl)

Means ± SO represent at least 6 concentration measurements per exposure
experiment (compare Figure 5).
*: Mean values of the data presented in Figure 5.
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Legends to the Figures

Figure 1

Simplified scheme of the ventilated once-through perfused rat lung

system from HSE with in-house made modifications enabling the inhalation of ST
vapors and the gas-tight collection of perfusate samples.
Abbreviations: 1 septum for collection of ST vapor samples; 2 septum for collection of
perfusate samples; 3 exit to pressure transducer (inflowing perfusate pressure); 4
exit to pressure transducer (pressure of chamber atmosphere); 5 site for collecting air
samples of inhaled ST; 6 gas trap; 7 exit to venturi gauge; 8 pneumotachograph
tube; 9 exit to differential pressure transducer (air flow); 10 pressure equilibrium vial;
11 trachea attachment.

Figure 2

Simplified scheme of the ventilated once-through perfused mouse lung

system from HSE with in-house made modifications enabling the inhalation of ST
vapors and the gas-tight collection of perfusate samples.
Abbreviations: 1 septum for collection of ST vapor samples; 2 septum for collection of
perfusate samples; 3 exit to pressure transducer (inflowing perfusate pressure); 4
exit to pressure transducer (pressure of chamber atmosphere); 5 site for collecting air
samples of inhaled ST; 6 gas trap; 7 venturi gauge; 8 pneumotachograph; 9 exit to
differential pressure transducer (air flow); 10 pressure equilibrium vial; 11 air
moistener.

Figure 3

Concentration-time courses of SO in perfusate (filled circles) and in

incubaflons containing heat inactivated lung tissue together with perfusate (horrow
circles, squares and diamants).
Symbols: filed circles initial concentrations 10, 4.8, 2.3, 0.55 ppm; hollow circles,
initial concentration 10 ppm;

hollo~

squares and diamantes, initial concentrations 1

ppm.

Figure 4

Concentration-time courses in three experiments with ventilated,

perfused rat lungs, each at a different ST' concentration in inhaled air.
ST concentrations in inhaled air are given in 3A (filled symbols) and corresponding.
metabolically formed SO concentrations, determined in effluent perfusate, are
presented in 38 (hollow symbols).
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Figure 5

Concentration-time courses in three experiments with ventilated,

perfused mouse lungs, each at a different ST concentration in inhaled air.
ST concentrations in inhaled air are given in 4A (filled symbols) and corresponding,
metabolically formed SO concentrations, determined in effluent perfusate, are
presented in 4B (hollow symbols).

Figure 6

UMeasured" SO concentrations in lungs of rats (_) and mice (0) inhaling

ST at constant concentrations of up to 630 ppm (not shown: SO level of 0.30 ± 0.015
nmollg in the rat lung exposed to 984 ± 308 ppm ST).
Dashed lines: fitted by eye. Symbols ± bars: means ± SO of the values obtained by
means of Equation 6 from the data measured in perfusate (given in Tables 2 and 3).
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Abstract
Styrene is both hepatotoxic and pneumotoxic in mice. I ts mode of action is
not clear, but it may be related to oxidative stress including a very large decrease in
reduced glutathione (GSH). The current studies evaluated if 1) the more toxic Rstyrene oxide had a greater effect on reduced GSH levels than the less toxic Sstyrene oxide, 2) the ratio of reduced to oxidized forms of glutathione was altered by
styrene or styrene oxide, 3) other enzymes involved in the oxidant status of the cell,
namely glutathione reductase, glutathione peroxidase and D-glutamylcysteine
synthetase were altered, and 4) lipid peroxidation, as measured by the
determination of malondialdehyde, increased. R-Styrene oxide (300 mglkg ip)
caused greater decreases in mouse liver and lung GSH than did S-styrene oxide
(300 mg/kg, ip). Styrene (600 mg/kg ip) caused decreases in both GSH and GSSG in
both liver and lung. Styrene and styrene oxide did not cause significant increases
in lipid peroxidation in either liver or lung. Styrene and styrene oxide had minimal
effects on glutathione reductase and glutathione peroxidase in liver and lung.
Styrene increased D-glutamylcysteine synthetase activity. The results suggest that
while styrene and its metabolite styrene oxide cause significant decreases in GSH
levels, they have little effect on the enzymes glutathione reductase and glutathione
peroxidase and that in response to decreased glutathione levels there is an increase
in its synthesis via induction of O-glutamylcysteine synthetase activity.
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1. Introduction

Styrene is a ubiquitous chemical in the environment with primary exposures
occurring in workers especially- those in the reinforced plastics industry (Miller et
aI., 1994; Cohen et aI., 2002). While a number of adverse effects have been reported
in rats and mice, much of the toxicological focus has been on styrene-induced
pneumotoxicity and hepatotoxicity with the mouse being a more sensitive species
than the rat (Morgan et aI., 1993a, 1993b; Gadberry et aI., 1996; Cruzan et a1.,
1997). Styrene causes lung tumors in mice (Cruzan et aI., 2002) but not in rats

(Cruzan et aI., 1998).
The primary step in the metabolism of styrene is epoxidation to form styrene
oxide which is further metabolized by epoxide hydrolase to give styrene glycol which
is metabolized to mandelic acid and phenylglyoxylic acid (Bond, 1989; Sumner and
Fennell, 1994). Conjugation of the styrene oxide with glutathione also occurs
particularly in rats and mice. Following inhalation exposure approximately 60% of
the metabolites recovered from rodents are formed via the epoxide and hydrolysis
pathway, and about 40% are via glutathione conjugates. A small percentage of
styrene is ring metabolized to form 4·vinylphenol.
Although a number of studies have shown that styrene causes toxicity in liver
and lung, the mode of action is not clear. One possibility is through oxidative
stress. Styrene decreases glutathione levels in livers of mice , rats and guinea pigs
with the mouse being the most sensitive species (Vainio and Makinen, 1977).
Styrene and styrene oxide have also been shown by other investigators to decrease

3
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hepatic glutathione (Srivastava et al., 1983, Beiswanger et aI., 1993). While hepatic
glutathione depletion happens quickly, recovery to baseline occurs within 10 to 20
hours (Kalah et a!., 1989).
The effect of styrene on glutathione levels in lung has been less well studied.
Exposure of rats by inhalation to 500 cm3 /m 3 styrene for 24 hours caused a 66%
decrease of GSH in lung and only a 16% decrease in liver one hour after the
exposure (Elovaara et al., 1990). Glutathione levels returned to normal by 24
hours. Coccini et a1. (1997) exposed rats to 300 ppm styrene 6 hours/day, 5
days/week for 2 weeks and found significant decreases in non.protein sulfhydryl
content immediately after the last exposure. In addition, single ip injections of
styrene (400 mglkg) or styrene oxide (200 mg/kg) resulted in significant decreases
after 2 hours. They also found decreases in pulmonary (-40%) and hepatic (-35%)
nonprotein sulfhydryl content immediately following inhalation .of 300 ppm styrene,
5 days per week, for 2 weeks (Coccini et aI., 1998). As in the liver, other studies
have demonstrated the greater sensitivity of mice compared to rats to styreneinduced pulmonary GSH depletion. Mouse lung demonstrated a significant decline
in GSHwhen exposed by inhalation to 80 ppm styrene 6 hr/day for two days with
rats requiring 300 ppm to obtain a significant decrease (Filser et al., 2002; Csanady
et aI., 2003). Gamer et a1. (2004) found that glutathione in mouse lung was
significantly decreased due to inhalation of 160 ppm styrene for 6 hours per day for
21 days but not to 40 ppm. Kaufmann et a1. (2005) found that styrene oxide at a

4
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dose of 100 mg/kg given ip daily for 3 days caused glutathione depletion in the
bronchiolar epithelium of mice.
We recently compared styrene and styrene oxide for their abilities to decrease
glutathione level.s in a dose and time dependent manner (Turner et al., 2005).
Styrene (600 mglkg, 5.8 mmols/kg ip) caused decreased GSH levels in both liver and
lung within one hour. A maximum was seen at three hours with return to control
levels by 12 hours. Lower doses also caused changes in a dose dependent fashion.
For styrene oxide, similar findings were observed with a dose of 300 mglkg (2.5
mmolslkg). GSH levels in liver, but not lung, returned to control by 6 hours. Again
a dose response was found for both tissues. In general, the lung was more affected
by these agents than was liver. The decreases in GSH suggest the possibility that
the toxicity of styreIJ.e in lung and liver may be related to a profound but reversible
oxidative stress in these tissues. The current studies were designed to determine if
1) the more toxic R-styrene oxide had a greater effect on reduced glutathione levels
than the less toxic S-styrene oxide, 2) the ratio of reduced to oxidized forms of
glutathione was altered by styrene or styrene oxide, 3) other enzymes involved in
the oxidant status of the ceil, namely glutathione reductase, glutathione peroxidase
and D-glutamylcysteine synthetase, the rate limiting enzyme in glutathione
synthesis, were altered, and 4) lipid peroxidation, as measured by the
determination of malondialdehyde, was associated with styrene or styrene oxide
administration.
2. Materials and methods

5
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2.1. Animals and chemicals
Styrene and styrene oxide were from Aldrich Chemical Co. (Milwaukee, WI).
Trichloroacetic acid (TCA) was from Fisher (Fair Lawn, NJ). GSH, GSSG, 5,5
dithiobis(2-nitrobenzoic acid) (DTNB), bathophenanthroJinedisulfonic acid (BPDS),
I-fluoro-2,4-dinitrobenzene (FDNB, also called 2,4-dinitrofluorobenzene), iodoacetic
acid (IAA), thiobarbituric acid, 1, 1,3,3-tetraethoxypropane EDTA, NADPH,
glutathione reductase, tetrabutylammonium phosphate (TBAP), adenosine 5'
triphosphate (ATP), L-glutamic acid, EDTA, magnesium chloride, Tris, sucrose,
boric acid, L-serine, 5-sulfosalicylic acid (SSA), D-glutamyl cysteine (D-GC),
glutathione (GSH), N-ethylmorpholine (NEM), and monobromobimane (MBB) were
obtained from Sigma (St. Louis, MO). y-Glutamyl glutamate was obtained from
Bachem Biosciences (King of Prussia, PA). All other chemicals were reagent grade
or better.
CD-l [Crl:CD-l (ICR) BRJ mice were obtained from Charles River
Laboratories (Wilmington, MA). They were housed in group cages in
environmentally controlled rooms on a 12 hr light:dark cycle. Rodent laboratory
chow (No. 5001, Purina Mills, Inc., St. Louis, MO) and tap water were allowed ad
libitum. All animals were allowed a minimum of one week to adapt to the animal
facilities and diet before being used in any experiment.

2.2. Treatments
Groups of 4 mice (22-28 grams) were administered styrene (600 mg/kg, 5.8
mmolslkg)"in corn oil, styrene oxide 300 mglkg (2.5 mmols/kg) in corn oil, or corn oil
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as control vehicle ip. In three cases an extra animal was added to give groups of
five mice, and in one case a sample was not usable giving a group of 3 mice. To
determine the effect of styrene (600 mg/kg, ip) on GSH and GSSG levels, groups of
mice were sacrificed at 2, 6, or 12 hours after styrene administration. These times
were selected based on our previous studies on the time course of GSH depletion
(Turner et aI., 2005). In comparing the R- and S- enantiomers of styrene oxide on
GSH levels, groups of animals were administered 300 mglkg styrene oxide ip, and
measurements were made at 2, 6 and 12 hours after administration since in our
earlier studies GSH levels in the treated animals were decreased by 2 hours, were
still decreased at 6 hours, and returned to control levels by 12 hours. In the lipid
peroxidation studies, mice were treated with styrene (600 mg/kg, ip) and
measurements made at 1, 3, 6, 12 and 24 hours, with styrene oxide (300 mg/kg, ip)
and measurements at 1, 3 and 12 hours to determine the time course relative to
GSH levels or with 4-vinylphenol (100 mglkg), a minor toxic metabolite of styrene
which is more potent a hepatotoxicant and pneumotoxicant than styrene or styrene
oxide (Carlson et aI., 2002; Vogie et aI., 2004), and measurements made at 3 and 12
hours where any changes that might be expected to occur would be at the earlier
time point with return to control by the later time point. Glutathione reductase
measurements were made 3, 6 and 12 hours after styrene oxide (300 mglkg, ip)
administration, and glutathione peroxidase measurements were made 1, 3, 6, and
12 hours after styrene oxide (300 mg/kg, ip). These times were selected to include
the times when GSH was expected to be decreased and when recovery of GSH levels
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to control levels was expected based on our previous studies. When 0

glutamylcysteine synthetase activity was measured, groups of 4 or 5 mice were
administered styrene (600 mg/kg ip), and measurements were made 6 and 24 hours
later. This was the time period during which GSH levels were returning to control
in our previous studies (Turner et a1., 2005). In all cases, the dosing solutions were
prepared immediately before administration and were given in a volume of 1 mll100
g body weight.

2.3. Assay for reduced glutathione
Entire lungs and livers (approximately 0.20 to 0.28 grams and 1.2 to 1.9
grams respectively) were removed and weighed, and deproteinized homogenates
were prepared by homogenizing the tissues in 2 ml and 3 ml respectively of cold 0.1
M potassium phosphate buffer, pH 7.5, followed by the addition of one-half volume
of 10% TeA. Homogenates were centrifuged at 10,000 x g in a refrigerated
centrifuge for 5 minutes to prepare the supernatants for assay. The assay was that
of Speisky et a1. (1986, 1989). Briefly, the deproteinized supernatants were
combined with a solution ofDTNB in 0.1 M potassium phosphate buffer giving a
final concentration of 10 mM DTNB. Samples were mixed by vortexing, and the
absorbance was determined at 464 nm. A standard curve was generated ranging·
from 0 to 625 nmols GSH and was used to calculate the tissue GSH levels.
Amounts were normalized per gram of tissue.

2.4.

HPLC assay for reduced and oxidized glutathione
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Reduced and oxidized glutathione levels were measured using the procedure
of Fariss and Reed (1987) as modified in Current Protocols in Toxicology Online
(Mustacich, 2003). Deproteinized homogenates were prepared by homogenizing the
livers or lungs of mice in 0.1 M potassium phosphate buffer, pH 7.5, followed by acid
extraction with one-half volume of 10% perchloric acid containing I mM
bathophenanthrolinedisulfonic acid. Homogenates were centrifuged at 15,000 x g
for 5 minutes to obtain the supernatant. The thiols in the supernatant were reacted
for 5 minutes with 100 mM iodoacetic acid in 0.2 mM m-cresol purple to form S
carboxymethyl derivatives which were treated with 2 M KOH / 2.4 M KRC03 for I
hour at room temperature. They were then further derivatized with 1-fluoro-2,4
dinitrobenzene for I hour at room temperature, followed by >8 hours at 4°C. o-Glu
glu was used. as an internal standard. The DNP derivatives were separated using a
3-aminopropyl column with UV detection at 365 nm. The mobile phase was
maintained at 80% of Solvent A (consisting of BO% methanol and 20% water) plus
20% of Solvent B (O.B M sodium acetate in 64% methanol) for 8 minutes, followed by
a 20-minute linear gradient to 1% A, 99% B, at a flow rate of 1.0 mllrninute. The
mobile phase was kept at this level for 12 minutes. GSH and GSSG were used as
standards. Amounts were normalized per gram of tissue.

2.5. Assay for malondialdehyde
The measurement of malondialdehyde determined as thiobarbituric acid
reacting substances (TBARS) was used as an indicator of lipid peroxidation. The
method is that of Buege and Aust (197B) as modified in Current Protocols in

9
Page 9 of36

260

Toxicology Online (Reilly and Aust, 2003) with some additional changes based on
published methods by Uchiyama and Mihara (1978) and Ohkawa et al. (1979).
Deproteinized homogenates were prepared by homogenizing the livers or lungs of
mice in 0.1 M potassium phosphate buffer, pH 7.5, and then immediately placing 1
ml of each homogenate into 2 ml of a mixture of 0.37% thiobarbituric acid, 15%
trichloroacetic acid, and 0.2 N hydrochloric acid. The mixture was heated to boiling
for 15 minutes, and the TBARS were extracted using 3 ml of n-butanol/pyridine
(15: 1 v/v). Absorbance of the organic phase was determined at a wavelength of 535
nm, and concentrations were determined using a standard curve generated from the
hydrolysis of 1,1,3,3-tetraethoxypropane. Amounts were normalized per gram of
tissue.

2.6. Assay for glutathione reductase
Glutathione reductase activity was measured using the procedure of
Mannervik (2003). Livers and lungs were homogenized in 0.2 M potassium
phosphate buffer, pH 7.0, followed by centrifugation at 10,000 x g for 20 minutes.
The

s~pernatant

was then added to a mixture containing 1.78 mM EDTAin 178

mM potassium phosphate buffer, I mM GSSG, and 0.1 mM NADPH in 10 mM Tris·
Hel in a final volume of 1 mI. The linear decrease in absorbance of the NADPH at
340 nm was measured using a Shimadzu spectrophotometer at 340 nm for two.
minutes. A blank was prepared without tissue. Activity was normalized per mg
protein.

2.7. Assay for glutathione peroxidase
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Glutathione peroxidase activity was measured using the procedure described
by Esworthy et a1. (2003). Liver and lung were homogenized in 50 mM sodium
phosphate buffer, pH 7.0 and centrifuged at 10,000 x g for 20 minutes. The sample
was then combined with 31.5 mM sodium phosphate buffer, 1 mM GSH, 0.2 mM D
NADPH, 11.25 mM sodium azide, and 10 units glutathione reductase in a final
volume of 1.0. Mter allowing the incubation mixture to equilibrate for a few
minutes, 0.238 mM hydrogen peroxide was added. The linear decrease in
absorbance ofNADPH was measured at 340 nm for one minute following a lag time
of 30 seconds. Activity was normalized per mg protein.

2.8. Assay for D-glutamylcysteine synthetase
Supernatant protein was prepared by homogenizing mouse lung in TES/SB
buffer containing 0.25 M sucrose, 20 mM Tris, 1 mM EDTA, 20 mM boric acid and 1
mM L·serine. Homogenization was done on ice. Homogenates were centrifuged at
10,000 x g for 15 min at 4DC. Standards of D-GC and GSH were prepared by serial
dilutions. Baseline samples were prepared with GLCL reaction mixture containing

20 mM ATP, 100 mM L-glutamic acid, 1 mM EDTA, 20 mM magnesium chloride,
and 200 mM Tris. To this mixture was added the supernatant, water, and 200 mM
SSA. Standards were prepared the same way, using the standard solution instead
of supernatant. Assay samples were prepared with GLCL reaction mixture plus
supernatant which were then pre-incubated for 5 min at 3rC. Reactions were
initiated by adding 5 mM L-cysteine, and samples were incubated for 10 min at
37 DC. Reactions were stopped by adding 200 mM SSA. Samples and standards
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were derivatized by adding 0.2 M NEMlO.02 M KOH plus 25 mM MBB,followed by
incubation in the dark at room temperature for 30 min. Reactions were stopped

with 200 mM SSA, followed by microcentrifuging at top speed for 2 min. Samples
and standards were analyzed by HPLC, using a C-18 reversed phase column and
fluorescence detection with excitation at 375 nm, and emission at 475 nm. The

.

aqueous mobile phase was 1 mM TBAP adjusted to pH 3 with 10 % phosphoric acid.
The organic phase was 100% meth,anol. The starting point for the gradient was
95% aqueous phase, 5% organic phase. The gradient proceeded to 80% aqueous by 1
min, 70% aqueous by 10 min, 4,0% aqueous by 12 min, and-was held there until 14
min. Then it returned to 95% aqueous by 16 min and was held there until the
program ended at 21 min. Activity was normalized per mg protein.

2.9. Statistical analysis
Values are expressed as mean ± S.E. The numbers of animals in each group
are indicated in the tables. In most cases, samples were run in duplicate. In
comparing between two groups, Student's t test was used: In comparing multiple
values, an ANOVA was utilized followed by Student Newman-Keuls' test to detect
differences among the groups. In each case the level of significance selected was p <

0.05.
3.

Results
While our previous studies w.ere informative with respect to dose and time,

they did not demonstrate what is happening with respect to the ratio of reduced
glutathione to oxidized glutathione following styrene or styrene oxide
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administration (Turner et al., 2005). Therefore, selected studies, based on the
above, were done in which reduced glutatliione and oxidized glutathione levels were
determined in liver and lung using an HPLC method. The results observed were
similar to those obtained in our previous study. aSH levels in liver were found to
be greatly decreased following administration of 600 mg/kg styrene at both 2 and 6
hours (Table I). There was no

~tatistically

significant difference from control at 12

hours. There was no increase in oxidized glutathione (GSSG). In fact, there was a
decrease at the 6 hour time period. As with aSH, GSSG levels returned to normal
by 12 hours. a8H levels were decreased in lung at 2 and 6 hours after styrene
administration (Table 2) similar to what was observed in the previous study. assa
levels were decreased by 6 hours and remained so at 12 hours. Here, as in the
results on the enzyme assays described below, there was considerable variation
among the con'trol values. This may well be related to the diurnal variations
associated with glutathione, and thus the corresponding controls at each time point
are critical.
In previous studies it was shown that the R-enantiomer of styrene oxide is
more toxic than is the S-enantiomer (Gadberry et aI., 1996), so it was of interest in
view of our previous finding of the racemic mixture causing a depletion of aSH
(Turner et al., 2005) to determine if there was a difference between the two
enantiomers in their ability to cause depletion of aSH. When administered to mice
at a dose of 300 mg/kg, R-SO caused a significantly greater decrease in GSH in liver
and in lung than did S-80 two hours after administration (Table 3). Six hours after
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administration, aSH levels in the livers of animals given R-SO were still decreased,
but they were back to normal in S-SO treated mice. At this time, aSH levels were
not decreased in lung. At 12 hours post-administration, there were no decreases
with either enantiomer.
Studies were also carried out to examine the effects of styrene and styrene
oxide on lipid peroxidation in liver and lung by measuring malondialdehyde using
the thiobarbituric acid method. Mice were treated with either styrene (600 mg/kg
ip) or racemic styrene oxide (300 mg/kg ip) similar to the treatments used in the
glutathione assays. Styrene had a small and transient effect (Table 4) while
styrene oxide treatment did not cause any increaees (Table 5). This lack of a
positive effect is somewhat surprising in view of the great decreases we had
observed in reduced glutathione levels in these tissues and the positive effects with
lipid peroxidation observed in other studies (Srivastava et al., 1983; Katoh et al.,
1989; Dare et aI., 2004). The reason for this is not clear. Lipid peroxidation was
also not increased following the administration of the styrene metabolite 4
vinylphenol (Table 6).
Further studies were carried out to better characterize the effect of styrene
on other enzymes involved in the oxidant state of the cell related to glutathione. To
do this the active metabolite styrene oxide was used. The activity of glutathione
reductase, important in converting aSSG to aSH, was measured. Styrene oxide
had no effect in liver and lung at 3 and 6 hours (Table 7). There was a decrease
noted in the liver at 12 hours. The effect of styrene oxide on glutathione peroxidase,
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important in maintaining low levels of peroxides in cells, was also measured. There
was a great deal of variability within groups, but the results indicate that styrene
oxide had no consistent effect on this enzyme (Table 8).
As noted above and in our previous study (Turner et aI., 2005), styrene and
styrene oxide caused significant decreases in GSR levels in both liver and lung soon
after administration, but these levels returned to control values within 6 to 24
hours. To determine if such treatment stimulated an increase in GSR synthesis,
measurements were made on D-glutamylcysteine synthetase. Styrene
administration (600 mglkg ip) caused increased glutamylcysteine formation, the
rate limiting step in glutathione synthesis, after 6 and 24 hours (Table 9).
4. Discussion

While the ability of styrene and its metabolites to cause hepatotoxicity and
pneumotoxicity is well known (Morgan et aI., 1993a, 1993b; Gadberry et al., 1996;
Cruzan et aI., 1997), the mode of action is not. One possibility that has been
suggested is that styrene causes cytotoxicity that may be related to oxidative stress.
Lung cells in particular are very susceptible to oxidative stress. GSR is present at
high concentrations (approximately 3 mM) in cells where it plays a major role in
protecting them against oxidative damage. It also provides the reducing milieu
needed to maintain the integrity of cell membranes, participates in a number of
metabolic pathways such as the synthesis of leukotrienes and is involved in
detoxification reactions (see Rahman et aI., 1999 for a review). In addition,
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glutathione is excreted into the extracellular fluid lining the alveolar epithelial
surface where it also appears to playa protective role.
Styrene has been shown in a number of studies to cause a decrease in
reduced glutathione levels, possibly resulting in oxidative stress, in both liver and
lung with the mouse appearing to be a sensitive species. (Vainio and Makinen,
1977; Srivastava et al., 1983; Beiswanger et al., 1993). The effect occurs very
rapidly and with a return of eSB to control levels between 12 and 24 hours (Katoh
et al., 1989; Beiswanger et aI., 1993). These observations were supported by our
previous work which demonstrated that styrene and styrene oxide caused
significant dose and time dependent decreases in GSB in both liver and lung with
rapid return to control levels within 6 to 12 hours (Turner et al., 2005).
Interestingly, Marczynski et al. (1997) detected 8-hydroxydeoxyguanosine, a marker
of oxidative damage to DNA, in white blood cells of workers occupationally exposed
to styrene. These authors have proposed oxidative stress to be the basis of

genotoxicity in humans (Marczynski et al., 2000).
To determine if the level of eSB had decreased as a result of its conversion to
GSSG, the levels of both were measured using a BPLC method. Control levels were
similar to those we reported using a colorimetric assay as were the decreases due to
styrene and styrene oxide administration (Turner et- al., 2005). This would indicate
that the effect was not due simply to the oxidation ofthe reduced glutathione. This
finding is not too surprising. Considerable work has been done for many years on
styrene metabolism which indicates that styrene oxide is conjugated with
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glutathione with the eventual excretion of mercapturic acids (Leibman, 1975;
Seutter-Berlage et al., 1978; Mendralla et al., 1993; see Sumner and Fennell, 1994
for a review). There are also stereochemical relationships in this activity (Dostal et
al., 1987; Hiratsuka et aI., 1989; Linhart et aI., 2000) with the R·Sa reacting faster.
Another important factor involved in the cellular status of glutathione is
glutathione reductase which is important in converting the oxidized form back to
the reduced form. The activity of this enzyme was not consistently decreased by
styrene oxide.
To further examine the role of styrene oxide in the depletion of glutathione,
the two enantiomers were compared. R-styrene oxide caused a greater and longer
lasting depletion than did S-styrene oxide. This is in keeping with our previous
observation that R-styrene oxide is more toxic than S-styrene oxide is (Gadberry et
aI., 1996).
Glutathione peroxidase plays an important role in protecting the cell from
oxidative damage through the general reaction ROOR + 2GSR 0 GSSG + H20. The
activity of this enzyme was not generally altered by the administration of 300 mg/kg
of racemic styrene oxide.
Because there is a rapid reversal of the GSH depleting action of styrene and
styrene oxide (Turner et al., 2005), the hypothesis was tested that there was an
increase in the -biosynthesis of GSH in mouse lung in response to styrene
administration. O-GlutamyIcysteine synthetase (glutamate cysteine ligase) is the
first and rate limiting step in the· synthesis of GSH (Shi et al., 1994; Rahman et al.,
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1996; Tian et aI., 1997; Mari and Cederbaum, 2000). It has been shown to be
increased in mouse Clara cells in response to naphthalene (West et aI., 2000) and in
rat lung to monocrotaline ('l an and Huxtable, 1996). It has also been shown to be
responsive in vitro in human alveolar epithelial cells exposed to cigarette smoke
(Rahman et aI., 1996), in rat lung epithelial L2 cells exposed to 2,3-dimethoxy-l,4
naphthoquinone (Shi et aI., 1994) and buthionine sulfoximine (Tian et aI., 1997),
and in HepG2 cells exposed to diethyl maleate (Sekhar et aI., 1997). As
hypothesized, there was an increase in the activity oftrus enzyme activity.
The literature on whether or not styrene increases lipid peroxidation is
mixed. Dare et a1. (2004) demonstrated that SK-N-MC neurons exposed to styrene
oxide exhibited a lower mitochondrial Ca++ capacity and loss of mitochondrial

,
membrane potential in addition to lipid peroxidation after 12 hours_ Srivastava et
a1. (1983) and Katoh et a1. (1989) also reported lipid peroxidation in the livers of
rats administered styrene or styrene oxide. However, Gamer et a1. (2004) found
only a slight increase in malondialdehyde in mouse lung after a single exposure to
160 ppm styrene. Increases were not observed after 5 or 20 exposures or after a
single exposure to 40 ppm. Coccini et al. (1996) exposed rats to 326 ppm of styrene
(6 h daily, 5 days a week, for 2 weeks) and found a 50% depletion of hepatic GSH
but did not find an increase in lipid peroxidation in liver or brain. Moreover,
Dlugosz et a1. (2005) found that styrene alone did not increase malondialdehyde in
.the plasma of workers although the combination of styrene and ethylene glycol did.
In our current studies, lipid peroxidation was not generally associated with styrene
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administration with minor increases in the liver being observed at 3 and 12 but not
at 6 hours and with no.increases in the lung. No increases were observed with
styrene oxide or the minor metabolite 4-vinylphenol. Thus lipid peroxidation as
measured by TBARs does not appear to play an important role in the toxicity of
styrene. Thus it is not entirely clear at this time why, despite the decrease in GSH
levels, there is no increase in lipid peroxidation despite the loss of GSH. The
mechanism by which styrene exerts its effects is not entirely clear. We have,
however, noted an increase in reactive oxygen species (ROS) in Clara cells
incubated with styrene and its metabolites (unpublished observation).
In summary, we have confumed that styrene oxide causes significant deficits
in GSH in both liver and lung with the R-enantiomer being more active in terms of
both potency and time to recovery. This decrease is not accompanied by an increase
in oxidized glutathione (GSSG). Other enzymes involved, namely glutathione
reductase and glutathione peroxidase, were generally not affected by styrene oxide
in either liver or lung. Lipid peroxidation does not appear to playa major role in
cell damage even at doses of styrene, styrene oxide or 4-vinylphenol known to cause
significant injury to liver and lung. In response to decreased glutathione there is an
increase in synthesis via induction of O-glutamylcysteine synthetase activity
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Table 1. Effect of styrene on reduced and oxidized glutathione levels in CD-l mouse
liver.

Styrene a

Control
Hours

Nb

GSH

GSSG

2

4

5.64 ± 0.33'

0.47 ± 0.08

6

4

4.32 ± 0.41

12

4

3.56 ± 0.24

GSH

GSSG

4

0.80 ± 0.29'

0.36 ± 0.08

0.70 ± 0.16

4

1.08 ± 0.31'

0.22 ± 0.04'

0.56 ± 0.07

4

2.45 ± 0.48

0.40 ± 0.15

'600 mg/kg, ip

bNumber of animals
cJ.lmols/gram liver; for each time and measurement, value is mean ± S.E. for N mice
dSignificantly different from control, p < 0.05
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Table 2. Effect of styrene on reduced and oxidized glutathione levels in CD-l mouse
lung.

Styrene n

Control
Hours

Nb

GSH

GSSG

Nb

GSH

GSSG

2

4

1.98±0.1O'

0.47 ± 0.07

4

0.88 ± 0.06"

0.37 ± 0.06

6

4

1.79 ± 0.06

0.56 ± 0.19

4

0.85 ± 0.05"

0.16 ± 0.05"

12

4

1.81±0.15

0.66 ± 0.26

4

1.35± 0.17

0.11 ± 0.04"

a600 mg/kg, ip
bNumber of animals
cJ..Lmols/gram liver; for each time and measurement, value is mean ± S.E. for N mice
dSignificantly different from control, p < 0.05
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Table 3. Comparison ofR-styrene oxide (R-SO) and 8-styrene oxide (8-80) on
glutathione levels in mouse liver and lung.

Glutathione Levelsa
Lung

Liver

Time
(hours)

Control

R-SOh

S-SOh

2

8.34 ± 0.55'

2.75 ± 0.54'

4.81 ± 0.27'

6

6.12 ± 0.56'

3.13 ± 0.35'

12

4.90 ± 0.28'

4.21 ± 0.58'

R·SOh

S-SOh

1.73 ± 0.08'

0.73 ± 0.04'

1.35 ± 0.12'

5.85 ± 0.29'

2.04 ± 0.18'

1.98 ± 0.18'

2.81 ± 0.16'

5.66 ± 0.33'

1.71 ± 0.05'

1.86 ± O.OS'

2.34c± 0.19'

Control

amicromoles/gram tissue; for each time and measurement, value is mean ± S.E. for 4 mice
~300

mgikg ip

NFor each tissue and time, values with different superscripts are significantly different from
one another, P < 0.05
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Table 4. Effect of styrene on lipid peroxidation in mouse liver and lung.

Liver
Control
Hours

MDH

N"

Lung
Styrene a

MDH

Nb

Control

Styrene R

MDH

MDH

1

4

13.1 ± 0.3'

11.6±0.8

4

58.1 ± 7.2

54.4 ± 8.2

3

4

13.7±1.2

18.8 ± 1.5'

4

48.0 ± 6.6

46.1±6.5

6

4

13.9 ± 1.2

13.6 ± 0.5

4

66.6 ± 6.0

67.7±5.5

12

4

15.7 ± 0.6

26.0 ± 4.7d

4

68.8 ± 8.2

43.2 ± 6.5'

24

4

9.0 ± 1.3

8.7 ± 0.5

4

44.7±2.1

47.1 ± 5.8

"600 mg/kg, ip
bNumber of animals
c).1mols malondialdehyde/gram tissue; for each time and measurement, value is mean ± S.E. for N
mIce,
dSignificantly different from control, p < 0.05
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Table 5. Effect of styrene oxide on lipid peroxidation in mouse liver and lung.

Liver
Control

Hours

Nb

MDH

Lung

Styrene Oxide a

MDH

Control

Nb

Styrene Oxide a

MDH

MDH

1

4

17.6 ± 1.8'

15.1 ± 0.7

4

57.3 ± 5.7

65.3± 2.1

3

4

30.3 ± 0.7

27.8 ± L1

4

89.8 ± 10.0

97.2 ± 14.2

12

4

29.6± 2.3

25.8± 1.5

5

137.1 ± 14.7

95.5 ± 5.6'

"300 mg/kg, ip

bN umber of animals
C)lffiols malondialdehyde/gram tissue; for each time and measurement, value is mean ± S.E. for N
mIce

dSignificantly different from control, p < 0.05
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Table 6. Effect of 4-vinylphenol on lipid peroxidation in mouse liver and lung.

Liver

Lung

Control

4-Vinylphenolll

Control

MDH

4-Vinylphenol ll

Hours

Nb

MDH

MDH

3

4

4.9 ± 0.8'

5.0 ± 0.6

4

20.6 ± 2.7

17.8 ± 0.5

12

4

22.6 ± 2.3

4

81.2 ± 4.7

90.4 ± 8.0

24.5 ± 2.3

MDH

"100 mg/kg, ip
bNumber of animals
cJ.lmols malondialdehyde/gram tissue; for each time and measurement, value is mean ± S.E. for N
mice,
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Table 7. Effect of styrene oxide on glutathione reductase (GR) activity in mouse liver
and lung.

Liver
Time

(hours)

Control

Nb

Lung

Styrene Oxidea

Control

Styrene OxideD.

GR

GR

Nb

GR

GR

3

4

11.68 ± 0.31'

12.17 ± 0.90

4

11.09 ± 0.93

9.01 ± 1.18

6

4

12.12 ± 0.24

11.10 ± 1.03

4

8.20 ± 0.09

8.54 ± 1.00

12

4

18.54 ± 0.94

11.08 ± 0.67'

4

11.83 ± 1.42

8.75 ± 0.81

"300 mg/kg, ip
bNumber of animals
c)lmols NADPH oxidized/mg protein! min; for each time and measurement, value is mean ± S.E.
for N mice.
dSignificantly different from control, p < 0.05
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Table 8. Effect of styrene oxide on glutathione peroxidase (GP) activity in mouse
liver and lung.

Lung

Liver
Control

Time
(hours)

GP

Nb

Styrene Oxide n

GP

Control
Nb

Styrene Oxide a

.GP

GP

184 ± 78

4

3LO ± 13.2

22.6 ± 3.3

249 ± 23

230 ± 15

4

2L7± 7.2

62.7 ± 10.9'

4

197 ± 35

234± 48

4

46.6 ± 3.7

33.7 ± 8.5

4

105 ± 15

50 ± 19

4

19.1 ± 5.1

16.6 ± 4.2

I

4

3

3&4'

6
12

83 ± 24'

naOO mglkg, ip

bNumber of animals
c'J'hree for control and four for styrene oxide
dJ.lmols NADPH oxidized/mg protein! min; for each time and measurement, value is mean ± S.E.
for N mice
eSignificantly different from control, p < 0.05
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Table 9. Effect of styrene on D-glutamylcysteine synthetase activity in mouse lung.

Nb

Control

Nb

Styrene a

6 hours

5

342 ± 85'

5

581 ± 79

24 hours

4

198 ± 66

4

520 ± 55'

Time

"600 mg/kg, ip
bNumber of animals
cpmols D-glutamylcysteine/mg protein/min, for each time and measurement, value is mean ± S.E.
for N mice
dSignificantly different from control, p < 0.05
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Abstract
Styrene is a widely used compound in the manufacturing industry. In mice and rats, it is
both hepatotoxic and pneumotoxic. It causes lung tumors in mice, but not in rats. The Clara cell
is the main target for the toxicity of styrene and its metabolites, and it also has the greatest
activity for styrene metabolism. Therefore, Clara cells isolated from CD-! mice and SpragueDawley rats were used to compare the cytotoxicities induced by styrene and its metabolites. The
cytotoxicity of styrene was greater in vitro than that of its metabolites styrene oxide (racemic, R
and S-) and 4-vinylphenol in contrast with what has been observed in vivo in previous studies on
hepatotoxicity and pneumotoxicity. Susceptibility ofrats to styrene and its metabolites are 4
fold less than that observed with mice. Glutathione levels were also measured in mice following
addition of the chemicals in vitro and treatment of the CO-l mice in vivo. Decreases in
glutathione concentrations were seen even at doses which did not cause the death of mouse Clara
cells. Significant decreases in glutathione were observed 3 hours after treatment with racemic
SO and R-SO. At 12 hours, rebound effects were seen for all compounds, with all but R-SO
rebounding above controls. These studies suggest that in vitro cytotoxicity of styrene and its
metabolites does not strictly follow in vivo effects and that decreases in mouse glutathione levels
may be related to oxidative stress.

291

Page 2 of28

3

1. Introduction
Styrene is widely used in the manufacturing of pia sties, resins, and rubbers. The general
population can be exposed through transfer from polystyrene disposable cups and containers,
cigarette smoke, and ambient air. However, exposure is highest for workers in the reinforced
plastics industry (IARC, 2002). Styrene has been classified as possibly carcinogenic (lIB) in

humans, and styrene oxide, its major metabolite, as probably carcinogenic (IIA) (IARe, 1994).
Styrene is converted to styrene-7,8-oxide (SO) via the cytochrome P450 monooxygenase system.
It is generally thought that styrene toxicity is caused by its transformation to SO, an eiectrophilic

epoxide (Bond, 1989). SO exists in two enantiomeric forms - R a.nd S. Alternatively, the ring
hydroxylated metabolite 4-vinylphenol may be involved in styrene toxicity (Carlson et aI., 2002;
Cruzan et aI., 2005). Although it is a minor metabolite, it is a more potent hepatotoxicant and
pneumotoxicant than is styrene oxide.
While mice are susceptible to the toxicity associated with styrene and its metabolites, rats
don't exhibit the same degree of response. Gadberry et al. (1996) showed that both styrene and
SO are hepatotoxic and pneumotoxic in mice based on changes in serum SOH (sorbitol
dehydrogenase), and GGT (gamma-glutamyltranspeptidase) and LDH (lactate dehydrogenase)
levels in bronchioalveolar lavage fluid. Consistent, dose-dependent effects were seen with
styrene. An increased incidence oflung tumors in CD-l mice was found in long term inhalation
studies with styrene (Cruzan et ai., 2001). Rats, however, do not show an increased frequency
of lung tumors over controls (Cruzan et aI., 1998). Tt has been shown that mice preferentially
fonn the R-enantiomer of SO (Carlson, 1997a), which is more mutagenic in the Salmonella assay
than the S-enantiomer is (Sinsheimer et al., 1993). Mouse Clara cells produce approximately 15
times more R-SO than do rat Clara cells (Hynes et aI., 1999), with rats preferentially forming S-
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SO, which is less toxic (Foureman et ai., 1989; Watabe etal., 1981; Gadberry et ai., 1996). The

mode of action by which styrene causes lung tumors in mice, but not in rats, is not yet fully
understood. One possibility is cytotoxicity associated with oxidative stress.

Glutathione C'Y-glutamylcysteinylglycine) (OSH) plays an important role in maintaining
the correct balance between oxidants and antioxidants in cells, therefore preventing cellular
damage. GSH is a major antioxidant in cells and is also important in the detoxification aftoxic
or injurious compounds including styrene. In an inhalation study in which the conducting zones

of lungs of mice were exposed to 20 ppm styrene for 6 hours, glutathione levels decreased by
40% (Kaufmann et 81., 2005). Both styrene and SO have been shown to decrease GSH levels in
liver and lung homogenates in a dose dependent manner (Turner et ai., 2005). Decreases in GSH
levels in lung homogenates after administration of styrene and SO were generally more profound
than those found in liver homogenates (Turner et al., 2005). These data are also in agreement
with the findings of Gamer et a!. (2004) that styrene treatment caused depletion of glutathione
levels in mouse lung homogenates. GSH conjugation of styrene and SO is one route of
detoxification, with approximately 40% of the metabolites recovered being conjugated to GSH
(Sumner and Fennel, 1994).
4-VinyJphenol (4VP), a ring metabolite of styrene, has been shown to be more
hepatotoxic and pneumotoxic than both styrene and SO at lower doses (Carlson et ai., 2002), yet
depletion ofGSH after administration of4VP was less than that observed with styrene and SO
(Turner et ai., 2005).
The main target of styrene toxicity appears to be the Clara cell in the lung (Cruzan et ai.,
1997; Cruzan et aI., 2001; Green et al., 2001; Kaufmann et al., 2005). Repeated inhalation
exposure of mice to styrene resulted in Clara cell proliferation and decreased cytopJasm staining
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along with cell crowding and hyperplasia in the tenninal bronchioles (Green et aI., 2001; Gamer
et aI., 2004). The Clara cell also has the highest activity in the lung for metabolizing styrene
(Hynes et aI., 1999). For these reasons,

OUf

study focused on the direct cytotoxicity of styrene

and its metabolites in Clara cells, as well as the changes in aSH levels due to treatment with
these agents.

2. Materials and Methods

2.1 Animals and Chemicals

Adult male CD-J mice were obtained from Charles River Laboratories (Wilmington,
MA) and adult male Sprague-Dawley rats were obtained from Harlan Sprague-Dawley
(Indianapolis, IN). All animals were housed in group cages in environmentally controlled rooms
on a 12 h light:12 h dark cycle. Rodent laboratory chow (No. 500 I, Purina Mills, Tnc., St. Louis,
MO) and tap water were allowed ad libitum. All animals were allowed a minimum of one week
to adapt to the animal facilities and diet before being used in any experiment.
Styrene, racemic styrene oxide, and (R) and (S)-styrene oxide were obtained from
Aldrich Chemical Co. (Milwaukee, WI). 4-Vinylphenol (10% in propylene glycol: purity>95%)
and 5-phenyl-I-pentyne were obtained from Lancaster Synthesis (Windham, NH). N-[2
hydroxyethyl]piperazine-N,[2-ethanesulfonic acid] (HEPES), Tris[hydroxymethyl]amino
methane (Trizma Base), mouse IgG, diethyldithiocarbamate (DDTC), 30% IgG free bovine
serum albumin (BSA), gentamicin solution, ethylene glycol-bis-[p-aminoethyl ether]-N,N,N' ,N'
tetra acetic acid (EGTA), nitro blue tetrazolium, hematoxylin solution, 5-sulfosalicyclic acid
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dihydrate, 5,S'-dithiobis(2-nitro-benzoic acid) (D1NB), and methylene green-were obtained
from Sigma Chemical Co. (St. Louis, MO). Lyophilized porcine pancreatic elastase,
approximately 3.6 units per mg, was obtained from Worthington Biochemical Corp. (Freehold,
NJ). Bovine serum was obtained from Life Technologies (Gibeo) (Grand Island, NY).

Penicillin/streptomycin solution (5000 U pen.! 5 mg strept./ml), Dulbecco's mod ified eagle
medium. and F-12 nutrient mixture (HAM) were obtained from Invitrogen Corp. (Frederick,
MD). Nylon mesh (40 urn) was obtained from Small Parts, Inc. (Miami Lakes, FL). Nembutal·
(sodium pentobarbital) was obtained from Abbott Laboratories (North Chicago, IL). Heparin
(LOOO UI mI) was obtained from Elkins-Sinn Inc. (Cherry Hill, NJ). The Total Glutathione
Quantification Kit was obtained from Dojindo Molecular Technologies (Gaithersburg, MD). All
other chemicals used were reagent grade or better.

2.2 Experimental Design

Clara cell isolation procedure

The procedure is an adaptation of Malkinson et a!. (1993). Buffer A, used for perfusion,
storage ofJungs prior to digestion, and as part of the lavage solution, contained 133 mM NaCI, 5
mM KCl, 2.7 mM sodium phosphate buffer, 10 mM HEPES, 5.6 mM glucose, and gentamicin
(0.10 )lglml of so lution). The lavage solution was made by adding 3 ml 0.1 M EGTA to 146 ml
Buffer A. Buffer B, used as part ofthe digestion solution and for rinsing during the filtering
process, contained 129 mM NaCI, 5 mM KCI, 2.6 mM sodium phosphate buffer, 10 mM
HEPES, 1.9 mM CaCho 1.3 mM MgS04. 5.6 mM glucose, and gentamicin (0.10 )lglml solution).
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Kreb'sIRingerlHEPES (KRH) Buffer (pH 7.4), used for rinsing cells off the IgG plate and
suspending the cells. contained 145 mM NaC!, 5.4 mM KCI, 1.4 mM CaCho 29 mM HEPES, 2.8
mM MgS04. 1.1 mM K2HP04. 6.35 mM glucose, and 1.15 mM sodium ascorbate.
Four to six mice or one rat were anesthetized with pentobarbital and heparin in saline.
The trachea was exposed and cannulated with a stainless steel feeding needle tied in place. The
lungs were perfused with gravity-fed buffer A via the right ventricle into the pulmonary artery to
remove blood from the lungs. The lungs and heart were removed en bloc. The lungs were
lavaged eight times with buffer NEGTA and then digested at 37°C with elastase solution (4.3
U/ml buffer B, 4 infusions at 5 minutes each for a total of20 minutes). Following digestion, the

lungs were cut away from the trachea and heart, pooled, and minced to approximately I mm3
pieces. For the in vitro cytotoxicity and GSH studies, the mouse lungs were pooled. For the in

vivo procedure used to measure GSH levels, lungs of the mice were not pooled.

The minced

lungs were placed in 8 ml of calf serum at 37°C for 2-5 min for neutralization of the elastase.
The mixture was filtered through cotton gauze and theI;l 40 Ilm nylon mesh. The resulting
solution was layered on top of 8 ml of calf serum in a 50 ml conical centrifuge tube and
centrifuged at 90 x g for 20 min. Macrophages were removed by panning, using a plastic Petri
dis~

coated with IgG. Following incubation at 37°C for one hour, the Petri dish was rinsed

thoroughly with KRH buffer to transfer cells to a 15 ml conical centrifuge tube, which was then
centrifuged for 20 min at 90 x g. The supernatant was discarded, and the cell pellet was
resuspended in KRH buffer for use in the styrene/styrene metabolite toxicity studies.
Cell counting and cell viability were detennined with trypan blue and a hemocytometer.
All nucleated cells were counted. After counting the cells, approximately 500,000-750,000 cells,
suspended in KRH, were placed in glass vials containing Hams F 12, fetal bovine serum, and
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either DMSO or styrene/styrene metabolites, and then incubated for 3 hours at 31'C. Cell
counting and cell viability were detennined again after the 3 hour incubation using trypan blue

and a hemocytometer.
For enrichment detenninations, nitro blue tetrazolium (NBl) staining (Devereux and
Fouts, 1980) was performed for the identification of Clara ceJ1s. For identification of type II cell

contamination, the modified Pap staining procedure was used.

Because these cell preparations

were found to be highly enriched (approximately 90% for mice). they are described as Clara cells

in this paper, and corrections have not been made for purity.

Profeclion Experiments

5-Phenyl-l-pentyne (5PIP) and diethyldithiocarbamate (DDTC) were added at varying
concentrations in vitro to Clara cells, isolated as described above, prior to adding 5 mM styrene.
5PIP or DDTC was added to a mixture of approximately 500,000 -750,000 cells and KRH,
Hams F 12, and fetal bovine serum ten minutes prior to adding either DMSO or styrene. DMSO
was added to the controls since it was used as the solvent for the inhibitors. Cells were then
incubated for 3 hours at 3?OC, and cell counting and cell viability were determined after the three
hours using trypan blue and a hemocytometer.

GSH Assay Procedure

In vitro: Clara cells were isolated as described above and incubated for 3 hours at 37"C in
a mixture of approximately 500,000-750,000 cells and KRH, Hams F 12, fetal bovine serum, and
0.1 mM, 0.5 roM, 1.0 mM styrene/styrene metabolite or DMSO for the controls. DMSO was
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added to the controls since it was used as the solvent for the styrene and metabolites. Cells
were then counted and cell viability detennined using trrpan blue and a hemocytometer.

Glutathione content of the cells was measured using the Dojindo Total Glutathione
Quantification Kit following the directions for the high sensitivity method. A 5% 5
sulfosalicyclic acid (SSA) solution was prepared. Cells were collected and centrifuged at 200 x
g for 10 min at 4°C. The supernatant was discarded, and the cells were washed with phosphate
butTered solution (PBS) and then centrifuged at 200 x g for 10 min at
discarded, and 10 mM He] was added

~o

4~C.

The supernatant was

the cells. The cells were lysed by freezing and thawing

(x 2). Then 5% SSA was added to the lysed cells, and the sample was centrifuged at 8000 x g
for" 10 min. The supernatant was used for the total glutathione assay. Enzyme working solution,
coenzyme working solution, and the samples were added to each well. The 96 well plate was
incubated at 30°C for 10 min. Substrate working solution was added, and the plate was
incubated again for 20-40 min at 37°C. Absorbance was read at 405 nm using a microplate
reader, and glutathione concentrations were detennined for sample solutions using a calibration
curve.

In vivo: Mice were injected ip with 600 mg/kg styrene, 300 mg/kg racemic styrene oxide,
R-SO, or S-SO, or 100 mg/kg 4-vinylphenol either 3 h or 12 h prior to the isolation of Clara cells
as described above. Control mice were injected with com oil since the styrene and its
metabolites were dissolved in it. These times and doses were based on our_previous studies
(Turner et aI., 2005). Measurements of glutathione levels were done using the same method as
described above in the in vitro section.

2.3 Statistical Analysis
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Three to 6 animals per group were used for the in vivo studies. For the in vitro studies
there were not always enough cells to test all the chemicals (styrene, racemic styrene oxide, R
styrene oxide, S-styrene oxide and 4-vinylphenol) at the same time. However, a control was
always run with each replicate of the experiment. Therefore, there were a high number of
controls and a high variability in the number of replicates for each chemical. Values are means ±
standard errors. Data were compared using an analysis of variance (ANOVA) followed by the
Student-Newman-Keuls' test for significance using the Instat program. The selected level of
significance was p < 0.05. In some studies, log transformations were perfonned on the data prior
to comparisons being made. The standard error in some of the groups was large due to a high
degree of variability in some of the studies, and log transformations were used to normalize the
data. These studies are identified in the legends.

3. Results

3.1 Cytotoxicity

In vitro experiments using freshly isolated Clara cells from CD-J mice showed styrene to
be the most toxic and S-SO and 4VP to be the least toxic of the compounds tested (Figure 1).
LC50 values ranged from 1.72 to 4.84 mM (Table 1). Inhibitors of styrene metabolism were
used to examine the importance ofCYP2F2 and CYP2El in the bioactivation of styrene in
mouse Clara cells. 5PIP, mainly a CYP2F2 inhibitor, was added to the Clara cell preparations
before incubation with styrene, and the result was a significant protection of the Clara cells from
the cytotoxicity of styrene (Figure 2). This was concentration dependent since without the
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addition of 5P! P, styrene toxicity at a concentration of 5 mM averaged 16% cell survival after
a 3 hour incubation period. With the addition of 150 j.lM SP 1P, cell survival increased to atmost
45%. Higher concentrations of SP!P could not be used due to its own cytotoxicity.
DOTe, a CVP2E 1 inhibitor, was also added to mOllse Clara cell preparations prior to
incubation with styrene. However, even at concentrations up to 500 uM DOTe, no protection
against styrene-induced cytotoxicity was observed '(Figure 3). Cell survival was determined with

results ranging from 3% to 6%. With 200 llM DOTe alone, cell survival rates were near 91%,
with no significant decreases seen as the DDTe concentration was increased.
Significant Clara cell cytotoxicity in the CD-I mice was seen at 1 to 10 mM styrene and
its metabolites. However, with the Sprague-Dawley rats, concentmtions approximately four
times greater were needed to produce the same level of toxicity (Figure 4). Concentrations of 40
mM were needed to produce the same level oftoxicity in rats as observed with 10 mM
concentmtions in mice. As with the mice, however, styrene was the most toxic of the
compounds tested in rats, and 4VP and S-80 were the least toxic.
NBT and Pap stain results in rats yielded an average of 50.5% positive results for the
NBT stain for Clara cells and an average of 47.5% positive results for the Pap stain for type II
alveolar cells. In mice, NBT staining demonstrated an average of87.3% Clara cells, and the Pap
staining showed an average of7.6% alveolar type II cells.

3.2 Glutathione Measurement in vitro

Glutathione levels in mouse Clara cells were significantly decreased after a three hour
incubation with 1.0 mM styrene and all its metabolites and at O.5mM for racemic SO and 4VP
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(Table 2). No significant decrease in glutathione was seen at 0.1 mM for any of the
compounds. There was a very large variation in glutathione levels with 0.1 roM styrene, leading
to a higher SEM therefore making D.I.mM styrene statistically insignificant. Cell survival rates
for cytotoxicity at 1.0 mM ranged from 68% to 85%, and cells exposed to 0.5 mM and 0.1 mM
of these compounds h~d, on average, higher survivability rates.

3.3 Glutathione Measurements in VNO

Glutathione levels of mouse Clara cells were measured 3 houfs and 12 hours after
treatment of mice with styrene or one ifits metabolites (Table 3). These time periods were
selected based on in vivo studies demonstrating that styrene and styrene oxide caused sign ifieant
decreases in GSH levels in mouse lung homogenates at 1-3 hours, with repletion by 12 hours
(Turner et ai., 2005). At 3 hours, significant decreases in Clara cell glutathione levels compared

to the controls were seen after administration of300 mg/kg R-SO and racemic SO. A slight
decrease was also seen with treatment of600 mglkg styrene, but it was not considered
statistically sign ificant. No. significant decrease was observed following treatment with 300

m!ikg S-SO or 100 m!ikg 4VP.
When Clara cell glutathione measurements were made 12 hours after treatment, a
rebound effect was seen with glutathione in mice treated with racemic SO rebounding back to
the control levels, and statistically significant increases from controls were observed with S-SO,
R-SO, styrene, and 4VP.

4. Discussion
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The Clara cell is the main site of toxicity and bioactivation for styrene to styrene oxide,
with type 11 alveolar cells contributing much less to the metabolism of styrene to SO (Hynes et
al., 1999; Carlson, 2000). Mouse Clara cells have an abundant amount ofCYP2F2, which is the

main cytochrome P450 that metabolizes styrene (Carlson 1997b; Hynes et aI., 1999; Cruzal). et
al.,2002). The current studies indicate that the increase in the concentration of styrene and its
metabolites needed to produce the same level of toxicity in the rat Clara cells as seen in the
mouse supports previous fmdings that rats don't have the same degree of vulnerability to styrene
and its metabolites as mice do. This is likely related to the fact that styrene metabolizing ability
is much higher in mouse Clara cells compared to rat Clara cells (Hynes et al., 1999). Rats, like
humans, also have much lower levels of the corresponding CYP2F found in mice. CYP2F4 and
CYP2FI, respectively (Wheeler et al., 1992; Buckpitt et aI., 1995; Green et aI., 1997). In
addition, rats and humans are able to detoxifY styrene and its metabolites better than mice do,
using epoxide hydrolase and glutathione S-transferases (Sumner and Fennel, 1994; Green et al.,
2001). Another reason for the observed differences in cytotoxicity between the mouse and rat
may in part reflect the purity of Clara cell preparations isolated from each. In mice, Clara cell
purity averaged 85-90%, whereas for rats it averaged 45-55%.
The cytotoxicity of styrene in vitro in mouse .and rat Clara cells is equal to or greater
than its metabolites, whereas in vivo styrene is less potent than styrene oxide or 4-vinylphenol
(Gadberry et a!., 199.5; Carlson et al.. 2002). This may be due to the styrene being bioactivated'

in vitro by the cytochromes P450 in the Clara cell. with the resulting product(s) reacting
immediately within the cell to cause it to lose its viability.
Determination of the cytochromes P450 involved in the bioactivation of styrene to SO
has been made using inh.ibitor studies. Although CYP2EI is an important contribution to styrene
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metabolism in liver, in mouse lung CYP2F2 is the primary isoform involved (Carlson 1997b;
Hynes et aI., 1999). When Clara cells were incubated with 5P IP, an inhibitor ofCYP2F2 and to

a lesser extent CYP2E I, styrene at a concentration that would normally kill a high percentage of
cells, protection was observed. However, after incubation with DDTe, a CVP2EI inhibitor, no
protection was observed, even at high concentrations, supporting the concept that CVP2F2, not
CYP2E 1, is the major isoform involved in styrene metabolism in Clara cells. Cruzan et al.
(2002) also concluded that the pulmonary toxicity of styrene is attributable to metabolites
generated by CYP2F isoforms.

In vitro studies showed a dose dependent decrease of glutathione levels in the mouse
Clara cells compared to controls. There was little difference among the chemicals tested.
Decreases in glutathione levels were seen at concentrations where significant cytotoxicity was
not seen.
Three hours after treatment of mice, there was 72% decrease in glutathione in Clara- cells
from mice treated with racemic SO and a 54% decrease in those treated with R-SO (Table 3).
The decrease in glutathione following treatment with racemic SO was significantly different
from all other compounds except R-SO. The lowest decrease seen was with S-SO, which also
had a low level oftoxicity. This significant depletion ofGSH levels shows the greater relative
toxicity ofR-SO and racemic SO in Clara cells. This is in agreement with cytotoxicity data that
show that R-SO and racemic SO are more toxic than 8-S0. R-SO also causes a greater decrease

in glutathione levels in mouse lung homogenates than does S-SO (unpublished data). The R
enantiomer of SO is more mutagenic in the Salmonella Assay (Pagano et al., 1982; Sinsheimer et
al., 1993) and more acutely pneumotoxic than is the S enantiomer (Gadberry et aI., 1996). These
past and current data also show that the R enantiomer of SO is more likely to be what is causing
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the toxicity and decreased glutathione levels seen with racemic SO. Styrene is not the only
compound where a link was found between decreases in glutathione and Clara cell toxicity.

West et a1. (2000) noted that decreases in glutathione levels in Clara. cells correlated with injury
due to naphthalene.

4VP is a much more potent hepatotoxicant and pneumotoxicant than either styrene or SO
(Carlson et ai., 2002; Yogie et aI., 2004). However, studies using pulmonary microsomes
showed glutathione depletion following 4VP administration to be less than that observed with
styrene Or SO (Turner et al., 2005). Similarly, our current in vivo Clara cell data showed no

significant decrease in glutathione levels in Clara cells after 3 hours. Glutathione is the primary
defense against oxidative stress, an imbalance between oxidants and antioxidants, and depletion
of glutathione levels is likely to lead to oxidative stress. The dramatic rebound ofglutathione
levels seen after 12 hours may be attributed to an increase in the rates of glutathione synthesis.
Controls remained fairly constant between 3 and 12 hours, so it seems that the increase in
glutathione levels is directly related to the compound being administered versus any type of
diurnal glutathione cycle. With 8-80, levels didn't change very much at 3 hours, but
nevertheless; they increased dramatically after 12 hours.

In conclusion, the Clara cells of the mouse and rat are the main site of toxicity for styrene
and its metabolites. Clara cells in the rat, however, are 4-fold less susceptible to the cytotoxicity
produced by styrene and its metabolites than are Clara cells in the mouse. The cytotoxicity of
styrene in vitro is greater than that of its metabolites which is the opposite of what has been
observed in vivo. This could possibly be due to styrene being bioactivated by the Clara cells,
resulfing in cell death. Decreases in glutathione levels were seen even when cytotoxicity was
not, which may be a cause of oxidative stress in the cells. The finding that R-SO caused a
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greater decrease in GSH levels than did 8-S0 supports other data indicating this is the more
toxic of the two enantiomers.
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Figure Legends

Fig. I. In vitro toxicity after 3 hr incubation. Clara cells from mice were incubated for 3 hrs
with varying concentrations of styrene or its metabolites. (Racemic styrene oxide (Rae-SO); Rstyrene oxide (R-SO); S-styrene oxide (S-SO); 4-vinylphenol (4VP». Cytotoxicity was
determined by trypan blue exclusion. Bar equals mean ± S.E. with an average of8-9 samples per
group.

Fig. 2. Clara cells isolated from mouse lung were incubated for 3 hrs with and without
increasing concentrations of SP IP (5-phenyl-I-pentyne) prior to the addition of 5 mM styrene.

Cytotoxicity was determined by trypan blue exclusion. Bar equals mean ± S.E. with an average
of 4-5 samples per group.

Fig. 3. Clara cells isolated from mouse lung were incubated for 3 hrs with and without
increasing concentrations ofDDTC (diethyldithiocarbamate) prior to the addition of 5 mM
styrene. Cytotoxicity was determined by trypan blue exclusion. Bar equals mean ± S.E. with an
average of 3-4 samples per group.

Fig. 4. In vitro Clara cell toxicity after 3 ~r incubation. Clara cells from rats were incubated for
3 hrs with varying concentrations of styrene or its metabolites. (Racemic styrene oxide (RacSO); R-styrene oxide (R-SO); S-styrene oxide (S-SO); 4-vinylphenol (4VP)). Cytotoxicity was
determined by trypan blue exclusion. Bar equals mean ± S.E. with an average of 5-6 samples per
group.
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Table 1.. Cytotoxicity of styrene and its metabolites in mouse Clara cells
Chemical
Styrene

LC50 (mM)
1.721

Racemic styrene oxide

2.344

R-Styrene oxide

3.243

S-Styrene oxide

4.842

4-Vinylphenol

3.500
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Table 2. Glutathione levels shown as % of control after 3 hr mouse Clara cell incubation.

a

Incubation with Clara
Cells for 3 hrs
1.0 mM Styrene
0.5 mM Styrene
0.1 mM Styrene

n
5
5
5

GSH (%of
control)<1
78 ±46
80 ± 5
70 ± 8

1.0 mM Rae SO
0.5 mMRae SO
0.1 mMRaeSO

6
8
5

61 ±6b
76± 8b
86± 6

1.0 mM R-SO
0.5 mMR-SO
0.1 mMR-SO

11
10
5

65 ±4b
80 ± 8
96± 8

1.0 mM S-SO
0.5 mM S-SO
0.1 mM S-SO

7
4
4

73 ±4b
81 ± 3
87± 6

1.0 mM4VP
0.5 mM4VP
0.1 mM4VP

6
5
5

64 ± 6b
53 ± 3b
73 ± 13

Values represent mean ± S.E. Control represents cells with the vehicle dimethylsulfoxide

(DMSO).
b

Significantly different compared to controls, P <0.05
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Table 3. Mouse Clara cell glutathione measurements 3 hrs and 12 hrs after administration of
styrene or its metabolite.

226±30'

12 hr GSH
Conc.(pmols)1200,000
N cells"
16
211±26'

4

163 ± 29b,c

6

569 ± 60c,d

300mglkg Rae-SO

5

64 ± 14'

6

283 ± 67 b.'

300mg/kg R-SO

6

104 ± 20c.d

5

379 ± 5c,d

300mglkg S-SO

8

234 ± 54 b

7

726 ± 107'

1OOmglkg 4VP

6

320 ± 74b

6

434 ± 65 c,d

3 hrGSH
Conc.(pmols)/200,000

a

Treatment
Corn oil Control

'n
14

600mglkg Styrene

cell~

Values represent mean ± S.E.

b,c,d

For each column, values with different superscripts are significantly different from one

another, P <0.05. Newman-Keuls test for statistical significance was used to compare all means.
The logs of the aSH data were used for statistical comparisons.
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Abstract

Sryrene is hepatotoxic and pneumotoxic in mice. Tts major metabolite styrcne oxide and its minor, but potent, metabo
lite 4-vinylphenol cause similar toxicities. Styrene and styrene oxide cause decreases in reduced glutathione levels in lis
sues. The current s[Udies examined styrene and styrene oxide in a time and dose-dependent manner and 4-vinylphenol in
a time dependent fashion. Styrene (600mglkg, 5.8mmol/kg ip) eaused decreased GSH levels in both liver and lung within
one hour. A maximum was seen al three hours with return to control levels by 12 h. Lower doses also caused changes
in a dose-dependent fashion. For styrene oxide, similar findings were observed wilh a dose of 300 mg/kg. (2.5 mmollkg).
GSH levels in liver, but not lung, returned 10 control by 6 h. Again a dose response was found for bOlh tissues. While 4
vinylphenol (IOOmg/kg, 0.83mmol/kg) was administered alII dose known 10 be more hepatotoxic and more pneumotoxic
than styrene or styrene oxide and it caused dccrcased GSH levcls, the degree of depletion was less compared to styrene and
styrene oxide. In general the lung was more affected by these agents than was liver. The decreases in GSH suggest the pos
sibility that the toxicity of styrene in lung and liver may be related to a profound but reversible oxidative slress in these
tissues.
\02004 Elsevier Ireland Ltd. All rights reservcd.
Keywords: Styrene; Styrene o:l:idc; 4-Vinylphcnol; Glutathione

1". Introduction
Styrene is widely utilized for a number of purposes
with significant human exposure possible, especially
• COTTcspondingauthor. Tel.: +765 494 1412; fax: +765 494 1414.
E-mail address: gcarlson@purduc.edu(G.P. Clirtson).

for workers in the reinforced plastics industry (Miller
et aI., 1994; Cohen el aI., 2002). In rodents, styrene
causes both liver and lung damage with the mouse
being a more sensitive species Ihan thc rat (Morgan
et aI., 1993a, 1993b; Gadberry et ai., 1996; Cruzan
et al., 1997). The greatest concern, however, is whether
s[)'rene causes cancer in humans. lARC (2002) classi

0300-483XJS - see front mailer 0 2004 Elsevier Ireland lid. All rights reserved.
doi:IO.IO 16/jolo:l:.2004.07.013
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ties it as a possible human carcinogen. It causes lung
tumors in !flice (Cruzan- ct aI., 2001) but not in rats
(Cruzan ct 01., \998).
Styrene oxide formed from styrene may be detoxi
fied via microsomal epoxide hydrolase to give styrene
glycol, which is further metabolized 10 mandelic acid
and phenyl glyoxylic acid (Bond, 1989;. SUnlner and
Fennell, 1994). Particularly in rats and mice, glu
tathione conjugation of styrene oxide also occurs. Fol
lowing inhalation exposure approximately 60% of the
metabolites recovered from rodents are formed via the
cpoxide and hydrolysis pathway, and about 40% are
via glutathione conjugates.
It is not entirely clear how styrene causes toxicity
in tbe liver and lung. One possibility is through ox
idative stress. Styrene administration has been shown
to decrease glutathione levels in liver. Vainio and
Makinen (1977) administered ip doses ofstyrene rang
ing from 150 to 1000 mg/kg to hamsters, guinea pigs,
rats and mice, and found dose-dependent decreases
in nonprotein sulfhydryl content (primarily GSH) 3 h
later. The mouse appeared to be the most sensitive
species. Srivastava et aL (1983) administered single ip
doses of styrene ranging from 50 to 600 mg/kg to rats
and found a dose-dependent decrease in GSH three
hours later. Beiswanger et al. (1993) injected rats ip
with styrene oxide (250 mglkg) and found a decrease
in hepatic GSH after 2 h, which rebounded to control
level by 8 h. They found a similar pattern in the cere
bellum, cerebral conex, and hippocampus.
A number of studies suggest that recovery of hep
atic glutathione oeeurs fairly rapidly. Das et al. (1981)
administered styrene orally to rats at doses of270, 450
and 900 mg/kg daily for 7 days and found a decrease
in GSH only at the highest dose when measurements
were made 24 h later. Katoh et al. (1989) administered
styrene (300 mg/kg) or styrene oxide (300 mg/kg) ip to
rals 3 times perweek for 1 week. Both chemicals caused
significant decreases in hepatic GSH and GSSG at 2 h
after administration with recovery between 10 and 20 h.
Fcw studies have examined the effect of styrene or
its metabolites on glutathione content in lung. Elovaara
et al. (1990) exposed rats in a single 24h-inhalation
exposure to 500 cm 3/m 3 styrene and found a 66% de
crease of GSH in lung and only a 16% decrease in
liver one hour after exposure. Tissue glutathione levels
rerumed to normal by 24h. Coccini et 0.1. (1997) ex
posed rats to 300 ppm styrene 6 hlday, 5 days/week' for

2 weeks and found significant decreases in non-protein
sulfhydryl content immediately after the last exposure..
They also found that single ip injections of styrene
(400mglkg) or styrene oxide (200mg/kg) resulted in
significant decreases after 2 h. Interestingly, they found
no changes when rats were given up to 400 mglkglday
for 3 days and measurements were made 24 h after
the last dose. They also found decreases in pulmonary
(-40%) and hepatic (-35%) nonprotein sulfhydryl
content immediately following inhalation of 300 ppm
styrene,S days per week, for 2 weeks (Coccini et al.,
1998). Other studies have demonstrated that mice are
more sensitive than rats to puimonary GSH depletion
with mice showing a significant decline when exposed
by inhalation to 80ppm styrene 6h1day for [wo days
with rats requiring 300ppm to obtain a significant de
crease (Filser et al., 2002; Csanady et aI., 2003).
The toxicity of styrene is generally associated with
its biotransformation to styrene oxide (Bond, 1989).
However, another metabolite of interest is the ring hy
droxylated metabolite 4-vinylphenol, which has been
found in the urine of both rats (Bakke and Scheline,
1970; Pantarotto et aI., 1978) and humans (pfaffli
et al., 1981; Manini etaL, 2003). Although only a small
percentage of styrene forms this metabolite, it is much
more potent as both a hepatotoxicant and pneumotox
ieant than is styrene or styrene oxide (Carlson et aI.,
2002; Vogie et aI., 2004). There is no published infor:
mation available on the metabolism of 4-vinylphenol
although it has been hypothesized that it may involve
a ring-opened paEbway (Boogaard et aI., 2000). The
purpose ofthe current study was to determine the dose
dependence and time course for the depletion of re
duced glutalhione by styrene in mouse liver and lung
and compare it to the effects of the two metabolites
styrene oxide and 4-vinylphenol.

2. Materials and methods

2.1. Animals and chemicals
4-VP (10% in propylene glycol; purity >95%) was
obtained from Lancaster Synthesis (Windham, NH).
Styrene and styrene oxide were ITom Aldrich Chemi
cal Co. (Milwaukec, WI). Trichloroacetic acid (TCA)
was from Fisher (Fair Lawn, NJ). Glutathione (>98%)
and 5,5-dithiobis(2-nitrobenzoic acid) (DlliB) were
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from Sigma Chemical Co. (St. LOllis, MO). All other
chemicals wcre reagent grade or better.
CD-I [CrI:CD-I (lCR) BR] mice were obtained
from Charles River Laboratories (Wilmington, MA).
They were housed in group cages in environmentally
controlled rooms on a 12h Iight:12h dark cycle. Ro
dent laboratory chow (No. 5001, Purina Mills, Inc., St.
Louis, MO) and tap water were allowed ad libitum. All
animals were allowed a minimum of one week to adapt
to the animal facilities and diet before being used in any
experiment.
2.2. Experimental design
Groups of 4 to 6 male mice (22-28 grams) were
administered styrene (600 mglkg, 5.8 mmoJlkg) in
com oil or com oil as control vehicle ip. To determine
the time course forGSH depletion, they were sacrificed
all, 3, 6, 12 or 24h. For examining the effect ofdosc,
mice were treated with 0, 200, 400 or 600mglkg (0,
1.9,3.8 or 5.8 mmoJlkg) ip styrene and sacrificed after
3 h. Similar experiments were carried out with styrene
oxide. It was administered ip at a dose of30.omglkg
(2.5 mmoiJkg), and measurements were made at 1,2,
6 and 12 h after dosing. For the dose response srudy,
the doses selected were 0, 75, 150 and 300 mglkg
(0.63, 1.25, and 2.5 mmoJlkg), and the time was 2 h.
For 4-vinylphenol, which is water soluble, the vehicle
was saline. The mice were administered 100mg/kg ip
and were sacrificed after I, 2 or 6 h. Control animals
received saline. In all cases, the dosing solutions
were prepared immediately before administration
and were given in a volume of 1 mUIOOg body
weight).
2.3. Assay for red/lced glutathione
Entire lungs and livers (approximately 0.20 to
0.28 grams and 1.2 to 1.9 grams, respectively) were re
moved and weighed, and deproteinized homogcnates
wcrc prepared by homogenizing the tissues in 2 ml and
3 ml, respectively of cold 0.1 M potassium phosphate
buffcr, pH 7.5, followed by the addition of one-half
volume of 10% TCA. Homogenates were centrifuged
at 10,000 x g in a refrigeratcd centrifuge for 5 min
to prepare the supernatants for assay. The assay was
that of Speisky et a!. (1986, 1988). Briefly, the depro
teinized supernatants were combined' with a solution
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of DrnB in 0.1 M potassium phosphate buffer giv
ing a final concentration of 10mM DYNB. Samples
were mixed by vortexing, and the absorbance was de
termined at 464 nm. A standard curve was generated
ranging from 0 to 625 nmol GSH and was used to cal
culate the tissue GSH levels.
2.4. Statistical analysis
Values are expressed as mean ± S.E. The numbers
of animals in each group are. indicated in the tables.
In comparing between two groups, Student's t test was
used. In comparing multiple values, an ANOVA was
utilized followed by Student Newman-Keuls' tcst 10
dctect differences among the groups. In each casc the
level of significance selected was P < 0.05.

3. Results
When styrcne was administered to mice at the rela
tively high dose of 600 mg/kg ip, there was a very rapid
and dramatic decrease in reduced glutathione levels in
both liver and lung by one hour (Table I). The greatest
effect was observed after three hours, and there was
some recovery evident by 6 h. By 12 h, there was no
difference between the control and treated groups for
either liver or lung.
To determine the dose response relationship be
tween styrene and reduced glutathione levels, groups of
mice were administered 200, 400 or 600 mglkg styrene
ip, and measurements were made after 3 h, the time of
maximum effect in the 600 mg/kg study. As previously
shown, the highest dose of styrene caused significant
decreases in aSH in both liver and lung (Table 2). The
two lower doses also caused decreases in aSH levcls
in both tissues in a dose-dependent manner.
Since styrcne oxide is considered to be the metabo
lite responsible for its hepatotoxicity, time and dose
response relationships were evaluated for this metabo
lite. As with the parent compound, styrene oxide
(300 mglkg ip) also caused a rapid and severe decrcase
in aSH levels with significant effects noted by I hand
a maximum effect at 2 h (Table 3). For liver, there was II
recovery of the GSH concentration in the treated group
to control levels by 6 h, but significant reduction was
still present in the lung at that time. Lung aSH levcls
returned to normal by 12h.
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Table I
Glutathione depiction in CO-l mouse liYcr and lung rallowing styrene· administration

Hours

Liver

Lung

No.

Conlrol

Glutathione conCtnltalion b

I
J
6

"

24

,
,,

9.64 ±0.41
8,13 ±0.29
6.08 ±0.45
6.81 ±0.42
B.81 ±OAO

4

S

No.

Control

No.

6

1.80±0.18
2.30±0.22'

,,

3.07 ±0.06
1.69±0.07
2.73±0.15

6

7.06±0.54
7.98±0.60

S
S

4.71±0.24
2.48±0.1I

,
,

Styrene

No.

,,
,

2.84 ±0.37'

4

c

Styrene

2.34±O.lI'
0.66±0,0)'
LSI ±0.08'
4.90±0.24
3.05±0.13'

S
6

6

• 600mg/kg, ip.
b fJ.mlll/g liver or lung; v~lue is mClln ± S.E.
, Significantly different from control. P <: 0.05.
Table 2
Dose response for glu!ntllione depletion by styrene" in the CD-I
mouse

Number
Glulalhionc conccnlTlllion b
Dose

,,
,

Conlrol
200mglkg
400mglkg
600mglkg

S

Liver

Table 4
Dose response ror glutathione dcpletilln by styrene ollidc" in the
CD-I mouse

Dose

Lung

Number

Liver

Lung

5.70±0.39 a
5.02 ±0.85 a

0.92+0,I)n
0.68 ± 0.09 a

4.20 ± 0.43 a
1.07±0.IJ b

0.32±0.1I b

GlulIIlhione concemnllion b
2.01 ±0.01 a

7.05±0.380
4.85±0.28 b
2.30±0.33 c

0.48 ± o.os

I.5I±O.34e

0.51 ±0.05 c

Control
75mglkg
150mglkg
JOOmg/kg

1.23±O,IOb

c

Within each column, VBlues with different letters (a-c) arc signifi
cantly diITcrent from each other, P <: O.OS.
• Administered ip to groups ofS micc) h prior to terminatilln.
b Jl-mol/g liver or lung; yalue is mean ± S.E.

4
4
4
4

"

. Within eHch column, wlues wilh different leiters (a-c) Bfe signifi
cantly different from each other, P <: O.OS.
• Administered ip to groups or 4 mice 2 II prior to termination.
b fJ.rnolfg liver or lung; Yalue is mean ± S.E.

Since the styrene melabolite 4-vinylphenol is much
more pOlcnt in producing liver and lung toxicity Ihan
is either styrene or styrene oxide (Carlson ct aI., 2002;
Vogie etal., 2004), itwas administered to miceata dose
of I 00 mg/kg ip, which is known to be both more hepa
totoxic and pneumotoxic than styrene or styrene oxide.
Although there were significant decreases in hepatic
aSH levels at I and 2 h, these were very minimal com

In the dose response studies, styrene oxide at
300 mg/kg ip produced the expectcd response (Table 4).
When the dose was decreased to 150 mg/kg Ihere were
still significant differef)ces between treated and con
trol groups in both liver and lung. Howcver, when the
lowest dose of 75 mglkg was administered there was
only a decrease in lung aSH with liver aSH being no
different from control.

Tablc J
Gluln\hionc depiction in CD-I mouse liver and lung following styrene oxide' administration
Hours

Liver

No.

Lung
Control

Gluunhione conccntration b
I

2
6
12

4
4
g

4

8.64±0.67
7.77 ±0.55
6.JS±0.90
6.02± 1.16

No.

,
4
g

J

Styrene oxide

No.

Control

No.

Styrene oxide

1.21 ±O.I6"
1.76±0.12'
4.85 ±O.SJ
5,48±0.31

4

1.56 ±0.22
IAO± 1.00
1.41 ±O.07
2.67±0.14

,

0

4
J

0.51 ±O.IO'
2.3S±0.11

• JOO mg/kg. ip.
b fJ.mollg liver llr lung; yalue is mean ± S.E.
C Significantly differentlTom control. P <: O.OS.
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Table 5
GluUllhione deplelion in CD-I mouse liver Dnd lung following 4-vinylphenol' administnllion
Hours

Liver

Lung

No.

Control
b
Glu!alhione conccnlnllion
I

4

2
6

4
4

9.48±0.88
9.97±0.2S
4.33 ± 0.34

No.
4
4
4

,.vp
6.26±0.28"
8.81 ±0.19"
S.62±0.28 c

No.

Conlrol

No.

4-VP

4

0.92±0.09
2.37±0.19
0.9S±0.38

4
4
4

0.61 ±O.II
1.86±0.03c
I.3J±0.41

4
4

• 100mgikg, ip.
b IJ..mollg liver or lung; value is mean ± S.E.
c Signilicanlly diffcTCm from eonlJol, P <O.OS.

pared to styrene and styrene oxide (Table 5). Similarly
GSH depletion in lungwas·observed, but again this was
less than that observed with styrene and s[}'rene oxide.
Higher doses could not be used because they are lethal.

4. Discussion

Styrene has been shown in a number of studies to
cause a decrease in reduced glutathione levels, possi
bly resulting in oxidative induced stress in both liver
and lung (Vainio and Makinen, 1977; Srivastavo et al.,
1983; Beiswanger et aI., 1993). This may be related to
a major portion of their mctabolism through conjuga
tion with glutathione. Inlcrcstingly, the effect appears
10 occur very rapidly but with a return of GSH to con
Irol levels between 12 and 24 h (Karoh et al.. 1989;
Beiswanger el al., 19?3). This could explain why (Das
et al., 1981) found that 900 mg/kg caused aSH deple
tion in livcr at 24 h but nOI with lowcr doses.
Of particular interest is the lung os a potential tar
get tissue, especially since it is the site of tumors in
mice (Cruzan ct aI., 2001). Limited studies have also
indicated that glutathione levels are also decreased in
lhis organ in rats (Elovaara et al., 1990; Coccini et aI.,
1997) and mice (Filscr et al., 2002; Csanady ct aI.,
2003).

The current studies support the results ofthe previ
ous studies in that styrene administration caused a dose
depcndent decreosc in aSH in both tissues. The effect
was observed as early as one hour after administration
with a peak effect observed at 3 h. This effect was short
lived wilh aretum to control levels by 12 h. Styrene ox
ide also gave a dose-dependent response in both tissues
with a return to control by 12 h. As might be expected,
effects due to styrene oxide were noted at lower doses

than with the parent compound. In both cases the de
gree of aSH depletion and thc length of time it was
decreased were greater in lung than in liver. This find
ing is in agreement with the studies of Elov~ara el al.
(1990) who exposed rats to a single 24 h inhalation
exposurc of 500 cm 3/m 3 styrene and found a 66% de
crease in aSH in lung and only a 16% decrease in liver
one hour following exposure.
4-Vinylphenol is a minor metabolite of styrene and
yet it is an order ofmagnitude morc polent than s[)'rene
or styrene oxide in producing pneumotoxic and hep
atotoxic effccts in mice (Carlson et al., 2002; Vogie
et ai., 2004). However, while 4-vinylphenol did cause
significant decreases in aSH in both liver and lung,
these changcs were small in comparison to styrene
and styrene oxide. The dose could not be increased
due to lethality at higher doses. The melabolic path
way for4-vinylphenol is unknown although it has been
suggested thai it may be via ring opening (Boogaard
el al., 2000). As such it may not involve conjugation .
with GSH leading to depletion and thus may act via
another mechanism.
The role ofthe decrease in aSH in causing the toxic
ity to both the liver and lung is as yet unclear. However,
thc data suggest that a very profound but transient ef
fect occurs. Now that the current studies have identified
lime and dose dependence, funher studies are needed
to charactcrize this oxidative stress in both tissues in
cluding an cvaluation of the enzymes, which control
GSH levels in these tissucs.
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AaSTllACT

10

4-Vinylphenol (4-hydroxyslyrene. 4·ethenylphenol, 4-VPj occurs noturally in some foods and has been used ILl 0 Hovoring agem in food products.
It is used synthctically in the production of polymers IlIId resins. II h.... also been reported to be a minor metabolite of ~tyrene in ruts and humam.
Varying doses of 4-vinylphenol were administered ip to mice. Hepatotoxicity Wil.' iI.'\SCSscd by me ....uring serum sorbitol dehydrogenase (SDH) and
by light microscopy, Pneumotoxieity WP$ as.ses~d by measuring proteins, celis, IlDd Iac:lale dchydrogen"-'e activity in bronchoaiveollll" lovoge nuid
(BAI..FJ IUld by !ighl micro,'copy. 4-VP caused a dose-depcndenl increase in sClUm SDH and mild hepalocellular swelling. It caused an increase in
cdl number ilDd lactate dehydrogcnlL'iC ac:tivilY in BALF. Microscopicnlly, there was widespread nod severe nccrmis oflhe bronchioles by 12 hours,
Re-cpil,helinlzation of the bronchioles Wil.' evidenl by 48 hours. The..e srudies indicate !hat 4-vinylphcnol is both hepalotoxic and pneumoto1<ic.
K~words.
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4-Vlnylphcnol; liver. lung; pncumotoxicily: hepaloloxicily.

INTRODUCTION
The compound 4-vinylphenol (4-hydroxystyrene,
4-ethenylphenol) is a naturally occurring chemical found
in coffee, peanuts, and wild rice (2, 25); 4-vinylphenol
(4-VP) has been used as a flavoring agent in a wide
variety of food products (6). Il is also used synthetically
in the production of polymelOi and resins. Of particular
interest is that 4-VP has been identified as a metabolite
of styrene. Bakke and ScheJine (1) reported finding 4-VP
in the hydrolyzed urine of rats dosed orally with styrene.
It amounled to 0.1 % of the administered dose. Pantarotlo
et a1 (17) identified small amounls of 4-VP in the urine of
rats administered styrene intraperitoneally. They also found
4-hydroxymandeJic acid and 4-hydroxybenzoic acid similar
to the end products from styrene metabolism via the styrene
oxide pathway. Also, 4-VP was determined to be a minor
metabolite in the urine of workers occupationally exposed to
styrene (18).
In a short communication, Watabe et al (24) reportcd
the formation of 4-VP using 14C_labelled styrene and a rat
hepatic microsomal preparation. They suggested that the
4-VP was formed via the 3,4-oxide and was further me
tabolized to 4-hydroxystyrene-7,S-glycol. In recent studies
we were unable to demonstrate the formation of 4-VP from
styrene in rodent microsomal prcparations but found that
4-VP was rapidly mctabolized by mouse and rat hepatic
and pulmonary microsomes involvingCYP2EI andCYP2F2
(7). In a recent study in which rats and mice were exposed
by inhalation to [ring-U)4Cjstyrene, Boogaard et al (5) re
poned finding 14C02 . They suggeste~ that ring hydroxylation
may be occurring followed by ring opening. Recent srnd
ies in which human volunteers inhaled DCs-styrene were
unable to find products that could be derived from ring
hydroxylation (14).
Add= correspondence 10: Gary P. Carlson, School or Health Sci·
ences. 1338 Civil Engineering Building. Purdue Univcn;ity, Wesl Lafayette.
Indiana 41907-1338; e·mail: gcarlson@purdue.cdu

Styrene is both hepatotoxic and pneumotoxic in rodents
(11,15; 16), and its toxicity is usually thought to be associ
ated with the production of styrene oxide (4). Funhermore,
although styrene administration does not cause tumors in rats
(9), lung tumors have been observed in mice by Ponomarkov
and Tomatis (19) and Cruzan et al (8). Cruzan et al (10) ex
amined the effect of inhaled styrene on the lungs of mice.
In mice exposed to 50 to 200 ppm styrene, histopathology
revealed a decreased eosinophilia of the bronchial epithe
lium accompanied by focal crowding of nonciliated cells.
They also found an increase in cell proliferation (BrdU la
beling) at 2, 5, and 13 weeks of exposure. A similar picture
was observed by Green et al (13) in miee exposed to 40 and
160 ppm styrene for up to 10 days. There was a loss of cy
toplasm and focal crowding of nonciliated epithelial cells in
the bronchioles that was accompanied by an increase in celJ
replication rates. Evidence of necrosis and loss of cells, be
lieved to be Clara cells, from the large bronchioles was seen
immediately following a 6·hourexposure to 40 ppm styrene.
The possible contribution of 4-VP as an active metabolite of
styrene in either the acute or chronic toxicity of styrene is
unknown.
Little information on the toxicity of 4-VP is available in
the published literature. Berger et al (2) reponed that feed
ing 4-VP at a concentration of 1 mglg diet for 7 to 12 days
resulted in a decrease in the uterine weight of the small ro
denl Microtus mon/anus. The RTECS report (21) on 4-VP
indicates that 200 mglkg administered topically to rabbits is
corrosive. The purpose of our studies was to characterize the
possible hepatotoxicity and pneumotoxicity associated with
4-vinylphcnol in mice by making clinical pathology measure
ments and using histopathology. These endpoints and this
species were selected because the lung and liver are known
targets of styrene toxicity in mice (8, 9, 10, 11, 13, 15, 16)
whereas in rats the pneumotoxicity is not observed (l0, 13).
Male mice were used because they are more susceptible to the
hepatotoxicity of styrene than are female mice (16) and were
used in our previous studies on 4-vinylphenol melabolism (7)
and styrene toxicity (1 1).
0192·623310253.00+$0.00
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TABLE 2.-ProLcln conccnlrulion in BALF24 hour.; rollowing 4-vinylphcnol.
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Animals and Reagents: Adult male CD-I [Crl:CD-1
(ICR) BR] (27 to 3S g) mice were obtained from Charles
River Laboratories (Wilmington. MA). The animals were
housed in group cages in an AAALAC-accrcditcd facility
in environmentally controlled rooms on a 12-hour Iight:dark
cycle. Rodent laboratory chow (No. 5001, Purina Mills, Inc.,
SI. Louis, MO) and tap waler were allowed ad libitum. All
animals were allowed a minimum of 1 week to adapt to the
animal facilities and diet before being used in any experil,1lcnt.
The 4- VP (10% in propylene glycol) was obtained from
Lancaster Synthesis (Windham. NH), NADH, pyruvate, and
tris buffer were from Sigma Chemical Co. (SI. louis, MO).
Triethanolamine was from Mallinckrodt (Paris, KY). Fruc
tose was from Fisher Scientific (Fair lawn, NJ). All other
chemicals were reagent grade or better.
Study Design: Because of the paucity of data regarding
the toxicity of 4-VP, initial range finding studies were carried
out in groups of 4 mice administered either 200 or 400 mglkg
4-VP. To examine the toxicity of 4-VP, groups of mice were
administered various doses of 4-VP in water IP. These dilu
tions were made immediately prior to dosing. For the hepa
totoxicity studies, groups of 12 mice were administered 50,
100, or 200 mglkg 4- VP. 1Wenty-four hours later they were
anesthetized with diethyl ether. The abdominal cavity was
opened, and the diaphragm was cut. Blood was obtained by
cardiac puncture, and pooled from pairs of animals for mea
surement of sorbitol dehydrogenase (SDH). For the pneumo
toxicity studies, groups of -6 to 8 mice were administered 25,
50, or 100 mglkg 4-VP. The highest dose used was less than
in the hepatotoxicity studies because of the high mortality ob
served at the 200 mglkg dose in those studies. Bronchoalve
olar lavage fluid (BALF) was obrained 24 hours after dosing.
The mice were anesthetized with sodium pentobarbital, and
the abdominal and thoracic cavities were opened. The inci
sion was continucd to the neck region to expose the trachea.
A nick was made in the trachea, and a small oral feeding nee
dle was inserted and tied in place. The lungs were perfused
twice wilh 0.8 ml of lavage fluid for a total of 1.6 ml. This
fluid consisted of NaCI (145 mM), KCI (5 mM), NaH 2 P0 4
(1.9 mM), Na2HP04 (9.4 mM) and glucose (5.5 mM) at a pH
of 7.4. These protocols and procedures were approved by the
Purdue University Animal Care and Use Committee.
Biochemical Analyses: Blood volumes of 1.0-1.5 ml
were obtained by pooling samples from 2 mice, and serum
was prepared. Serum SDH activity was measured spcctropho
tometrically by the method of Gerlach (12). Serum (0.2 ml)
and NADH (12 mM) were incubated for 30 minutes at 30°C
in triethanolamine buffer (0.2 M, pH 7.4). The reaction was
started by addition of 0.3 ml of72% (w/v) fructose for a final
TAD!..E I.-Hcpalolo~ieily or 4-vinylph.no] il5.<CS.<cd 24 houlS after dosing.

Trc.tmenl

N

Conlrol
4-Viny]phenoI50 mglkg
4-Viny]ph.nol 100 mglkg
4- Vinylphcnol 2.00 mglkg

6
6
4

,

ToXICOLOGiC PATIlOLQGY

Trc,lm.nl

N

Conlrol
4-v:inylphcno] 2S mglkg
4-Vinylph.nol 50 mglkg
4-v:inylpltenol 100 mglkg

8
5
6
6

"MicrnbflUll' prelein por ml BALF.
·No '14tiJlicnlly ';gni~.,nl diff."'n.....mong the group.

6b

13"

13"
S24± W

'"molslmin/L.
·-·Vo.lucs with di!fc"'nl .upe'.I.C,iplS'''' ,ignificnnlly dirr.",nl from e:tch olhe, (p <
0.05).

287 ±
277 ±
364 ±
349 ±
(p

6b

25 b

47 b
2'i'

> 0.0').

reaction volume of3.0 mi. SDH activity was measured by the
decrease in absorbance of NADH at 366 nm for 2 minutes.
Results are expressed as JLmoVminIL serum.
When cell counts were made, the number of cells in 100 JLl
of BALF was counted using a hemocytometer. The remain-·
ing BALF was centrifuged at low speed, and the amount
of protein detennined using the bicinchoninic acid method
(17).
Lactate dehydrogenase (LDH) activity was measured by
the spectrophotometric method of Vassault (22) in cen
trifuged BALF samples from individual mice. BALF fluid
(0.1 ml), NADH (0.24 mM), and Tris (81 mM)lNaCI
(203 mM) buffer (pH 7.2) were incubated for 15 minutes
at 30°C. The reaction was initiated by the addition of 0.5 mL
pyruvate (9.8 mM) to make a total volume of3.0 mI. The ac
tivity oflDH was measured 30 seconds after the addition of
pyruvate by the decrease in absorbance ofNADH at339 nm
for 2 minutes using a Shimadzu Model UVI60U UV-visible
spectrophotometer. Results are expressed as JLmoVminIL
BALE

140

145

ISO

ISS

Histopathology: To further evaluate the hepatotoxici[}'
and pneumotoxicity of 4- VP, groups of mice were adminis
tered 0, 10, or 100 mglkg 4-VPIP and were sacrificed by cer
vical dislocation 12, 24, and 48 hours after dosing. lung and 160
liver were removed. The lungs were perfused and fixed with
10% neutral buffered formalin as was the liver. Fixed tissues
were embedded in paraffin, sectioned at 5 JLm and stained
with hematoxylin and eosin following standard histopathol
ogy techniques.
165
Statistical Analysis: Each assay was replicated as indi
cated in the individual tables. Values are expressed as mean ±
SE. In comparing the values, an ANOVA was utilized fol
lowed by Student Newman-Keuls' test to detect differences
among the groups. In each case the level of significance sc- 170
Iccted was p < 0.05.
REsULTS

In the initial dose range finding studies, mice that were
administered 400 mglkg 4-VP IP died in less than 3 hours.
At 200 mglkg, the animals became very lethargic, and some 175
TABLE 3.-Number or~d]., in BALF24 hours roll owing 4·vinylphcnol.

T",.tmcnl

N

Control
4-Viny]phcRol25 mglkg
4-Viny]pheno150 mglkg
4-Vinylpllcnoll00 mglkg

6

S.rum .."bilolllcbydmgol1.15O'
19 ±
51 ±
92 ±

BALFprol.in"

5
6
4

Cell. in BALP

± 24b
22 ±4b

54

172±41<
1.347 ± ]68"

'Cell. pc. I,l BALF.
•.... V.Jo ... with diIT..",n' 'UpelKriPlJ ..... ignific.nlly diffOl.nl from each oth<:, (p <
0.05). V.lo ... w.,. log lran.formed priorlo .lIlly.il.
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dehydrogenase ac!ivily in BALF 24 hours following

4-vinylphcnol.
Tf'C4UlICn!

Con!rol
4-Vinylphenol25 mglkg
4-Vinylphcnol50 mglkg
4-v:inylphenollOOmgfkg

N

,s

± 4b
53 ± lib

41

6

137 ± 29<

3

226

± 29 d

-,.,mcb/minIL.
·-.lVal.,", wim ~ifl'erenll"Jl'C1'<lip'" ore .i8nifican~y differen. from eaeh other (p <
0.05).

180

185

190

19S

died within 24 hours. No mouse survived beyond 40 hours.
The animals at this high dose exhibiled slight tremors.
When hepatoloxicity was assessed by measuring serum
SDH 24 hours after administering 4-VP, all doses, 50, 100,
and 200 mg/kg, increased this serum enzyme activil)' in a
dose-dependent manner (Table I). No lower dose was used
because Ihe variations in response indicated that a very large
number of animals would have been needed to establish a
statistically significant difference if one exists.
When mice were treated with4-VP and the BALF collected
24 hours later, there was no increase in protein (Table 2).
However, there was a significant increase in the number of
cells found in the fluid (Table 3). Although no increase was
observed in the group receiving 25 mglkg 4-VP, at 50 mg/kg
the number of cells was 3~ times the number in the control
BALF, and at 100 mg/kg it was 25 times that of control.
Pneumotoxicity was also suggested by the increases in lactate
dehydrogenase released into BALF. Again there was a dose
dependent increase at 50 and 100 mg/kg, but at 25 mglkg
there was no significant difference from conlrol (Table 4).
No gross lesions were noted in the major abdominal or
thoracic organs of any of the control or Lreatment group
animals, Microscopically, lesions were noted in the lungs

3

from all of the animals in the 3 (12-hour, 24-hour, and
48-hour) high-dose (100 mg/kg) groups. The lesions in the
earliest high dose group (at 12 hours) were limited to the
distal bronchial and bronchiolar epithelium that was char
acterized as completely necrotic (Figure 1). In the 24-hour
high-dose group animals, the distal bronchi and bronchi
oles were partially lined by varying proportions ofanenuated
or low cuboidal epithelial cells, and their lumens contained
sloughed cells and necrotic cellular debris (Figure 2). In the
48-hour high-dose group, the distal bronchi and bronchioles
were lined by a low cuboidal epithelium, and there was liHle
cellular debris within the lumens (Figure 3). In the 48-hour
group animals, there was very little evidence of epithelial
cell degeneration or necrosis, In the high-dose groups at all
thrce time periods, a mild to moderate inflammatory cell in
filtrate. neutrophils and fewer macrophages, was associated
with some of the affected airways, and it extended into the
adjacent alveolar spaces. Liver lesions were nonspecific and
consisted of mild centrilobular hepatocellular swelling.

210

215

DISCUSSION

•

.... ..... _oJ

"-

,

205

The purpose of these studies was to assess the hepatotoxi
city and pneumotoxicil)' of 4-VP, a chemical of interest as a 220
natural product, an agenl used in the production of polymers
and resins, and a putative metabolite of sl)'rene.
The contribution of 4-VP as a metabolite of styrene to the
toxicil)' of styrene is problematical. In a previous in vitro
study we were unable to identify it as a metabolite of styrene 225
(7), but it has been reponed in a limited number of studies
8S a minor urinary metabolite in rodents (1, 17) and humans
(18). It is interesting to note that newer studies by Boogaard
et al (5) also suggest that this pathway is operative in mice
since 14C02 was found to bc a metabolite in animals given

.t,:

.---
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FIGURE I.-Lung from mouse dosed Wilh 100 mgfkg 4_vinylpheno! Solcriliccd Q! !2 hours. &.p05Urc to4-vinylphenol
bronchi and bronchioles chat'llcICrized by degencnllion :tJ'uJ necrosi& oflhe epi!helium. H&E, x560,

328

produ~ed

a.u!c pncumolo~ici!y Oflhc dis!ru

4

CARLSON ET AL

TOXICOLOGIC PATI-IOLOGY

FIGURE 2.-Lung rTDm mou!'C dosed with 100 mglkg 4.vinylphcnol sw:rificcd ~I 24 hours. AI 24 hOIli'S POSIC~POSUn: 10 4-vinylphcnol, Ihe disLal bronchi III1d
bronchioles wen: chamclcrized by nccrolic debris. slollghcd cpithclioll cells, and an nucnQotcd epithelium. H&E. x560.
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235

needed to cause a similar effect (11). Even for styrene oxide,
doses of approximately 300 mg/kg were needed. Thus, 4-VP
is nn order of magnitude more potent than either styrene or 240
styrene oxide. The BALF srudies indicate that 4- VP is also
pneumotoxic. Increases in cell numbers as well as the release
of lactate dehydrogenase into' these lungs were readily ob
served at a 4-VP dose of 50 mglkg. Again 4-VP was more
potent than either styrene or styrene oxide (11). However, it

ring labeled 14C_styrene. The authors reasoned that the only
way to release this ring carhon was via an initial cpoxidation
followed by ring opening. On Ihe other hand. Johanson et al
(14) found no evidence of metabolites that would be derived

from ring labeling in human volunteer.> inhaling 13Cs-styrcnc.
The studies reported here indicate that increases in serum
SDH were observed in doses as low as 50 mglkg. In con

trast, doses of styrene as high as 500 to 1,000 mg/kg were

,

I

I

~I
.£.

FIGURE 3.-Lung from mowc drucd wilh lOll mglkg 4-vinylphcnol sacnficed nl 48 hours. By 48 hours POSlcxposure 10 4-villylphenol. Ihe disLal bronchi and
bronchioles were chlll1lClcnzcd by II low cuboidal 10 altcnulllcd cpilhclium and a paucily ornecrolic ccllul:trdcbns. H&E. x2Z4.

329

4-VINYLPHENOL TOXICITY

Vol. 30, No.5, 2002
245

250

255

260

265

270

275

still remains unknown if 4- VP contributes to the toxicity of
styrene.
The toxic effects of 4-VP on the lung were substanti
ated by the microscopic findings of severe necrosis of the
distal bronchi and bronchioles by 12 hours followed by
a re-epithelialzation with anenuated or low cuboidal cells
by 24 hours. By 48 hours there was minimal evidence of
ccll degeneration or necrosis. This lesion in the bronchi
oles appears to be sirl}i1ar to that described by Van Winkle
et al (23) for naphthalene. They describcd the swelling,
vacuolation, and exfoliation of Clara cells leading to de
nuding of some regions of the basal lamina in the distal
airways within 24 hours followed by repair of the normal
architecture.
Interestingly, when the liver was examined by light mi
croscopy there was minimal damage due to 4-VP. The liver
lesions were nonspecific with only mild swelling of the cen·
trilobular hepatocytes. In previous studies with styrene ad
ministered by IF injcction, we observed hepatocellular dam
age around the central vein with hepatocytes demonstrating
a loss of cytoplasmic staining and mild swelling (11). Exten
sive hepatic damage has also been demonstrated in thestudies
of Morgan et al (16) who reported finding severe congestion
and necrosis in the livers of mice exposed to styrene (250 or
500 ppm) by inhalation for 14 days. This was accompanied
by increases in serum alanine aminotrnnsferase and sorbitol
dehydrogenase.
In summary, the administration of 4- VP caused both hep
atic and pulmonary damage as evidenced by increases in
serum enzymes and increases in cells and lactate dehydro
genase activity in BALF. The microscopic lesions were pre
dominantly in the distal bronchi and bronchioles of the lung
where extensive necrosis occurred with substantial recovery
by 48 hours.
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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
by Otto Wong, SeD," Lisa S Tr.n~ MS'
Wong 0, Trent LS. Mortalityfrom nonmalignant dIseases of tbB respiratory. genftourlnaJY and, nervous systems
among worke~ exposed ro styrene in the reinfort:ad plastics ami composites Industty In the United States. Scand
J Work Environ Health 1999;25(4):317......:325.

DblecUYes Mortality from diseases of the DCIWdS sy&lmJ IIIld nOlUllBlignant diseases of the :respinllory and
galitV\llinllly sysIc:ms wm examiocd forwolktn c:;a:poscd to ~e.

Methods AltogeU!e:r)S 826 ~ wodccrs ill. 30 plants in the n:1nforttd plastics and composites
industJy wee iDclIJ&d. Vita] swus was ascenained. tJuougb 31 Decrmb::r 1989.lndividllBl e.xpomre cstimRles
We%e developed based OD job I'unctiOIlS, exlsling iDdusaial hygiene data. process cJumgcs, engineering controls.
W<Irlc praetia::s, BlId 'Il!c usc of pasoIl!IJ protective ~ipmcuL Analyses were bascdon C8USO-5pCCific standard.iud
martDlity mos (SMR) aad the Cox proportiOllBl bamrds model Mortality dam wereanalyzcd by laxeucy. d1D8lion
of~.~eexpDSIUC.CW1IulaLiveexpcmue.4IIdpnxc:sscaI:.goI)'.

Rasufts For dlseasesoftllc nervous sysmn, the: SMR was 0.56l95~ confideDce intcJVal (95% CI) 0.31-0.951·
Mortality from nonmalignant genitourinaI)' diseases was not iDctwed (SMR 0.87, 95% CIO.46-1.so).l.alcocy.
du.mtioa ofcxposure, average: e:qlOSUre.cmnu1alive ~ aDd processcalCgOry showed DO BSSOciarioo between
styIeDc apo5Ure and Ihc:sc: 2 types of disease. A I!lD3Il ~in mortality from DOIlIIIIIlignaDlrespiraloly diseases
was found (SMR 1.21, 95$ Cl 0.98-1.47). mamIy due to "other nortnJaligu8IlUe:spiIalOry dis:c:ases" (SMR 1.40,
9S~ a 1.04-1.84). The bighest increaseoccurted (orsbO'rt exposure dUJatiOD (SMR 1.79 for<l years cxposorc)
OI'lowexposure(SMR2.JSfQr<IOppm.ycars)itbcrcl'l'moo~risDi.D.tbehigbexposmeClltc:pies. '!be
Cox proportional hamJd model MVeaIcd DO ~jBtion between Sl)'J'cIIcaposmc and Ihc diseases.
CDnclusions No relatiou5b;ip was found between mortality from any oC the diseases examined and en)' of the:
stymIccxposllfe indices. Tbe fiDd1Dg& were f;Ompared wiIh thoscIepOrtcd iu aEuropcaD smtIy of$tymlC-cxposed

--

Key lermS cobortlllldy, epidem:iology, oa:upaIioaaJ. hc:allh.

CurreIltly thereare 2 JlU'ge--scale mortality cohen slUmes
of workers exposed to styrene, lhe European sttldy con
ducled by !he Intcrnal:ional Agency for Research on Can
cer (IARC) and irs collaborators and the United Stales
(US) study by Applied Health Sciences. The IARC study
was based on a mu1ticenoic investisation cOILSisting of
several cohorts from Denmark., Fm1and, Italy, Norway,
Sweden, and the United Kingdom (1, 2).lt consisted. of

cancers, luog C3Dcet, orotber majorepitbe1ial CBDCCIS (1,
2). Mco:ta.Iity from neoplasms of the lymphatic and he-
matopoietic tissues was also not elevated. In the 1993 or
1994 report (I, 2), Kogevi.oas et al reported no increased
mortality from meotsl disorders [standardized mortility
mtio (SMR) 1.071. diseases oithe netVOILS system (SMR.
0.79), diseases of the respiralOI)' system (SMR 0.8]), oc

683 WOIkers in the mni'orced plastics industry in these
6 European countries. According to the investigatOIS,. no
excess was observed for monality from all causes, all

In 1996, 3 pape[S based on lhe IARe study were pub
lished by WeJpet III (3-5), reporting monality analyses
from norunalignaDt ~iral.OIy diseases, nonmalignant

4()

2

diseases of the genitourinary system (SMR 0.97).

Applied Heallb. Scieu.ccs,1nc, Sao Mateo, CalifornIa, United States.
Departmcut ofEpillemiology, &:hool of Public Health, Tulane UruYers!ty MotHca1 Ceater. New Orleans, Louisiana,
United .staaes:
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California 94401, USA. [E-mail: Ollowoug@8£JI.com]
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genitourinaty dise8ses, diseases of the nervous system,
8Ild mental disorders. FornoDlll6lignantrespiratory dis
eases. Welp et aI (3) drew the following conclusion:
"Mortality from paeumcmia was associated with iDtensi
t'j of exposure to styrene., but this may have been due to
chance. Mon:ality from broncmtis, emphy&ema. and asth
ma was nol associaled with styrene exposum [p 499F.

With regazd to nonmalignmlt genitourinary d.iscascs, it
was concluded that monality "iD~ as the average
intensity of exposure increased [p 226]" (4). Tbe Slltbon;
also commented that "This finding indica!eS dw..r other
data should be scrutinized (p 223]'" Finally, Welp and
ber colleagues (5) reported th8.r: "1DOrtal.ity from diseases
of the central nervous system increased with lime since
-first exposure. dmation of exposure. BVemge level of ex
posure. and cumulative e:qKlSlUC to styrene [p 623]." The
increase in mortality from the ccotIal nervous system was
primarily influenced by the inrn:ased mortality from ep
ilepsy. Welp et a1 stated that "moI1Blity from epilepsy
increased monOionically with all slyrene exposure indi
cators, while associaJ:ions for degenerative diseases of die
cewral nervous system w~ gcnctal.ly weala:r [p 6231".
'I'Iw authors concluded thar. 'These findings suggest that:,
in addition to the known acute. effects, exposure to sty
rene may contribute to cbroDic diseases of the ccntJal
nervous system [p 6231".
The otber large-scale mortality SIlIdy was based on
wOJkeIs in !he United Stales (6). Mortality ofa cahott of
IS 826 male and female workers exposed to styrene at
30 participaDng planls in the remforccd plastic:s and com
posites industry in the United States has xecently been
updated and reported by Wong et al (7). The primary
analyses were conducted using the University of Pius
burgh OCMAP program. which provided a standard set
of causes of death. Except fornollIllBlignmit ICSPinllory
di&eaSeS, CalLSC$ of death discussed in the 1996 papers
byWelp et al wee not pan of the standanlOCMAP anal
ysis, and, thelefure, not presented for the US cohort in
the Wong eta! a) report. The present report summariz
es new analyses for mortality from dise:ase& of the nerv
ous system, norunaIignant diseases oflbe respiratoIy sys
tem. and nomnalignant diseases of the genitourinmy sys
tem in the_US cohort.

Subjem aod melhods

TI;te cohort consisted of 15826 male andfCIDale employ
ees at 30 reinforced plastics plants in the UDiIed States..
To be included in the cohort. an emPloyee must bave
worked in areas with styrene exposure for a minimum of
6 months betwCC.D I Janoary 1948 and 3I December
1977. The vital status of the cobort was 8Scenained
through 31 December 1989. Sources of vital stattls
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iDfOJIIllllioD. included pCl'SOllIlCI :records maintained a1" the
participating plants, the Death Master File of the Social
Security Administration. the National Death IndeJ: of the
National Center for Health Statistics. and the data base
oC a COT1lJllen:ia1 retBi1 credit bureau. With the use of in
fonnatjon from mese sources, death cenificatCS were
obtained from individual state bealth departmcnIs. causes
of deaIh were coded according to the revision oCme lD..
tcmarional Classification of Diseases (ICD) in effect at

me time of deam.

Person-years ofobservation started after 6 months of
exposure to styrene and ended on the date of death or 31
December 1989, whicbe:vu was earlier. For those lost to
foHow-up (unknown viral staru9), pelSon-years were
coWl!ed up to the last date of canmct. Person-year'S were
classified by age (5-year groups), gender, and calendar
years (S-year groups). Expected dcD.tbs were based on US
national age- gender- C8llS!>- race- and year-specific death
rates, and cause-specific stand.aniized mortality mtios
(SMR) w~computed nsiog the University ofPittsburgb
OCMAP computerprogram. Since mortality mtcs for the
causes of death included in our report are not part of the
regular mortality raIc9 in the OCMAP program. the rates
were Iequested from the University of Pittsburgh. Be
cause race infotmatian wag missing from employment
records for most of the cohort, the entire cohort was as-
somed to be white (7).
The Cox proportional hazards model was also med
in the analysis. One impoltmt advantage of lhe Cox mod
el was tbat the actual exposure data could be used. in
stead of grouped data. An additional advantage was tha!
only intemal cohon data ~ used, wbereas SMR val
ues were based OIl comparisons with an external popula
tion. The acrua1 compmation was performed using SAS
PHREG software. The independent variables used in
lh.ese models inclulkd age, gender, duration of exposure,
average exposure. and cumlllative exposme..
The 30 reinforced plastics plants in the study manu
factured various products. including sheet molding COJll
pounds, bulk molding compounds, tanks, pipes. duets,
boats, panels, auto-pans, tm)'S, and small miscellaneous
parts. The firs!: year of styrene exposure at the individual
plants ranged from 1948 to 1968. At the lime oftheorig
ina! epidemiologic study, a pamlleI e)[posure assessment
investigation was conducted (6, 7).
The exposure classiJ1cation scbeme nsed in the smdy
was dey_eloped iII several stages. First, for eacb plant, a
list of job titles was generated based on employment
records col1CC1ed in tile sDldy. This list consisted of job
or department (or location) titles or both as they appeared
in the penonncl records. The initial list consisted of a
large nomber of entries, since tile same job or depanment
title could have been recorded slightly differently over
the years. With assistance from the participating plants,
these duplicalions were coosolidated.
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The consolida!erllist (by plant) was provided 00 the
iodusaiaJ bygic:ue team fOr exposure assessment. Indi
vidual plants were visited by a field survey team. and a
detailed industrial hygiene assessment was conducted at
each plant to measure curreIJt (around 1980) cxpo5llre
levels of styrene and other SlJbstances. InformatioD onjob
functions, Workp.ractices, past industrial hygiene mess
u:remcnJS, process changes and modifications. engineer
ing CODIIOls, end personal protection equipmen~ at each
plaDtwas also obtained. Using the information collect
ed, the industrial hygienists developed II. list of ]9 job
categories with homogeneoos exposures. Eachjob title
was assigned to I oftbe 19 job C8legories.
Ajob-exposure matrix was developed foreach plant,
and a cunent 3-hour time-weighted-aveJage (8-hoUl'
TWA) and an exposure range were assigned to eachjob
ca1egory. Based on information on changes OYer time,
historical. TWA values were likewise estimat.ed. Job cat
egories in whlcbtypicaI TWA estimates forstyrene were
low inclnded finisb and assembly (5 ppm), storage and
shipping (S ppm), office and other nonproduction (2
ppm), injection molding (4 ppm), field service (S ppm),
prcfonnproduction (J ppm), and pultrusion (5 ppm). Job
categories with moderate TWA values (20--45 ppm) in
clockd molding compouud production, gel coating, and
winding. A typical styrene exposwe ill the spray-up or
lay-up process category was 60 ppm, With a range of 5
to 120ppm lbat refiectscousiderabIe differences among
facilities 3Jld the Dalllre of specific work activities. In
terms of job tilIes, on the average, laminaton; were ex
posed to the bighestll:Ye1s (8-bom TWA of 80 ppm).
Overall, tbe average 8-hourTWA values for the majort
ty of jobs was 10 ppm or leos.
Two quantitative styrene exposure indices were de
veloped. Based on the employment history of each co
bort Olember(throllgb the end of 1977) and theeXFosure
estimates derived from the job-exposure matrix for tbal
particular pl3Jlt, a TWA was 8Ssigued to eacbjob in a
workers employmenl hl5tOry. A cumulative exposure :in
ppm-years, calcuIa.ted. as the sum of I.be products of the
TWA and duration of exposare of each Job, was devel
oped for eacb cobon member. In orner to compam the
resuJts to tbose in the !ARC srudy. an average exposure
in pans pet .million (comolativc exposure divided by du
ration of exposure) was also calculated for eacb cohort

mom""'
.
In addition, based on a consideration of both exp~
sure estimates and processes and job activices, 6 proc
ess categories w~ created, each with a distinG( alId Icl.
ativeIy homogeDeous CJ[~ profile 10 styrene iII com
bination with other chemicals. The 6 process categories
are as follows, along with examples of their component
job categories: (i) open-mold process (examples: spray
upJlay-up, winding, gel coating. slrlngIng and fining,
laminating), (ii) mixing 8.Ild closed-mold process

(examples: cutting, weighing, pressing, mi'tLag, pultru
sion, inject molding, casting), (iii) finish and assembly
(examples: finishing, storing and shipping, repairing),
(iv) plant office and support (examples: general and non
production. quality control, office and 01heIs), (v) main

lenance and Preparation (examples: mainteDance, utili
ty, mold preparation), and (vi) supezvis.ory and profes

sional (examples: supervisors' and engineers' tasks).
Table 1 snmmarizes the descriptive statistics of the
cohort. In terms offollow-np. the vital status of on1y 541
C()bort members (35%) remained un1a::town at the end of
L989. Of the 1628 wOJkc:rs identified to have died, death
certiftcates were obtained for all but 42 (256%). These
42 deaths were included in the overall SMR calculalions,
whlch have been reported previOusly (7), but not in the
cause-specific SMR CalculatiOIlS. In tertns of exposure,
close to one-qua:rter oftbe cohort (23.S%) had mote than
100 ppm-years of cumulative exposure, and one-third
(34.2%) had an II.veJBge exposure of 20 ppm or bigher. It
should'be pointed out that the employment histories were
not updated after 1m, the closing date of lhe original
study. Therefore. all work and exposure assigmneDls
WCR: truncated in 1911.

Table 1. Oe$eriPliw statistics nttha cohort of workers exposed
to sIyreI'Ie in the reinforced plastic:s anll compDSites Inllustly.
WoJ1(ars

•

N

Tblil cohol1
15" 826
100.0
Men
II 958
75.6
WomJ/1
3858
24.4
DurJrtlan 01 employment f.ye:aP.;) as aT 31 0ecernIIer 1977
0.5-0.9
3712
23.5
1.0--1.9
3528
22.3
2.0--4.9
<1926
27.3
~.O
4260
26.9
Comulalive tDCj!OSlJltI (ppm-yeaJi) as al31 Dec:ember 1977
<10.0
3m
23.9
10.0-28.9
4119
26.0
30.0--59.9
4210
26.6
~tOo.o
3n9
23.5
Average Inte!llillyal exposure (ppm) trom hire 1D31 D~mber t9n
0.0
2970
las
5~g

3702

23.4

10.0-19.9
20.0-09.9

S736
3161
2257

23.6
19.9
14.3

-

~O
'{J!aI sIiJus as 01 31

,.,

Dem1ber 1969

D...

With dealb certi1'Jc;JtEs
WIU1tlut deaI!J c:e11i1'g:les
Unknown

13651

IS',

,"3

t586

'47

"
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Mottafily from respiratory, g6lli!ourirrsry and nervous system diseases

the 2 genders differed was nonmalignant respiratmy dis
eases. Fortile men, the 5MB. for nomn.a1ignant respira
toT)' diseases was 1.24 (84observed. 95% CI 0.9B--l.53),
wbereas that for the women was 1.04 (13 observed. 95%
cr 0.55-1.78). Forother causes ofdcath, mortality was
similar between the 2 genders.
Mortality analysis by latency (time since firn expo
sure to styrene) is also presented in lable 2. The increase
in mortality from nonmalignant respiratory diseases was
lIle most prominent 20 years after the first exposure
(SMR 1.44, 95%0 CI 1.05-1.92), wbereas there was no
increase within the fust 10 yCIUS (SMR 0.65. 95% CI
032-1.l7).In the group with a latency oflO--19 ye8JS,
tileSMRfornODJlla1jgnantrespiIarorydiseaseswas 1.27
(95% CI 0.90-1.73).
Table 3 depiCts moItDlity by duration of exposure.
ShorHmn workcJs with less lhan 1 year of exposure had
the highc.st mortality nom nonmalignant respilatory
diseases (SMR 1.41, 95% CI 0.86--2.18). whereas for
those with at least 10 yearn of exposwe there was 00 in
crease (SMR 0.97, 95% cr 0.57-1.S4). No significanl

RemIts
Table 2 sbows the observed deaths, SMR values, and
95% confideDCC intervals (95% CI) for selected causes
of death fortbe en~ cohort aDd by latency (time since
first exposure). For diseases of the oervous system, thm
were 14 deatl1s in the entire cohort, significantly fewer
than the 24.1 expected. The corresponding SMR was 0.56
(95% CI 0.31-0.95). Only 2 dcaIbs in thecobol't were
anributed to epilepsy, comparable to the 2.7 expected
(SMR 0.73, 95% Cl 0.09-2.66). For diseases of Ibe gen
itourinary system. there were 13 observed deaths. oom·
parable to the 14.8 expecred (SMR. 0.81. 95% CIO.46
1.50). The.re were only 2 deaths from nephritis. slightly
fewer than tlle 3.7 ~peaed (SMR 0.54. 95% Cl 0.06
1.96). A1togetber97 deaths were coded as oonmaligDant
respiratory' diseases, more dian tlle expected 80.2. How
ever.lIle increase was Dot sta!istical1y sigUificant (SMR
1.21,95% CI 0..9S-1.47). Within the broad categoIY of
nonmalignant respiratory diseases, 23 deaths were from
pneumooia, comparable to the 24.9 expected (SMR 0.92,
95% CI 0.58-1.38). For !be suix:aregmy '"bronchitis,
emphysema aDd asthma,.. there were 23 deaths, slightly
more than the 18.1 expected (SMR 1.27. 95% CIO.80

increase was observed for any specific causeS of death
in.any oflJle groups by duratioD ofexposUJe. No pattern
by length ofexposure was evident for any specific cans
es of death in lable 3. In particular, among tbosewith 10
or mnre yems of exposme, no incmL5ed mortality was
seeu. with the exception of nonmaligno:nt genitourinary

1.91). There was a statistically significant increase in
mortality for die subcategory "other nonmalignant res

piratory diseases." A total of51 deaths in the subcalego
ry WCIC observed. compared with 36.3 expected (SMR
1.40, 95%0 CI 1.04-1.84). Thiny-six of tllese deaths
(7t %) were from "chronic airway obstIUCtion. not oth
erwise specified" (9th [CD496), which included "chronic
nonspecific lung disease," "chronic obsttuctive bmg dis

diseases. Six such dcaIhs were observed among those

with 10 or more year.> of exposure (SMR 2.04. 95% CI
0.74-4.44). However, the increase was nO[ stDlistically
significanL A similar analysis based on length ofempJoy.
me:nt was abo performed (notsbown). Tberesults were
very similar. indicating that length of employment and
length ofexposure were [be same orvery siIIiilar for most
ofthe cohan members.
The restIl.ts of the analysis by cumuladve exposure
are sbown in mble 4. For mortality from diseases oflhe
nervous system, no inCICaSe or pattern was seen with re·
gard to cumulative exposure. Formortality from nonma
lignant rcspimory diseases, a significant increase was
observed among those with Jess than 10.0 ppm-yeaJS of

ease,n and "chronic obstructi'Ye pulmonary disease, not
otherwise specified."
Although nol shown in [able 2, an analysis was also
pmonncd separately by gender. A1l14 dcolbs from dis
eare:s oflhe nervous system in the cohort 0CCUIIed among
the male workers.. compared with 19.5 expected (SMR
0.71.95% Cl 039-1.20). Among the women, no death
was attributed to diseases of the nervous system. where-
as 5.1 were expected. Another cause of death for which

Table 2. Observed dds (0) in the entire cohortandtflestamlaniized mortarrw raHos (SMR) with their 95% coafidenee iRlBrvaJs (95%
el) for selected causes by timtl since first IDCIlnsure ttl styrens.
,

-~-

dO ye:a~

0

SMR

,

0.10
0
0,65
0,44
1,26

Diseases 01 Ihe nervous syst!!11

Epilepsy
Nonmalignant resplraloly diseases
Pneumonia
BronchitIS, e~ma and asIIIma

O1Iler nonmafllJlIanf respiratDly dlseases
Non11l1Jjgmlll: genltoulfnary DISuses

"ph"'"
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11

6
2
1

,.,
023
0

95%CI

1o-19yws
0

0.00-0.57 6
1
0.32-1.1740
0.09-1.31 a
OA6-2.75 7
0.04-1.44 25
0.01-1.30 8
2

...

SMR

teO

1.27
0.84

'.96
1.74
1,45
1.70
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'''

0

'MR

0.25-1.4'3 7
0.02--5.55 1
O.SO-I.~ 46
0.36-1.65 12
0.38-1.98 10
1.13---22 24
0.82-2.86 4

."

D.2~.17

.

1.13
1.44

!.Sa

U,

1.41

,

'.79

.... "

TOlal'

0

5.R

OA5--l.33 14
0.1J7-15.B4 2
1.05-1.92 97
0.71-2.41 23
0.7g.....a03 23
0.90-2.1051
0.21-2.03 13
2

0,56
0.73
1.,
0,"

,,,Ie,

0,31-0.115
0.09-2.66
0.96-1.47
058-1.38
127 0.atl-1.91
1.4t1 1.04-1.S4
0., 0.46-1.50
0.0&-1.96

..

,
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Il8lIt respiratoIj' wseases" (SMR 2.15, 95% CI 123
3.49). Only the lanerwas slalistically significant. There
was a nonsignfficant iucrease in mortality from nonma
lignant genitourinmy diseases among the workers with
~IOO ppm-years of eJtposure (S obserYed, 3.7 expected,
SMR l.J4, 95% CIO.43-3.13).
Table 5 shows the mortality analysis by average in
tensity ofstyreoe exposure. The caregory nonmalignant

eJtposure (SMR 1.64. 95% CI 1.09-2.37). whereas no

statistically signifiC8D.t increase was evident among those
with more lhan 100.0 ppm.yean;ofexposure (SMR 1.04,
95% CI 0.66-=-1.57). The increased mortality from non
maligDBIlt respiralory diseases amoog !hose with a cu
mulative exposure ofless than 10.0 ppm-years came from
the 2 subcategories ''bronchitis, empbysema and a.sthma"
(SMR. 2.01, 95% a 0.89-4.08) and "other nonmalig

Table 3. Observed deall\s (O) In the entiru cohort and IhBstmdanlIzed mortalIty llItios (SMR) with IheIr95% confidence irrtervals (95%
Cl) fOr sslect!d causes by duration of exposuru to styreI1c.
l.o-1.9~

<I.Oyw

Cause of death

o SMR

9S%Cl

OIs-wes III the
MrvDlJS

systam

"'''''

1 0.18 0.01-1.05
1 1.36 0.03-7.1SO

[) SMR

OS,"
,

95''''

,

95% CI .

2;10.0 years

5.0-9.9 years

2.0-4.9 yeaJS

o SMR

95%01

95%CI

[) SMR

,

2 0.47 0.09-1.38 2 0.411 0.05-1.68 4 1.03 0.2.8-2.64
1 2.59 0.06-14.48

4 0.82 0..22-2.11

.,.

Nonmalignant
20 1.41 0..8&-2.18 17 1.25 0.73-2.01 22 1.18 0.74-1.79 20 1.29 0.79-2.00 18 0.97 0.57-1.54
I8SpllilOry dIsaases
'-" 0.13-1.92 5 0.98' 0.32-2.30
3 0.62 0.12-1.83 8 1.36 0.5tJ.--,2.97 6 0.98 0-3&-2.14
Pneumonia
Bron;1iIis, Pl])f'Iysema
0.26-2.48
6 1115 0.71--4..28 3 D.99 1l.2CI-2.90 4 0.94 1).25-2.41 6 1.68 0.6t-3.6Ii

,

""""""

Other nonlllilllgnant
resp"ar.!lolY d!s8asvs

NonmallgDatJI

genltDumalY dlseam

11 1.79 D.89-3.21

,,

,

1 0.:14 0.01-1.93

Nepbrl!is

0.77-2.76

9 0.99 0.45-1.8lI

::I 0.82 0.17-2.41 3 1.10 0.22.-3.22
I 1.112 0.D;!-S.73 -

6 2.1l4 0.74-4.44
1 1.94 0.04-10.62

6 1.34 0.5&-2.65 12 1.49 0.77-2.61 11 1.54

,

1ab11l4. Observed d6alhs (0) in 1heentira cohort and lhestandartlized mortality ratios (SMR)wiIh their 95% confid8l1C& intervals (95%
Cll for select2d causes by cumulative exposure 10 styrene.

","",,,,,,,

<To.OpPlll"Years

0

,

Diseases ollila OBMlltS system

SM.
0.49
1.42

,.
••
,,

~!leps:y
1
Nonroall!lnant re5pemry diseases
Pnewnonia
BI"OIlthitbI. empl1yserna and asthma
0Uler l"KI!IIIIaI1!1nant respir.lloly dIseases 18
NDn~~ gen1tourlflaT)' c1lseases
1

Nephritis

1."
'.72

..

2.07
2.15

95%Cl

10.11-29.8 pplJl-1NlS

, SM'
, '''',
,
,
,."
•

115% Cl

..

0.10-1.45
0.1)3--7.90
1.119--2.31 17
0.19-1.64- 7
0.89-4.D6
1.23--\1.49 5
0.01-1.67
1

0.04-1.18
0.54-151
0.47-2.44
0.4D--2..89
0.20-1.48
0.30-2.90
0.02--5.88

1.18

124

LIS
1.05

30.o-!l9.9 P1Im-years

SM'

0

•
,

1
29
9

'87
1.38
1.25
1.26
0.76

1;'
, ,.,

16

'.71

1

95%01

~IOO.O

ppm-years

, SM.
, '.53,

0.32-1.90
0.03-7.71
0.84-1.60 23
0.57-2.40
0.20-1.95
0.87-2.47 14
0.14-2.07 S
0.02--5.45

,,

-

" " 01
0.,0-1..54

1." 0.156-151
0.47 0.09-1.38
0.44-2.65
1.33 0.72-2.23
1.34 0.43-3.13

''''

,

Tahle 5. O.bservul deatRs (0) In the entire cohort and the standanfEZed mortality ratios (SMR) with lfleir95% confidence inteJva1s (95%

ell for seleC1£d causes by avmge exposure to styrene.
Cause of ceoth

o SMR
O!s8il:ses of tile
nOMlPS system

....'"

5.D-9.9 ppm

<5.0 ppm
95%CI

,

10.0-19.9 ppm

o SMR ,,%m

, SM'

,

95% CI

20.0-59.9 ppm

OS. .

,

95%CI

0=0.0 ppm

o SM.

95%C!

,

5 0.79 0.25--1.64 2 0.4B
2 2.950.35-10.68

0.05-1.74

1 , ... 0.01--2.81

33 1.69 1.18-Z37 16 0.75 0.43--1.23 26 1.28 0.62-1.55 18 1.17
7 1.16 0.4&-2.39 4 0.61 0.1&-1.51 8 0.95 0.3S-2.D8

0.67-1.91

6 1.10 0.40-2.39
2 1.10 0.13-4.00

and asthma
Other nondl3llgnant

10 2.24 1.07--4.12

3 0.62 0.12--1.62

0.74--4.41

11IS~ dlseases

16 1JIl 1.03--2.94

9 0.94 0.43-1.79 16 1.71 11.9&--2.78

""",
ge!lllom1naJY dise2sas
Nephrffis

2 0.57 0.0&-2.05

2 0.35 0.04-1..28

4 0.61 0.16-1..57

N~_

~plratory

diS8ues

PIlI!umonii

hctiti:s. emphysema

",

.

,

,

5 127 0.41---2.97

4 0.65 023-2.18

,

4 1.05 0.28-2.70

1.97 0.23-7.14

., "",...
6 0.117

,

1 ."

0~~6

,

0.35-2.11

4 1.64

0.44--4.20

0.01-2.20

1 , ... 0.DC-5.2fi

,
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Tlble Ii. Observed llealhs (0) and the standanliZ6d mortality ratias (SMR). with lfa!ir 95% confidence ~ (95%
causes by major processlng calegories."
Finish and

o
Diseases of the

SMR95%CIO

SMR

o

nelVOlIS ~m

o

Ep!lep:sy

:>;>.,.....
-

N

o
o

SUpeMsOIY
and prolesslonaf
(N"07)

0 SMR 95%CI

0 SMR SCI

(N=1192~

(N.w3)

0 SM' ..".,..",
N

0 SM'

......' I

-2 0.500.06-1.8t1 3 1.02 0.21-z.99 4 1.07 0.29-2.75

o

for selsG!ed

""""""~

"'

"""''''

CI~

1 3.60 0.09-20.05·

0

o
o

HonmaDgl'lallt

"",

''''''''
IIlOrMtIis,

Pneumonia

7 1.21 0.4B-2..5U7 1.32 D.S3--2.72 15 O.950.53-1li1l 11 1.06 0.53-1.90 18 1.16 0.69-1.84 5 0.97 0.31-2..26
o
1 0.61 D.lJI--3.44 6 1..33 0.4&-2..90 4 1.81 0.35-3.35 4 U8 0.24-W 2 1.23 0.15--4.44

and asIIIma

3 2.380..49--41.963 2.61 1l.54--7.63 4 1.130.4&-2..90

........

0.41 0.01-2..28

~

1.10 0.30-2.81 1 0.85 0.02-4.72

-~.

-"'"

flI3piratary

dI....

4 lA7 0.40-3.783 1.22 0.25---a.57 5 0$10.21-1..56 6 1.2& 0.46-2.75 10 1.40 0.67--2..S1 2 0.86 0.10-3.10

NonlJlllillltalll
!lenltourtnary

''''''''

Nephritis

0.990.02---5.551 0.95 0.02--6.30 4 '.470AII--3.78 4 2.200.60-5.63 2 0.77 0.m-2..81·
o
0
1 1.820.04-1(1.14 0
1.850.04-10.34 -

0
0

• Woli:8l:S caWd bs Incklded in more !han one C3!egory.

Tabla 7. Analysis of &elected causes of death based on the Cox
proportiOnal lmards model, wtth age, gendar, and cumulaHvll ax· .
posure as IndBPBndent variables.
causeof~

(N)

""_)

.,J,;""

50

0."

0.024
0.001

"""'"'

Diseases 01 the nelYOU!l system (N:14)
Cumubdiw ~ure (ppm-yws)

-0.Il0l

Gender
CUmulaliYe I!XpOSUre (Dpm-ye.aIS)

0.75

NGnmaiian.vtl: IeSJllratory diseases (ft-97)
Age (yea1:S)

G_

Cumulative ItIpOSUre (PP~IS)
PnelJm~la

(twa)
Age (ytan;)

G,_

Cumulative elQ)CISU~~)

0.028 0.023
-0.193 0.660
O.OOC 0.00'

0.76
,94

0.... 0.008
-0.... Q.298

0.00
0. .

".COI

0'"

0.078 11.017
".644 0.551

.....

0.D112

The mortality 8IlaJysis by DlBjtn' iDdustrial process

02.

0.14
11.00
02.

11.14

respintlOly diseases was significantly elcvared among

workers in the lowest average exposure gronp (<s.0
ppm). The increase came from '1rronchilis. emphysema
and asthma" (SMR 224. 95% CI 1.01-4.12) and from
"other nonmalignant ICSpi:re.IOI)' disea.ses" (SMR 1.81.
95% CI 1.03-2.94). There was no significant inCIl:8SC
in mDItality from emy of the caoses of death eXBlllined in
any higbercategories ofavetage iDtcnsity of stymie ex
posure. Altogether 2257 workers were elqlOsed to an av·
eragc intensity of mmc than 60 ppm throughout their
employment in the reinforced plastics and composites
indust:ay. In this group ofwotkers, thefe was OIIly 1 death
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death from epilepsy. ID the same group, for nonmalig
respiratory disea:ses", the SMR was 1.10 (95% CI
0.40-2.39), and tbatfor "oti:lernonmalignanl respirato
ry diseases" was 1.64 (95% CI 0.44-4.20). ForllOnma·
lignant genitoDrinaIy diseases, the SMR was 0.94 (95%

.IlaDt

CJ 0.02-5.26).

0.41

NonmafivB;lnt genllDul1nalY diseases (NoI3)
Age~)

from diseases of the nerYOllS SYSTem. (SMR. 0.50), and no
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ing cmgorie.s is preseuted in lable 6. A wOIk:er was clas-
sified inlO a specific processing category if be or she
speDt at least 2 years in that~. 'I"heIcfure, a worker
could beclassified inlo more than 1 categOty. No signif
icant increase in mortality from any came of death in
cluded io table 6 was found for llI1y of the industrial
pmcess:ing categories.
In addition to tile indim:t method of stmdaldization
(SMR values), the cIaJa W~ alsOana1yzed using the Cox
proponianaJ haz.ards model (mbles 7 and 8). The follow
iDg 4 causes of death were selected for Ibis analysis: dis
eases of !he nervous system, nonmalignant gcnitau:rinary
diseases, nonmalignant respiratory diseases, and pneum0
nia.. The indepctldent variables included in the models in

table 7 consisted of age. gender, and cumulative expo-
sure. For diseases of the nervoas system. gCllder was nor

included in Ihe model because all 14 dealbs from this
cause occum:d among the male wDikers. & indicated in
table 7, cumulative eXposure to Styrene was not associ·
ated with an increased risk of mortality from. 8Ily of the
diseases examined. The models in table 8 included 2 ad·
dilion:a1 exposmc indices as independent vmiablcs: du
mtion of exposure 2Ild average inlcnSity of cxposlltC. No
significant increase in mortality from any of the

Wong & Trent

4 causes of death was seen in relalion to ·any of tho 3
styrene exposure indices: duration, average intensity, or
cumlllative exposure..

TBlJle 8. AnalysiS of selected causes 01 death based on the Cox
proportioRal hazards model, wfth age, gend~r, cumulative expo
sure, duration of exposurn, and awrage lnlensity of OlIPOSUJ'U to
styrene as indepll11dent variables.
cause ollfeath
(~

D/sCl1$S/on
This ~port is based on dala from a previous study of

worms in the reinforced plastics and cqmposites indus
lbe United States (6, 7). The analysis presented in
the repon was stimulated by the receDt papers ofWelp
et at (3-5), which reported mortalil:y from diseaSes of
the nervous system, nonmalignant respimory diseases..
and I1OIlIIlaligoaat gcnitourinaIy diseases, as well as some
of the ~oories within these 3 broad categories, in a
sOldy ofworke.rs exposed to st}'l'CIle in Europe. Most of
these diseases have lIot been reponed pwliously in the
II}' in

UScohon.

For the broad category of Donmalignant respiratoIy

diseases, Welp and hercoUcagues (3) found a signjficant
deficit for the !ARC study overall (SMR 0.81. 95% CI
0.67--0.96). However, they (3) found a positive trend
by average intensity for mortality from pneWDonia
(p<CL01) BlId a significantly elevated risk of 6.10 (95%
CI 1.44-25.8) for an average inlensity of>200 ppm.
In !he US coho!1, we found a nonsignificant increase
in mortality from nonmalignant respiratory diseases
(SMR 1.21. 95% CI 0.98-1.47) (tab1e2). TheiDcreose
was due primariJy to a s.ignificanlillcrease in "olba non~
malignant ~piratory diseases" (SMR 1.40, 95% CI
1.04---1.84). When mortality from "other nonmalignant
respiralDr)' diseasc:s- was eumined by various i.cdice:s of
styrene exposure. it was found Ihat the increase occum:d
among wurkers wi!h 2. short length uf exposure, low av~
eragc exposu~c. or low cumuJative exposure. As dis
cussed in ou~ pre\'juus reports (6, 7), the increase was
probably not ~1:l.[W [0 CX~ to styrene, bntmOIe like
ly to the low socioeconomic class, smoking, (JJ'life-st}rle
factors chamch!rislic of sholt~temJ. workers. The obscr~
vaiion !hi!.. mos: of the deaths (70%) from "other non
malignan. ~s.,:ra:oj'Y diseases" wen: chronic obstructive
pulmonary disellSes tended 10 confirm lhe role of ciga.
rette smoking.
For pneumonl2.. speGifically, in the US cobert we did
not find any relationship with any of lhe exposure in~~
ces. The pneuDlonia SMR values were 0.98 and 0.47 for
WOrkClS with~O.O years of exposure and ;::100.0 ppm
years of cumwative exposure, respectively. In terms of
the average inreosity ofexposure, the SMR values were
1.16.0.61,0.95.0.93, and 1.10 for <5. 5.D--9.9, 10.0
19.9,20.0-59.9. and ~.O ppm, n:spectively. None of
the SMR values were significantly elevaIed. and there
was no upward trend. Thus the pneumonia findiDg from
lhe!ARC study could not be confirmed in the US srudy.

... -,

..

so

f'.wl" •
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coelliCienl
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Similarly, in the !ARC sOldy. Walp and her col~
leagnes (4) reported that mortality from nonmalignant
diseases of the genitourinary system increased wilh in~
creasing average intensity of exposure.. In the US cohort,
there wczeonly 13 dealhs due to llumna.Iignanlgeni.tourl~
IlaJ}' diseases, slightly fewer than tile 14.8 expected.
When the data were examined by dwation ofexposwe,
cumulative exposure. or avemge inlellsity of exposore,
no significantly elevated SMR values or upward tIcnds
were found. Therefore. Lbe IesuIts of nonmalignant gen
ilOttrinaty diseases from the US cohon were not consisl~
ent with the findings reported by We1p et at (4) in lhe
IARCstlldy.
or the 3 categories of diseases reported by Welp et
a1 in 1996, it appears mat these awbOlS considered the
finding of dlseascs of the nervOIlS SJ5tem mucb more de
flnjlive!han the olher 2 calcgories. They (5) sIDled thar.
"'Mortality from diseases of the cenlIal nervous SYSlCm
(27 deaths) increased with time since lUst cxposore, du
ration of exposure, average level of exposure, and cu
mulative exposure to styre.De [p 623]". However, the sta
tistical tesls condnc:ted by WeIp and her co-wDIkers in~
dicaled that there was no slgnlficant upward trend for
time since first exposure (Pua.orQ.32) or average expo
sure (P~.37). WeIp and hercollcagues (5) also con·
cluded that "Mortality from epilepsy increased mcnOl~
onicaUy with all styreDe exposure iodicaJ:ors [p 623]".
Again, lhc trend tests ~ (5) indicated that there
were no significant trends for aVCIage exposLlre
ScalIa J
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Mottality from respiratDfY. gBflitoorinsry 811CI nervous sysrem rfrseBSes

cP...--=O.32) or cumulative e.xplOl'SllIe (P..-={l.07). On the
other hand, the lrend between mortB1ity from epilepsy
and lime since first exposure was highly significant
(P...=0.008), due [0 an extremely higb risk IBIio of485.9
(95% c:r 1.19-9,999) based on only I observed death
for the categorY ''20 or more yean after first exposure".
Thus, except for epilepsy and time ~ince first exposure,
there was nO significant upwardlreJld in tbe exp05UfC
response analyses In the [ARC study.
In the US cohort there was no increased mortaJity
from diseases of the nervous system in general or from
epilepsy in pa:rticular. When mortali!)' was ana1yzcd in
relation to various indices of exp~ 00 styrene. no pat
tern was found. For US worker.; with more than 10 yeas
of styrene exposure, the SMR for diseases of tbe nerv
ous system was 1.03, and that for epilepsy was 0 (no ep
ilepsy death occurred in the group). Similarly, in the US
cohort. among persoos with the higbest cumlllative ex·
posure ~loo.O ppm-years), tbe SMR for diseases oflbe
nervous system was 0.53, and that fur epilepsy was O.
Thus data from the uS cohort did not support !he find
ings on mDl'1Dlity from diseases of the nervous system in
thelARC study reported by Wclp et a1 (5).
Thus the results between the !ARC SWdy and the US
cohort were considembly differenl fOT diseases of the
nervous system. In fact, the resubs for diseases of the
IlCTVOUS system were considerably diffCTellt across coun
lries witltin the !ARC study. An 1994 internal IARC re.
port provided a detailed mortality analysis by country (8).
Of the 40 dealhs dlle to centrnl nervous system diseases,
30 were from Denmark: (N=I3) or die United Kingdom
(N=l7), with the remaining 10 from Italy (N=3), Fmland
(N=l), Norway (N=3), and Sweden (N=3). Table 1-22
in part mof Ihe 1994 !ARC ~port (8) sbows Ih.aJ: the
SMR for central nervous system diseases for Denmark
was 1.10 (13/11.82) and Ih.aJ: for the United Kingdom was
0.52 (17132.57). The increase in Denmark could nOI have
been explained by higher expos~ since exposure levels
in me Uni~ Kingdom wen: consislently higher lhan
!hose in Denmarlc (figure 1 in refererrce 5). Furthe.nnore,
accordin.g to Welp et aI (5), for centnUncrvans system
diseases uan inconsistenrly increasing risk by B.vcrnge
el\.posure was observed in Denmark, while there was no
increase in the olhcrfive coonlries [p 629J".
Mortality from central nervous system diseases or
epilepsy has not been associated with chromc occupa
tional ~ures. 00 the othecband, persons widt theIol
lOwing conditions are known to have a. high risk of epi
lepsy: birth trauma. (inadequale oxygen supply to the
bmin), perinalSl infection, anoxia (postrespiratOlj' or
postcardiac arte.sl), infectious diseases (JIlelIingitis, eD
cepbaliEis), inheriled disorders or degenerative diseases
(phenylkelonuria or tuberous sclerosis), head injury or
trauma, metabolic disorder.! (bY))erglycemia or hypo
parathyroidism), and cen:brovascular accidenl.

324

Unfortunately. Ilone of these pmentiai confounding risk
factors were available for ana1ysis in the IARC study.
A]ct!bol consumption is a known risk factor of central
nervous system disease'S. The Danish cohort consislCd of
a dispropoJIionally higbetpercentage of shon·tenn work
ers. In the !ARC study. 20 of the 28 deaths doe to CiT
rbosisofthe liver occurred among subjects with less than
I year of employment (2). Thus alcohol consumption.
could have been a potential confounding factor among
the Danish workers.
In summary, mortality from nonmalignant genilouri
nary diseases, nonmalignant ICSpiJatoIy diseases. and dis
eases of me oelVOUS system among 15 826 US workers
exposed to styrene in me reinforced plastics and com
posites industry was examined in our investigation. We
fOll1ld no rclationship berweeo styrene exposure and any
of these c:atJses ofdeath. The increased risks ICported in
the IARC study could not be replicated in our smdy.
Apart from some of the reasons already di&Cnssecl, meIC
are at least 2 additional possible explanations forme ob
served disC1Cp8llcies.
First, exposures among me US workers appeared to
be lowertban those among their European counterpans.
More than 40% of the US workers were exposed to av
erage levels below 10 ppm (table 1). Only 14% were ex
posed to average levels above 60 ppm. A great majority
of lIIe US workers were employed in the reinforeed plas
tics mid composites industry for a short period of time
(70% for <5 yeazs). Half of the US workers (50%) had
cumulative exposures of less than 30 ppm-year.;. Only
24% of lite US workers had cumulative exposures of
more than 100 ppm-years. On Ibe contrmy. exporues in
the rARC study appeared 10 be much higher. Although
the DUmber of wooors
nOI ICported, judging by the
exposure categories used, it appeared that a considera
ble number of workers in the rARC study were exposed
to average levels above 200 ppm (3. 4) and many accu
mnJated more than 750 ppm-yean (5). Thus exposure
levels among the US workers migbt not have been high
enough to produce the risks reported in the IARC study.
Second, the numbers of deaths in some ofthe analy
ses in the US study were small. Forel\.8J1lple. there were
only 2 deaths eacllfroro epilepsy and nephritis. Even for
the broader categories "diseases of the nervous system"
and "nonmalignant genitourinary diseases, there were
14and 13 deaths, respectively. The numbers were made
even smaller in some ofthe subco.bort analyses stralilied
by exposure category. The statistical power 10 detecr a
modest increase in risk was low in some ofdie ana.lyses.
Therefore. m comparing die results between !be US
and me IARC studies, di.fferenee5 in expostft levels 3Ild
statistical power between the 2 studies should be taken
inlo considrntion. HopefuUy, future updates of lhe 2
smdies and studies from oth~ locations will provide fur
therinsigblS.
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STYRENE
1. PUBLIC HEALTH STATEMENT

What is styrene?
2

fA. tJJ. c..c.l",."

\)\)
Colorless liquid
that evaporates
easify
Used in
manufacturing
and in consumer
products

~"

"

/fl

.

0

In its pure form, styrene has a sweet smell. Manufactured styrene often
contains other chemicals that give it a sharp, unpleasant odor
Large amount of styrene are produced in the United States. Small amounts
are produced naturally by plants, bacteria, and fungi. Styrene is also present
in combustion products such as cigarette smoke and automobile exhaust.
Styrene is widely used to make plastics and rubber. Consumer products
containing styrene include:

•
•
•

•
•
•

packaging materials
insulation for electrical uses (Le., wiring and appliances)
insulation for homes and other buildings
fiberglass, plastic pipes, automobile parts
drinking cups and other "rood-use" items
carpet backing

These products mainly contain styrene linked together in long chains
(polystyrene). However, most of these products atso contain a small amount
of unlinked styrene.
3

4

For more infonnation on the physical and chemical properties of styrene, and its production, disposal, and

5

use, see Chapters 4 and 5.

6

7

What happens to styrene when it enters the environment?

8

Most commonly Styrene can be found in air, soil, and water after release from the
found in air
manufacture, use, and disposal of styrene-based products.
Air:
Styrene is quickly broken down in the air, usually within 1-2 days.
Rapidly broken
down
Waler and soil: Styrene evaporates from shallow soils and surface water.
Styrene that remains in soil or water may be broken down by bacleria or other
microorganisms.
9

10

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

II
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How might I be exposed to styrene?
2

Air

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

•
•
•
•

industries using or manufacturing styrene
automobile exhaust
cigarette smoke
use of photocopiers

Rural or suburban air generally contains lower concentrations of styrene
than urban air. The range levels of styrene in air are:

•
•

Water and soil
Workplace air

Food

J

4

0.06-4.6 ppb in outdoor air
0.023-11.5 ppb in indoor air

Styrene is rarely detected in groundwater, drinking water, or soil samples.
A large number of workers are potentially exposed to styrene. The highest
potential exposure occurs in the reinforced-plastics industry, where workers
may be exposed to high air concentrations and also have dermal exposure
to liquid styrene or resins.
Workers involved in styrene polymerization, rubber manufacturing, and
styrene-polyester resin facilities and workers at photocopy centers may also
be exposed to styrene.
Low levels of styrene occur naturally in a variety of foods, such as fruits,
vegetables. nuts, beverages, and meats. Small amounts of styrene can be
transferred to food from polystyrene packaging material.

-it.. "- a...

0

<14 c

"'"'
P<> &<.ort P"f( "".., -;-t.aJS+<e .-.

For more informalion on human exposure lo styrene, see Chapler

5
6
7

How can styrene enter and leave my body?
Rapidly enters
your body

?" ~~ -\"0 ~ ,~"
"SN.~~ fWv "

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

Styrene in food or water may also rapidly enter your body through the
digestive tract. A very small amount may enter through your skin when you
come into contact with liquids containing styrene.
Styrene is rapidly Once in your body, styrene is broken down into other chemicals. Most of
these other chemicals leave your body in the urine within few days.
broken down to
other chemicals
8

9

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

10
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How can styrene affect my health?
2

3

Scientists use many tests to protect the public from harmful effects of toxic chemicals and to find

4

wayS"for treating persons who have been harmed,

5

6

One way to learn whether a chemical will harm people is to determine how the body absorbs, uses,

7

and releases the chemical. For some chemicals, animal testing may be necessary. Animal testing

8

may also help identify bealth effects such as cancer or birth defects. Without laboratory animals,

9

scientists would lose a basic method ror getting information needed to make wise decisions that

10

protect public health. Scientists have the responsibility to treat research animals with care and

II

compassion, Scientists must comply with strict animal care guidelines because laws today protect

12

the welrare of research animals.

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

lOO O

I~~.e concentrations that cause these effects are more than

a

Effects in
laboratory
animals exposed
by inhalation

·mes higher than the levels normally found in the environment.

Hearing: Hearing loss has been observed in animals exposed to very high
concentrations of styrene
Nose: Animal studies have shown that inhalation of styrene can result in
changes in the lining of the nose. However, animals may be more sensitive
than humans to effects in the nose.
Liver: Exposure to high levels of styrene can also damage the livers of
mice, but this effect has not been seen in people, and mice may be more
sensitive than humans.

Cancer

The International Agency for Research on Cancer has determined that
styrene is possibly carCinogenic to hUmans.

14
15

Further infonnation on the health effects of slrrene in humans and animals can be found in

16

Chapters 2 and 3.

17
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Infonnation about tests for detecting styrene in the body is given in Chapters 3 and 7.
2

3
4

What recommendations has the federal government made to protect human
health?

5

6

The federal government develops regulations and recommendations to protect public health.

7

Regulations

8

(OSHA), and the Food and Drug Administration (FDA) are some federal agencies that develop

9

regulations for toxic substances. Recommendations provide valuable guidelines to protect public

Call

be enforced by law. The EPA, the Occupational Safety and Health Administration

10

health, but cannot be enforced by law. The Agency for Toxic Substances and Disease Registry

II

(ATSDR) and the National Institute for Occupational Safety nnd Health (NIOSH) arc two federal

12

organizations that develop recommendations for toxic substances.

13

14

Regulations and recommendations can be expressed as "not-to-exceed" levels, tbat is, levels of a

15

toxic substance in air, water, soil, or food that do not exceed a critical value that is usually based on

16

levels that affect animals; they are then adjusted to levels that will help protect humans. Sometimes

17

these not-to-exceed levels differ among federal organizations because they used different exposure

18

times (an 8-hour workday or a 24-hour day), different animal studies, or other factors.

19

20

Recommendations and regulations are also updated periodically as more information becomes

21

available. For the most current information, check with the federal agency or organization that

22

provides it.

23
24

Some regulations and recommendations for styrene include the following:

25
Levels in drinking The EPA has determined that exposure to styrene in drinking water at
water set by EPA concentrations of 20 ppm for 1 day or 2 ppm for 10 days is not expected to
cause any adverse effects in a child.
'>
D ')...1

~.Q)" I 0 00 ~ ""

0'\

•

'{JP"'

The EPA has determined that lifetim exposure to 0.7 ppm styrene is not
expected to cause any adverse effects.
Levels in bottled
water set by FDA
Levels in
workplace air set
by OSHA

The FDA has determined that the styrene concentration in bottled drinking
water should not exceed 0.1 ppm.
OSHA set a legal limit of 100 ppm styrene in air averaged over an a-hour
work day.

26
27

For more information on regulations and advisories, see Chapter 8.
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and long-term exposures to styrene can result in neurological effects. Acute exposure data are limited to
2

the finding of impaired performance on tests of vestibular function in test subjects exposed to 87

3
4

376 ppm for 1-3 hours (Odkvist et al. 1982; Stewart et a1. 1968). A variety of neurological effects haye
.
.
.
.
.d.e.t~ r • .,J",.. ~t'SC'C'"I~.; ..... ~t~
been observed III chrorucally exposed styrene workers; these effects Include Impmeasglj)r "men
,
1\

5

(Campagna et a1. 1995, 1996; Chia et al. 1994; Eguchi et a1. 1995; Fallas et al. 1992; G06ij.CEt al~ 1991; .11 f;~

6

Gong et al. 2002; Kishi et a1. 2001; Multi et a1. 1984a), vestibular effects (Calabrese et a1. 1996; Moller et

7

al. 1990), hearing impainnent (Morata et a1. 2002; Morioka et al. 1999; Muijser et a1. 1988; Sliwinska

g

Kowalska et al. 2003), symptoms of neurotoxicity, particularly "feeling drunk" and tiredness (Checkoway

9

et a1. 1992; Cherry et al. 1980; Edling et a1. 1993; Viaene et a1. 1998, 2001), delays in reaction time

....... -'-"'" M. .,

-_",.'U.JJ

UJf~~

10

(Cherry et a1. 1980; Fallas et a1. 1992; Gamberale et a1. 1976; Jegaden et al. 1993; Mutti et al. 1984a; Tsai

11

and Chen 1996), impaired perfonnance on tests measuring attention and memory (Chia et a1. 1994;

12

Jegaden et a1. 1993; Mutti et a1. 1984a), impaired nerve conduction velocity (Behari et a1. 1986; Gobba et

13

al. 1995; Murata et al. 1991; Rosen el al. 1978; Stetkcirova et a1. 1993; Yuasa et a1. 1996), and EEG

14

alterations (Harkonen et a1. 1984; Seppalainen and Harkonen 1976). The LOAELs for these effects range

15

from about 10 ppm to 93 ppm. In most of the occupational exposure studies, neW"ological function tests

16

were conducted in the morning before work, suggesting that the deficits were not acute effects. Results of

17

a meta-analysis suggestlhat the severity' of the some of the neurological symptoms increases with

18

exposure duration (Benignus et

19

were observed in workers exposed to 100 ppm for 2,4,6, and 8 work~years, respectively. However, lhis

20

may also be reflective of rug her exposure levels in the past rather than an a duration-related increase in

21

severity. The existing data are inadequate to determine whether chronic styrene exposure results in

22

pennanent damage. Mixed results have been found in studies examining workers before and after an

23

extended period without styrene exposure. Animal studies have also reported neurological effects,

24

although most of these studies have focused on effects on hearing and damage to the organ of Corti

25

(Campo ct a1. 2001; Crofton et al. 1994; Lataye et a1. 2000, 2001; Loquet et a1. 1999, 2000; Makitie et a1.

26

2002; Pouyatos et a1. 2002; Pryor et al. 1987; Yano el a1. 1992)

~0~p1e, 8, 15, 25, and 35% increases in reaction time

27

28

Other effects that have been observed in animal studies include damage to the nasal olfactory epithelium

29

and liver necrosis; testicular damage and developmental effects have also been reported, but the weight of

30

evidence does not support concluding that these are sensitive targets. Damage to the nasal olfactory

31

epithelium was observed in mice after 3 days of exposure (Cruzan et al. 2001). The severity of the lesion

32

progressed from single cell necrosis to atrophy and respiratory metaplasia (Cruzan et al. 1997, 2001) with

33

increasing exposure duration. The lowest-observed-adverse-effect levels (LOAELs) for these lesions are

34

80, 50, and 20 ppm for acute, intennediate, and chronic exposure, respectively. Rats do not appear to be
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as sensitive as mice to the nasal olfactory epithelial damage; an intermediate·duration study identified a
2

no-observed-adverse-effect level (NOAEL) and LOAEL of 500 and 1,000 ppm for focal hyperplasia and

3

a chronic study identified a LOAEL of 50 ppm for atrophy and degeneration (Cruzan et a1.1998). The

4

observed species differences may be due to differences in styi"ene metabolism in the nasal cavity. In

5

particular, rats have a higher capacity to detoxify styrene, oxide with epoxide hydrolases and glutathione

6

S-transferase. It is not likely that humans will be sensitive to the nasal toxicity of styrene because styrene

7

oxide has not been detected and high levels of epoxide bydrolases havrOi been found in in vitro assays

8

of human nasal tissue (Green et a1. 200 I a)-"'"

'-'1~ J-.~ 2.~C...,..l 2-1"1 "-"- ,..1- ..... ~ .

9

10

Unlike the nasal lesions, the severity of hepatic lesions decreases with increased exposure durations.

II

Severe hepatocellular necrosis was observed in mice exposed to 250 ppm for 3 days (Morgan et al.

12

1993b); however, continued exposure at this concentration resulted in focal necrosis and an increase in

13

pigmented macrophages (Morgan et a1. 1993a). Centrilobular aggregates of siderphages were observed in

14

mice exposed to 200 ppm for 13 weeks (Cruzan et a1. 1997); no liver effects were observed at 160 ppm

15

after 2 years of exposure (Cruzan et a}. 2001). Rats are less sensitive than mice to liver toxicity; no liver

16

effects were observed in an intermediate-duration study in which rats were exposed to a styrene

17

concentration 10-fold higher than the concentration eliciting hepatic effects in mice. No alterations in

18

serum markers of liver damage were observed in styrene workers exposed tei 40 ppm for approximately

19

5 years (Harkonen et al. 1984). Liver effects have not been observed in oral exposure studies; however,

20

no studies examined systemic end points following acute exposure.

21

22

Occupational exposure studies have not found significant increases in the occurrence of stillbirth, infant

23

death, malformations, or low birth weight (Ahlborg et al. 1987; Lemasters et al. 1989). Most single and

24

multigeneration inhalation and oral exposure studies did not fmd significant alterations in fetus/pup

25

survival, growth, or incidence of abnonnalities in rats, mice, rabbits, and hamsters exposed to styrene

26

(Beliles et a1. 1985; Cruzan et al. 2005b; Daston et al. 1991; Kankaanpaa et a1. 1980; Murray et al. 1978).

27

An increase in fetal deaths were observed in hamsters exposed lo very high concentrations (1,000 ppm)

28

(Kankaanpaa et a1. 1980) and in rats exposed to lower concentrations (Katakura et al. 1999,2001). Two

29

studies have examined neurodevelopmental effects in rats; one study found some minor effects (slight

30

delays in some developmental landmarks) (Katakura et al. 1999,2001). The other, higher-quality study

31

did not find any significant alterations in a number ofneurodevelopmental end points (Cruzan et al.

32

2005a). The National TOxicology Program (NTP) Expert Panel examining the developmental potential of

33

styrene (NTP 2006) concluded that the human data are not sufficient to evaluate the potential
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developmental toxicity of styrene in humans and that there was no convincing evidence of developmental
2

toxicity in animals.

3
4

Although several epidemiology studies have examined potential reproductive effects in male and female

5

styrene workers, adequate analysis of the data is limited by the lack of exposure information and

6

concomitant exposure to other compounds. Mixed results have been found for increased occurrence of

7

spontaneous abortions (Harkonen and Holmberg 1982; Hemminki et a1. 1980, 1984; Lindbohm et a1.

S

1985; McDonald et al. 1988) and oligomenorrhea (Cho et a1. 2001; Lemasters et a1. 1985). In male

9

workers, sperm abnormalities have been reported (Kolstad et a1. 1999a), but not alterations in lime-to

10

pregnancy (Kolstad et al. 2000; Sallmen et al. 1998) or fertility rates (Kolstad et a1. 1999c). No adverse

11

reproductive effects were observed in inhalation (Cruzan et al. 2005b) and oral (Be1iles et a1. 1985)

12

multigeneration studies in rats. A series of studies found decreases in spermatozoa counts in rats exposed

13

as adults, as neonates, and through lactation (Srivastava et a1. 1989, 1992a, 1992b). However, as noted by

14

the NIP Expert Panel (NTP 2006), tills finding is not consistent with the lack of reproductive effects

15

found in the inhalation two-generation study (Cruzan et al. 2005b). The NOAEL identified in the

16

two-generation inhalation study was 500 ppm (6 hours/day), which is roughly equivalent to 230 mg/day

17

using a reference inhalation rate of 0.42 m 3/day. The LOAEL for spermatozoa effects in adult rats was

18

400 mglkg (6 days/week), which is roughly equivalent to 158 mgldaY~Sing
a refer nce body weight of
~"""':5
b
.
A ••• ~.....
"1._nP
0.462 kg.
C ......7~ .~...,..,,;~

19

20

C"--zJ'

tv"*"

"Ir' •

No (!r1?L-. ... '? aD ~

21

There are several epidemiologic studies of workers at styrene manufacturing and polymerization facilities

22

and reinforced plastics facilities that suggest an association between occupational exposure and an

23

increased incidence of cancer of the lymphatic and hematopoietic tissues in styrene (Hodgson and Jones

24

1985; Kogevinas et a1. 1993, 1994; Kolstad et al. 1993, 1994; Nicholson et a1. 1978; Ott et a1. 1980).

25

However, the reported studies are inconclusive due to exposure to multiple chemicals (including benzene)

26

and the small size of the cohorts. Other studies have reported negative results (Bond et a1. 1992:

27

eta!. 1987; Frentzel-Beyme et a1. 1978; Matanoski and Schwartz 1987; Okun et

28

More consistent results for increases in the risk oflyrnphatic and hematopoietic cancers have been

29

observed among workers at styrene-butadiene manufacturing facilities (Delzell et a1. 1996; Macaluso et

30

a1. 1996; Matanoski and Schwartz 1987; Matanoski et aL 1990; McMichael et a1. 1976; Meinhardt et a1.

31

1982; Sathiakumar et a1. 2005). There is suggestive evidence that these increased risks may be due to

32

exposure to 1,3-butadiene rather styrene exposure (Cheng et a1. 2007; Delzell et a1. 2001; Graff et a1.

33

2005; Macaluso et al. 1996, 1993; Matanoski et a1. 1997; Santos-Burgoa et aL 1992); however, it is

34

difficult to separate the risks for styrene and 1,3-butadiene because the exposure is highly correlated.

~+

a~~ 1990).
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because it helps the users of the profiles to identify levels of exposure at which major health effccts
2

start to appear. LOAELs or NOAELs should also help in determining whcther or not the effects

3

vary with dose andlor duration, and place into perspective the possible significance of these effects

4

to human health.

5

6

The significance of the exposure levels shown in the Levels of Significant Exposur<LSE) tables and

7

figures may differ depending on the user's perspective. Public health officials and others concerned

8

with appropriate actions to take at hazardous waste sites may want information on levels of

9

exposure associated with more subtle effects in humans or animalsQ.OAELs) or exposure levels

10

below which no adverse cffects~OAELs) have been observed. Estimates of levels posing minimal

11

risk to humans Minimal Risk Levels ~MRLs) may be of interest to health professionals and

12

citizens alike.

13

14

A User's Guide has been provided at the end of this profile see Appendix B). This guide should aid

15

in the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

16
17

3.2.1

Inhalation Exposure

18
19

Most information on the effects of inhalation exposure to styrene in humans comes from studies of

20
21

workers exposed to
vat;rs in the production and use of plastics and
/ ~\s... ot."..e.J, ,....,.... '"
~.
.
resins. In most cases, the stuaie involve workplace exposures such as fiberglass boat building factories

22

where the actual levels of styrene are reported as a range of styrene air concentrations. However, there

23

are a few human clinical studies in which exposures are better quantified. Provided below are

2'

descriptions of the lmown effects of inhalation exposure of humans and animals to styrene.

styr~ne

resins"espe~f~~~t!S

25

26

3.2.1.1 Death

27

28

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

29

workplace (EPA 1988b; Gosselin et al. 1984; NJOSH 1983).

30

31

In animals, inhalation studies indicate that the acute toxicity of styrene is low to moderate. An LCso of

32

2,770 ppm after 2 hours of exposure was reported in rats, and the LC so for mice after exposure for 4 hours

33

was 4,940 ppm (Shugaev 1969). All rats and guinea pigs survived after exposure to 1,300 ppm styrene

34

for 30 hours and 16 hours, respectively (Spencer et a1. 1942). However, all animals died after 40 hours of

35

exposure. Gender differences in mortality were observed in repeated-exposure studies (Cruzan et al.
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steatosis, and congestion were observed in rats exposed to 300 ppm for 2 weeks (Vainio et al. 1979); the
2

lack of incidence data limits the interpretation of these results.

3
4

Renal Effects.

Based on the results of occupational exposure studies and animal toxicity studies, the

5

kidney does not appear to be a sensitive target of styrene toxicity. Occupational exposure studies of

6

workers exposed to 24 ppm (Viau el a1. 1987),53 ppm (Vyskocil et a1. 1989), or 26 ppm styrene

7

01erpJanke et al. 1998) did not find significant alterations in urinary levels of P~microglobulin (not

8

examined in Verplanke et al. 1998 study),

9

study also found no significant alterations in total protein, glucose, lysozyme, lactate dehydrogenase, or

retinol~binding

protein, or albumin. The Vyskocil et al. (1989)

10

p~N~acetyl~D~glucosaminidase

II

p~galactosidase,

12

were observed in the kidneys following acute exposure ofrats to 300 ppm (Vaino et al. 1979) or mice to

13

500 ppm (Morgan et al. 1993a), intermediate exposure of rats to 133-1,500 ppm (Cruzan et al. 1997;

14

Spencer et al. 1942; Viau et a!. 1987), or chronic exposure of rats to 1,000 ppm (Cruzan et a!. 1998) or

15

mice to 160 ppm (Cruzan et al. 2001). Additionally, no alterations in urinary levels

16

glucosaminidase, y-glutamyl transpeptidase, protein, or urea were observed in rats exposed to 500 ppm

17

for 4 weeks (Loquet et al. 2000).

levels and Verplanke et al. (1998) did not find alterations in

N-acetyl-p-D-glucosaminidase, or alanine aminopeptidase. No histological alterations

ofN~acetyl-D

18
19

Endocrine Effects.

Several occupational studies have examined potential endocrine effects in

20

reinforced plastics industry workers exposed to styrene. Significant increases in serum prolactin levels

21

were observed in male and female workers (Bergamaschi et al. 1996, 1997; Luderer et al. 2004; Mutti et

22

al. 1984b). The serum prolactin levels significantly correlated with urinary metabolite (mandelic acid

23

plus phenylglyoxylic acid) levels (Multi et al. 1984b) and blood styrene levels (Luderer et al. 2004).

24

Based on a logistic regression model, Luderer et al. (2004) estimated that workers exposed to styrene

25

exposures >20 ppm would be more likely to have elevated serum prolactin levels than workers exposed t

26

lower levels; a 10-fold increase in blood styrene concentrations would result in a 2.06-fold increase in

27

serum prolactin levels.

28

response to an intravenous dose of thyrotropin-releasing hormone; the levels of serum prolactin were

29

significantly higher following exposure to thyrotropin-releasing hormone, as compared to referents. Two

30

of these workers were re-examined after a 3-month period without styrene exposure; the serum prolactin

31

response following lhyrotrophin-releasing hormone exposure was similar to that in the referent group. No

32

significant alterations in the levels of thyroid stimulating hormone, follicle stimulating hormone, or

33

luteinizing hormone were found in this study (Arfini el a1. 1987). However, thyroid slimulating hormone

uru arly, Arfini et al. (1987) found that female styrene workers had an abnormal
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2

In an international cohort of styrene workers, a significant association between mortality from central

3

nervous system disease and cumulative styrene exposure was found (Welp et a1. 1996c). The rate ratio

4

was 3.29 (95% confidence interval [CI] of 0.48-22.65) for workers exposed to 25--49 ppm-years and

5

16.32 (95% CI 3.47-76.73) for those exposed for 200-349 ppm-years. A similar relationship was found

6

for shorter durations of styrene exposure. The rate ratio was 2.33 (95% CI 0.40-13.56) for workers

7

exposed for 6-11 months and 8.80 (95% CI 1.87-41.33) for workers exposed for 7-9 months. A

8

significant association between mortality from epilepsy and duration of styrene exposure was found; the

9

rate ratio in workers exposed for:::l 0 years was 28.4 (95% CI 2.11-381.5). Time since first exposure was

10

also significantly associated with mortality from epilepsy. Significant associations between mental

II

-disorders and duration of exposure and between suicide and duration of exposure were also found;

12

however, for both of these causes of death, the rate ratio decreased wilh increasing duration of exposure

13

and the investigators noted that lifestyle factors, rather than a direct effect of styrene, appear to be the

14

most likely cause of the higher mortality.

N~:

1'\.0
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16

A variety of neurological effects have been ref~~~rkers chronically exposed to styrene including

17

altered vestibular

18

neurobe=l tests, and increased in clin~c~l symptorw. In~n~raJ,
th ~oc~
ationa~xposu~.
,.Q
~I
"
"'"""
~
,""'.
(",.eJ
I
I
I
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studles ave severa~ mutattons. Jil most cases, ftie exposure e e s re ect
expos
cond"lllons

19

function,~ hearing, ~]Q~on~~~ance on

20

~~~ i~ation past exposure to higher styrene levels that may have resulted in

21

permanent damage. Some workers, particularly laminators, wore respiratory masks with or without

22

canisters; many investigators estimated exposure based on biomarker levels, particularly urinary mandelic

23

acid levels, while others did not. Additionally, significant differences between workers and referents

24

were reported as LOAELs; however, the magnitude of the alteration may have been subclinical. A

25

summary of the neurological effects observed in styrene workers is presented in Table 3-2.

26

27

Color vision appears to be one of the more sensitive targets of styrene toxicity, with many studies

28

reporting alterations. Color vision was typically measured using the Lanthony desaturated panel

29

D-15 test in which the subjects were asked to arrange 15 painted caps in a line with definite chromatic

30

sequence; the color confusion index (CCI) quantifies the number oftypes of mistake. A significant

31

correlation between cel and urinary mandelic acid concentration (after correction for age) was observed

32

in workers at fiberglass reinforced plastic facilities (Kishi et a1. 2001). When workers were divided into

33

three groups based on end-of-shift urinary mandelic acid levels, there were significant differences

34

between cel in workers with a mean a mandelic acid level of 0.14 orO.65 gIL and age-matched referents;
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no difference was found for the third group with a mean mandelic acid level of 0.05 gIL. The
2

investigators estimated that these urinary mandelic acid levels were equivalent to styrene exposure levels

3

of4, 10, and 46 ppm. Thus, this study identifies a NOAEL of4 ppm and a LOAEL ofl0 ppm for

4

~ired color ~. Similarly, Gong et al. (2002) found significantly higher eel values in workers at a

5

fiberglass reinforced plastic boat facility with end-of-shift urinary mandelic acid and phenylglyoxylic acid

6

levels of;::0.24 gig creatinine or <0.24 gig creatinine; a mandelic acid plus phenylglyoxylic acid urine

7

level of 0.24 gig creatinine is equivalent to a styrene exposure level of 10 ppm. A significant increase in

8

CCI was also observed in workers at fiberglass reinforced plastic facilities exposed to a geometric man

9

concentration of 16 ppm, as compared to age-matched controls (Gobba et al. 1991). In contrast to other

10

studies, Gobba et al. (1991) did not find a significant relationship between end-of-shift urinary mandelic

II

acid levels and cel; however, urinary styrene levels correlated with CCI values. Significantly higher

12

CCI values were observed in fiberglass reinforced workers with a mean urinary mandelic acid levels of

13

1.06 gIL, which is roughly equivalent to a styrene exposure level of 93 ppm (Eguchi et a1. 1995). This

14

study did not find significant alteration in workers with a mean urinary mandelic acid level of 0.02 gIL,

IS

equivalent to 8 ppm. Another study of fiberglass reinforced plastic workers (some of this cohort was

16

examined by Gobba et al. 1991 and Campagna et al. 1995) found a significant association between eel

17

and styrene exposure levels (Campagna et al. 1996). The investigators concluded that color vision

18

impainnent could be detected at styrene levels of 4 ppm with a 95% upper confidence limit of26 ppm.

19

Two other occupational exposure studies using different measures of color vision impainnent also found

20

significant alterations. Chia et al. (1994) found significantly poorer color discrimination, after adjusting

21

for age, education, and alcohol consumption, in 21 workers at a fiber-reinforced plastic boat

22

manufacturing facility; the styrene exposure level of 6 ppm was estimated from a mean end-of-shift

23

urinary mandelic acid level of 84.0 mglg creatinine. No relationship between the total color difference

24

score and the urinary mandelic acid level was found. In 60 workers in the shipbuilding industry with a

25

mean styrene exposure level 0[24.3 ppm, a significantly higher incidence of workers with errors in the

26

blue-yellow or red-green ranges, compared to a referent group, was found (Fallas et al. 1992). Total error

27

score was Significantly different in workers, with a lifetime weighted average exposure level of22 ppm

28

styrene, as compared to workers in a low exposure group (9 ppm) (Iregrcn et al. 2005). Several' studies

29

found improvements in color vision following an extended period of no styrene exposure or lower

30

exposure. Triebig ct al. (2001) reported a significant improvement in eCI scores following a 4-week

31

period with no styrene exposure; in contrast, no improvement in eCI scores was found in another group

32

of styrene workers following a I-month period without styrene exposure (Gobba et al. 1991). Two

33

studies found significant improvements in color vision (age-adjusted color confusion score or cel score)

34

were observed in styrene workers fol!owing a decrease in styrene air level (Castillo et al. 2001; Triebig et
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dizziness, and sensory symptoms in the upper and lower extremities were observed in worker.; with high
2

exposure to styrene compared to those with low styrene exposure (Matikainen et-al. 1992a); exposure

3

levels were not reported. A significantly higher incidence of subjective symptoms (nausea, feeling of

4

drunkenness, dizziness, and disturbance) was observed in styrene workers exposed to 4-164 ppm, as

5

compared to controls (Geuskens et a1. 1992). No significant difference in the incidence of symptoms

6

related to cognitive motor disturbances (lack of concentration, understanding, trouble with movements)

7

was found. Fiberglass boat manufacturing workers exposed to 92 ppm reported a higher prevalence of

8

physical and mental tiredness at the end of the work shift than controls (Cheny et al. 1980). No

9

alterations in the reporting of clinical symptoms were observed in plastic industry workers exposed to a

10

mean concentration of 8.6 ppm (Edling et al. 1993).

11
12

A number of studies have examined styrene-induced damage to hearing and the vestibular system in

13

chronicaJly exposed workers. Several studies have reported significant associations between styrene

14

exposure and hearing impainnent; however, interpretation of the findings is limited by confounding

15

exposure to noise or other solvents. Noise studies have found that exposure to >85 dB for over 10 years

16

can result in a 10% hearing loss (Prince et al. 1997). Morioka et al. (1999) found an increased prevalence

17

of workers with a urinary mandelic acid level of>0.3 gIL (approximately 16 ppm) with an upper

18

frequency of hearing below the 751h. percentile for nonna!. However, interpretation of the results is

19

limited by confounding exposure to noise and exposure to other solvents, particularly toluene, which has

20

been shown to be ototoxic. The noise levels ranged from 53.0 to 95.0 dBA with 14% of the

21

measurements exceeding 85 dBA. Another study (Muijser et al. 1988) of s~~n~e A~~r~~~s. f~~nd. a

22

significant difference in hearing

23

level of 14 ppm) and directly exposed workers (mean styrene level of 32 ppm); however, no differences

24

were found in comparisons of indirectly and directly exposed workers with referent workers. The noise

25

level for both groups of styrene workers was 80-85 dBA for most of the day. Sliwinski-Kowalska et al.

26

(2003) found a significantly elevated risks of hearing loss among styrene workers exposed to a mean

27

styrene concentration of 15.6 ppm (average noise level of 80.3 dBA). The odds ratio (adjusted for noise

28

and gender) in workers only exposed to styrene was 5.2 (95% CI 2.9-8.9). The hearing losses were found

29

within the range of 2-8 kHz. Morata et a1. (2002) found significant decreases in hearing thresholds at 2,

30

3,4, and 6 kHz in workers exposed to 0.05-22 ppm (mean of 4 ppm); no difference in the prevalence of

3J

high frequency hearing loss, as compared to referent workers, was found. The fairly wide range of

32

exposure levels adds a great deal of uncertainty to estimating the LOAEL from this study; although the

33

mean exposure is reported as the LOAEL in Figure 3-1, this value may be an overly conservative estimate

34

of the true LOAEL. Other studies have not found significant alterations in hearing. Moller et a1. (1990)

threShol9{a~ between~~t~o~tyrene
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The highest NOAEL values and all reliable LOAEL values for neurological effccts in each spccies and
2

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

3

4

3.2.1.5 Reproductive Effects

5

6

Information on the reproductive effects of styrene in humans is available from epidemiological studies of

7

the reproductive outcomes of females employed in the various industrial operations in which styreneris '.

S

used. However, exposures to styrene were not adequately quantified in any of the studies cited. In

9

study, spontaneous abortions among 9,000 Finnish chemical workers from 1973 to 1976 were analyzed

~

I"" ...,

10

(Hcnuninki et al. 1980). The risk of spontaneous abortion expressed as number of abortions per

II

100 pregnancies) was significantly higher in w~men employed in styrene production compared to all

12

women in Finland 15.0 vs. 5.5). However, this increase was not detected in a follow·up study of the same

13

workers (Hemminki et al. 1984). An increase in the occurrence of spontaneous abortions was also

14

observed in a study of76 women involved in processing polystyrene plastics (McDonald et aJ. 1988); the

15

ratio of observed to expected abortions was 1.58 (95% CI 1.02-2.35). The possible embryotoxic effects

16

of styrene on 67 female lamination workers compared to 67 age-matched controls were evaluated in a

17

second study (Harkonen and Holmberg 1982). The number of births was significantly lower among the

18

workers exposed to styrene. This result was explained in part by a greater number of induced abortions in

19

the styrene-exposed group. The number of spontaneous abortions was not elevated in the exposed

20

women. No increased risk of spontaneous abortions among workers processing polymerized plastics or

21

heated plastics made' of vinyl chloride or styrene was reported (Lindbohm et aJ. 1985). The authors

22

reported that the statistical power of the study was low due to the small study popUlation. These studies

23

are not conclusive since the workers were exposed to chemicals other than styrene in the workplace and

24

the concentrations of styrene were not adequately reported. Two studies have examined the potential of

25

styrene to induce menstrual disturbances. A significant increase in the incidence of oligomenorrhea was
("
,
cJ;.."_o~ ih'?"" ~.~
0~1}etro~h8mical indust
0 e ,
e aa~oodd~~atio was 1.65' (950/0. CI 1.05-2.55) (Cho et

26
27

aT. 2Q'blj. -Altho~~s ti

28

was potential for exposure to other chemicals. In contrast, no significant alterations were observed in

29

women working at reinforced plastics facilities with a mean styrene exposure level of 52 ppm for women

30

directly exposed to styrene and 13 ppm for those indirectly exposed (Lemasters et al. 1985). Several

31

studies have examined levels of prolactin, follicle stimulating hormone, and luteinizing hormone levels in

32

female styrene workers; the results of these studies are discussed in Section 3.2.1.2, Endocrine Effects.

I

es~t~fo~omatic chemicals, there

33
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the esophagus (SMR 191.7; 95% CI 104.8-321.7), bronchus, trachea, or lung (SMR 140.6; 95% CI
2

119.3-164.0), cervix or uteri (SMR 283.5; 95% CI 135.9-521.3), and female genital organs (SMR 201.6;

3

95% CI 107.4-344.8) were observed. However, no relationships between styrene exposure (exposure

4

level or duration of exposure) and deaths from these cancer types were found. No significant increases in

5

the incidence of non-Hodgkin's lymphoma, Hodgkin's disease, multiple myeloma, leukemia, or all

6

Iymphohematopoietic malignancies were observed in workers at Danish reinforced plastics facilities in

7

which 50--100% of the workers were involved in reinforced plastics production (Kolstad et al. 1993,

8

1994). However, when workers were divided by first year of employment, there was a significant

9

increase in leukemia (standard incidence ratio [SIR] 1.69,95% CI 1.09-2.49) among workers with a

10

latency of~10 years and rust year of employment of 1964-1970; when the data were analyzed by the

11

length of employment, the incidence of leukemia was only significantly elevated among workers

12

employed for <1 year. Significant increases in incidence were also observed for pancreatic cancer in

13

workers with a high probability of styrene exposure (incidence rate ratio of2.2; 95% CI 1.1-4.5) and

14

urinary bladder cancer in workers with the highest probability of exposure and employed for >1 year

15

(incidence rate ratio of2.1; 95% CI 1.1-4.1) (Kolstad et a1. 1995). No significant alterations in the

16

incidence of leukemia, lymphoma, or other cancers were observed in styrene workers at eight British

17

reinforced plastic manufacturing facilities (Coggon et a1. 1987). In a large international cohort of workers

18

employed in the reinforced plastics industry (this cohort included the Bntish cohort examined by Coggon

19

et a1. 1987 and the Danish cohort examined by Kolstad et al. 1993, 1994, 1995), no significant alterations

20

in no excess in mortality from all cancer or cancer of the lymphatic and hematopoietic tissues were

21

observed (Kogevinas et a1. 1993, 1994). However, significant increases in the incidence of lymphatic and

22

hematopoietic neoplasms were observed in workers with a latency of at least 10 years (relative risk [RR]

23

2.90; 95% CI 1.29--6.48 in workers with a latency ofl0-19 years and RR 3.97; 95% CI 1.30-12.13 for

24

workers with a latency of:::20 years) and in workers exposed to 2:100 ppm styrene (RR 3.11; 95% CI

25

1.07-9.06 for workers exposed to 100-119 ppm; RR 3.08; 95% CI 1.04-9.08 for workers exposed to

26

120-199 ppm; RR 3.59; 95% CI 0.98-13.14 for workers exposed to 2:200 ppm), as compared to

27

unexposed workers. An increase in the number deaths from malignant lymphomas was also observed in

28

workers exposed to 120-199 p,?m styrene (RR 7.15; 95%

29

.svJ,...~, ~ ~

Ifl'd.'"

9

1.21~-42.~). \}J~ ~/a.t.(

~ "" 't':- ~ ~ ~
expect~rkers exposed to

30

An increase in lymphatic leukemia (4 observed deaths versus 0.5

31

polymer extrusion fumes, solvents, and colorants, but was not found to be related to duration or level of

32

exposure (OU et a1. 1980). In a follow-up to this study, whieh followed the workers for another 11 years

33

(Bond et al. 1992), a nonsignificant increase in the number of deaths from lymphatic and heamlopoietic .

34

tissue cancers (SMR 144; 95% CI 95-208) was observed. Statistically significant increases in the number
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these studies is the lack of exposure information, including levels of styrene and confounding exposure to
2

other chemicals; thus, it is difficult to ascribe the increased cancer risks to styrene exposure. Loughlin et

3

al. (1999) examined former students who attended a high school adjacent to synthetic styrene-butadiene

4

rubber production facilities between 1963 and 1993 and found no significant alterations in deaths from

5

lymphatic and hematopoietic cancer. Two studies have examined the possible association between

6

styrene exposure and breast cancer. A case-control study by Cantor et a1. (1995) found significant

7

elevations in the risk of breast cancer among women possibly exposed to styrene in the workplace. Coyle

8

et a1. (2005) found a significant higher incidence of age-adjusted breast cancer rate in men and women,

9

women, and women :::50 years of age and living in counties with EPA toxics release inventory (TRI)

10

facilities with on-site releases of styrene. As with the other population-based 'studies, these studies did

11

not monitor styrene levels or exposure to other potentially carcinogenic chemicals and thus provided

12

limited infonnation on the carcinogenic potential of styrene.

13

+RJ _

~~".;J:. :....

,__~~.4v""'-'

,A.

~?-C06) ~

f.-,,;;. ~ ~u.> ~ ~
Q., .. ,,;-:' ~ ~ ~ ~ ~

14

Thecarci~~1~~~;~iaue~rf~~e~~ e~~8~a~

15

1998; Jersey ,et ~978; Maltoni et al. 198}) and one study in mice (Cruzan et a1. 2001). No significant

16

increases~incide~ns were observed in rats exposed to styrene concentrations as

17

high as 1,000 ppm 6 hours/day,S days/week for 2 years (Cruzan et al. 1998). Similarly, exposure of

18

female rats to 600 or 1,000 ppm styrene 6 hourS/day,S days/week for 21 months did not result in styrene

19

related increases in the incidence neoplastic tumors (Jersey et al. 1978); a high incidence of chronic

20

murine pneumonia in the control and 1,000 ppm male rats precludes the use of the male data for assessing

21

the carcinogenic potential of styrene. A non-concentration-related increase in the incidence of malignant

22

mammary tumors were observed in female rats exposed to 100,200, or 300 ppm styrene 4 hours/day,

23

5 days/week for 52 weeks (Conti et al. 1988); the incidences were 6/60, 6/30, 4/30, 9/30, 12/30, and

24

9/30 in the 0, 25, 50, 100,200, and 300 ppm groups, respectively. No other significant increases in

25

specific tumors were observed in this study (Conti et al. 1988; Maltoni ct al. 1982). The findings of the

26

Conti et al. (1988) study conflict with those of Cruzan et al. (1998), who found a concentration-related

27

decrease in mammary tumors in female rats exposed to similar or higher styrene concentrations for a

28

longer duration. In contrast to the results in rat studies, significant increases in the incidence of

29

bronchioalveolar carcinoma were observed in female mice exposed to 160 ppm 6 hours/day,S days/week

30

for approximately 2 years (Cruzan et al. 2001). Significant trends for increasing incidences of

31

bronchioalveolar ademona were also observed for the male and female mice.

32
33

As reviewed by IARC (2002) and Cruzan et aL (2002), toxicokinetic differences in the metabolism of

34

styrene in the lungs have been observed in humans, rats, and mice. In rats and mice, Clara cells have the
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doses of 150 or 300 mglkg/day for 78 weeks showed increased mortality; however, the female tnice did
2

not.

3
4

The highest reliable LOAEL.values and LDsos values in each species and duration category are recorded

5

in Table 3-2 and plotted in Figure 3-2.

6

7
8

3.2.2.2 Systemic Effects

9

No studies were located regarding endocrine, metabolic, musculoskeletal, or dermal/ocular effects in

10

humans or animals after oral exposure to styrene.

II
12

For the following systemic effects resulting from oral exposure to styrene, the highest NOAEL values and

13

all reliable LOAEL values for each species and duration category are recorded in Table 3-3 and plotted in

14

Figure 3-2.

15

16

Respiratory Effects.

17

exposure to styrene.

No studies were located regarding respiratory effects in humans after oral

18
19

Severe lung congestion was observed in mice that were the offspring of dams given a single oral dose of

20

styrene at 1,350 mglkg on the 17th day of gestation and that continued to receive the same dose once per

21

week after we.aning

22
23

~onomarkov

and Tomatis 1978). The lung congestion was noted following

contin~·~-in~.tion of the styrene for 16 weeks.

~=,,-===-

No respiratory effects were observed in rats

exposed to 35 mg/kg/day styrene in drinking water for 105 weeks (Beliles et a!. 1985).

24
25

Cardiovascular Effects.

26

following oral exposure to styrene..

No studies were located regarding cardiovascular effects in humans

27

28

No cardiovascular effects were observed in rats chronically exposed to 35 mglkglday in drinking water

29

(Be1iles et al. ] 985).

30
31

Gastrointestinal Effects.

Abdominal pain was reported by ] 1% of the residents of two apartment

32

buildings exposed

33

concentration of styre1e(';in~he water was 900 Ilg/L and the dose was estimated to be 0.026 mglkg!day.

t~vels of styrene in drinking water for 3 days (Amedo-Peno et al. 2003).

The

q~l~ ~(L0t~s-&-~~
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Based on other symptoms and the higher prevalence of symptoms among residents living near the

3

contaminated water tank, it is likely that some 9.f the observed effec~.:3r+~ ~ inhalation e~Hosure.
~ .-&J JIa,,><......... I""'1f
~

4

No gastrointestinal effects were observed in rats chronically exposed to 35 mglkg/day styrene in drinJdng

5

water (Beliles el a1. 1985).

2

/M

~~.

qav...,./JL

6

7

Hematological Effects.

8

exposure to styrene.

No studies were located regarding hematological effects in humans after oral

9

10

Intra-erythrocytic Heinz bodies were regularly detected in a dose-related manner in male and female dogs

II

chronically exposed to 400 or 600 mglkglday groups and sporadically in females in the 200 mg/kg/day

12

group (Quast et a1. 1979). There were occasional decreased red blood cell counts, hemoglobin lcvels, and

13

erythrocyte sedimentation rates in males and females in the 600 mg/kg/day groups. Increased

14

hemosiderin deposits and intranuclear inclusions in liver were noted in animals dosed with

15

600 mglkg/day. This was probably secondary to the effects on the red blood cells. The formation of

16

intra-erythrocytic Hcinz bodies was readily reversible upon discontinuing the administration of styrene in

J7

the 600 mg/kg/day group after 470 days of exposure. No hematolOgical effects were observed in rats

18

chronically exposed to 35 mgfkglday (Beliles et a1. 1985).

J9

20

Hepatic Effects.

21

styrene.

No studies were located regarding hepatic effects in humans after oral exposure to

22

23

Some animal studies have reported hepatic effects; however, the inconsistency of the ftndings and poor

24

reporting of the data preclude drawing conclusion on the hepatotoxicity of orally administered styrene.

25

Small areas of focal necrosis was observed in the livers of rats administered 400 mglkg styrene in

26

groundnut oil6 days/week for 100 days (Srivastava et a1. 1982). Because the incidence or statistical

27

analysis data were not reported, it is not possible to determine whether 400 mg/kg is an adverse effect

28

level. This study also found alteration in mitochondrial and microsomal enzymes at 200 and 400 mg/kg;

29

the significance of these alterations in the absence of histological damage is not known. An increase in

30

liver weights was observed in rats administered 400 or 677 mglkg via gavage 5 days/week for 6 months

31

(Wolf et al. 1956); no histological alterations were observed. Although the alterations in the liver weight

32

were considered slight at 400 mg/kg and moderate at 677 mg/kg, the magnitude of the change and

33

statistical significance is not known; slight and moderate alterations in body weight were also observed at

34

these dose levels. Hepatic glutathione content was reduced in rats orally administered 900 mg/kg styrene
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for 7 consecutive days (Das et al. 1981); the toxicological significance .of this effect is not known. As
2

noled above, increased numbers of hemosiderin deposits and intranuclear crystalline inclusions were

3

reported in the hepatocytes of dogs orally administered 600 mg/kg/day of styrene by gavage for 316 days

4

(Quast et a1. 1979). This was presumably secondary to Heinz body formation, and no other hepatic

5

histological effects were in this study. No hepatic effects were observed in rats exposed to 35 rnglkg/day

6

styrene in drinking water for 105 weeks (Beliles et al. 1985) or in rats administered 500 rng/kg styrene

7

I day/week for 120 weeks (ponomarkov and Tomatis 1978).

8

9
10

Renal Effects.

No studies were located regarding renal effects in humans after oral exposure to

styrene.

11
12

A decrease in renal glutathione content and decreased glutathione-S-transferase activity was noted in rats

13

orally administered 900 mglkg styrene for 7 days (Das et a1. 1983). Growth depression and slightly

14

increased kidney weight were reported in female rats administered 400 and 667 mg/kg, 5 days/week for

15

6 months (Wolf et al. 1956); the magnitude and statistical significance of the effect were not reported.

16

Histopathological examination of kidney tissue showed no abnormalities; thus, the changes in organ

17

weight were not considered adverse. In another study, female rats and mice were exposed to

18

1,350 rng/kg/day of styrene on the 17th day of gestation; the offspring were also administered styrene, by

19

gavage, 1 day/week for 120 weeks. No statistically significant increases in the incidence of kidney

20

lesions were observed in rats exposed to 500 mglkgcet0

21

alterations were observed in the kidneys ofrats chronically exposed to 35 mg/kg/day styrene in drinking

22

water (BeliJes et al. 1985).

9

jJinihwv and Tomatrs 1978).

No histological

23

24
25

3.2.2.3 Immunological and Lymphoreticular Effects

26

No studies were located regarding immunological effects in humans after oral exposure to styrene.

27

28

The World Health Organization (WHO 1983) reviewed a Russian study (Sinitskij 1969) in which styrene

29

was fed to 36 rabbits at doses of250 mglkg for 58 days, 5 rug/kg for 216 days, and 0.5 mglkg for

30

202 days. Impairment of the immunological defense system was indicated by a nearly total suppression

J1

of leukocyte phagocytic activity. Although no statistical analysis was provided, the data showed a dose

32

response relationship for both the severity of the effect and the time of onset. Similarly. impaired host

33

resistance was observed in mice exposed to 30 mg/kg/day and infected with encephalomyocarditis or a

362
···DRAFT - DO NOT CITE OR QUOTE - July 12, 2007'·'

Version 2.0

STYRENE

48
3, HEALTH EFFECTS

rodent strain of malaria and rats exposed to 294 mg/kg/day and infected with a rodent hookworm parasite
2

(Dogra et al. 1992).

3

4

3.2.2.4 Neurological Effects

5

6

No studies were located regarding neurological effects in humans following oral exposure to styrene.

7

8

Neurobehavioral effects and alterations in neurochemicals have been observed in animal studies.

9

Significant learning impairment was observed in an operant behavioral test in rats administered

10

500 mg/kg styrene in com oil,S days/week for 8 weeks (Bushnell 1994). A reversal of the effect was not

11

observed I year after exposure termination. Another study found significantly increased mean percent

12

avoidance response, indicative of impaired learning, in rats administered 100 or 200 mglkg/day styrene

13

for 14 days (Husain et a1. 1985). No alterations in foot shock-induced aggressive behavior or

14

amphetamine-induced motor activity were observed in young rats administered via gavage 250 mglkglday

15

styrene for 15 days (Khanna et al. 1994). However, significant alterations werc observed in similarly

16

exposed rats maintained on a low protein diet (8% casein versus 20% in normal diet).

17

18

Significant increases in serotonin levels in the hypothalamus, hippocampus, and midbrain were observed

19

in rats administered 200 mglkglday for 14 days (Husain et a1. 1985); no alterations in dopamine or

20

noradrenaline levels were observed. Exposure to a higher dose (906 mglkglday) fOT 15 days resulted in

21

increases in serotonin and noradrenalin in brain tissue (Husain ct a1. 1980). Neither study found

22

significant alterations in brain dopamine levels. Another study found a significant increase in dopamine

23

receptor binding, as assessed using labeled spiroperidol binding, in rats administered 200 or

24

400 mglkg/day for I day or 90 days (Agrawal et a1. 1982).

25
26

The highest NOAEL and LOAEL values for neurological effects in eaeh species and duration category

27

are recorded in Table 3-3 and plotted in Figure 3-2.

28
29
30

3.2.2.5 Reproductive Effects

31

No studies were located rcgarding reproductive effects in humans after oral exposure to styrene.

32
33

Marked degeneration in the seminiferous tubules and decreased spermatozoa were observta~.

""~.,. ~

34

administered 400 mglkg styrene via gavage

35

reproductive effects were observed in a three-generation reproduction study in which rats were exposed to

6*,w~o~ d~YtCS~TI89). No~;-
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1
2

3.2.2.7 Cancer

3

No studies were located regarding cancer effects in humans after oral exposure to styrene.

4
5

Investigations of the carcinogenic potential of styrene in animals after oral exposure have yielded variable

6

results. No significant alterations in the incidence of neoplastic tumors were observed in rats exposed to

7

gavage doses as high as 250 mglkg 4-5 days/week for 52 weeks (Conti et a1. 1988; Maltoni et al. 1982) or

8

2,000 mg/kg 5 days/week for 78-103 weeks (NCI 1979b) or in rats exposed to 35 mg/kg/day styrene in

9

drinking water for 2 years (Beliles et at. 1985). In contrast, significant increases in the incidence of lung

!O

tumors were observed in mice receiving gavage doses of 300 mglkg 5 days/week for 78-103 weeks (NCI

11

1979b). The incidences ofbronchiolo-alveolar carcinoma in male mice were 0120, 3/44, and 5/43 in mice

12

exposed to 0, 150, or 300 mg/kg, respectively, and the respective combined incidences ofbronchiolo

!3

alveolar carcinoma and adenoma in male mice were 0/20, 6/44, and 9/43. The incidence ofbronchiolo

14

alveolar carcinoma in the 300 mglkg group was similar to the incidence in untreated historical controls

15

(12%), but lower than the incidence in historical vehicle controls 0/40; however, the National Cancer

16

Institute (NCI 1979b) noted that the incidence in historical vehicle controls is based on too small a

17

number of animals for meaningful use of historical control data. Two studies conducted by Ponomarkov

18

a~~matis (197i~ed the carCinOgeni~01~~~,~••~t~a~ostnatal exposure.

19

In

20

observed for loa weeks, a significant increase in lung tumors was 0 served at 1,JSO R::Ig4fg; this dose was

21

~~~

ce}offspring e pose on gestation day I 'hfor 16 weeks sl

~~.~=~

.

i g after we

. g (1

day/we~ ~

- t H y . In th~ ~;~5udy, th~~~posed
C.S7

22

ongestationdaYI7~~fOrl ~ee ~e~b~~~wea~~

23

significant alterations in tumor incidence were observed.

24

25
26

3.2.3

Dermal Exposure

27

-No studies were located regarding health effects in humans after dermal exposure to styrene.

28

29

3.2.3.1 Death

30

31

No studies were localed regarding lethality in humans or animals after dermal exposure to styrene.

32
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3.2.3.2 Systemic Effects
2

3

No studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological,

4

musculoskeletal, hepatic, endocrine, or renal effects in humans or animals after dermal exposure to

5

styrene.

6

7

Dermal Effects.

8

in small amounts over a 4-week period to the shaved abdomen of rabbits at 20,000 mglkg total dose)

9

(Spencer et al. 1942).

Marked irritation with denaturation of the skin was noted when styrene was applied

10

II

Ocular Effects.

12

observed when undiluted styrene was tested in rabbit eyes (Wolf et al. 1956). The effects were produced

13

immediately (within 3 minutes) by a single administration oftwo drops (about 0.1 mL) and persisted

14

throughout the 7-day observation period.

Moderate conjunctival irritation and transient corneal injury of the eyes were

15

16

No studies were located regarding the following health effects in humans or animals after dermal

17

exposille to styrene:

18

19

3.2.3.3 Immunological and lymphoreticular Effects

20

3.2.3.4 Neurological Effects

21

3.2.3.5 Reproductive Effects

22

3.2.3.6 Developmental Effects

23

3.2.3.7 Cancer

~OXICITY
26
27

The genotoxicity of styrene has been examined in numerous in vivo studies of workers and laboratory

28

animals; these data are summarized in Table 3-4. Chromosomal damage, DNA slrand breaks, and

29

mutagenic effects have frequently been studied in workers exposed to styrene in the production of

30

reinforced plastic products and styrene/polystyrene production. In general, these studies are limited by

31

the fact that workers in these industries are often exposed to chemicals other than styrene, such as

32

methylene chloride and epoxide resins, and many studies did not control for potential confounding factors

33

such as age, sex, and smoking status. Chromosomal aberrations have been reported in numerous studies

34

of workers exposed to styrene for 1- 25 years in reinforced plastic operations (Anwar and Shamy 1995;

35

Artuso et al. 1995; Hogstedt et al. 1979; Mili-Paakkanen et al. 1991; Meretoja et al. 1977, 1978;
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3.4

TOXICOKINETICS

2

3
4

3.4.1

Absorption

5

3.4.1.1

Inhalation Exposure

6

7

The uptake of styrene following inhalation exposure in humans and animals is rapid (Ramsey and

8

Andersen 1984; Ramsey and Young 1978; Ramsey et a1. 1980; Withey and Collins 1979; Withey and

9

Karpinski 1985). Pulmonary retention of inhaled styrene in humans is approximately 2/3 of the

to

administered concentrations (Engstrom et al. 1978a, 1978b). For example, male human subjects were

II

exposed to styrene in inspired air during 3D-minute rest and three 3D-minute work periods on a bicycle

12

ergometer. The mean uptake was approximately 63% (range was 59-70%) ofthe amount of inspired

13

styrene. In exercising volunteers exposed to 50 ppm styrene for 2 hours, an average of 66.5% of the

14

inhaled styrene was absorbed (Johanson et a1. 2000). Another study in volunteers exposed to 50 ppm

15

styrene for 2 hours during exercise calculated that 64% of the styrene was absorbed (Norstom et a1. 1992).

16

Exposures of rats to styrene concentrations of 50-2,000 ppm for 5 hours yielded blood uptakes that

17

showed a continued and increasing rapid absorption, proportional to the styrene air level (Withey and

18

Collins 1979). Plateau levels of styrene in rats' blood were reached within 6-8 hours during exposures

19

ranging from 80 to 1,200 ppm styrene for up to 24 hours (Ramsey and Young 1978). Physioiogically

20

based inhalation pharmacokinetic models indicate that styrene metabolism becomes saturated at inhaled

21

levels above 200 ppm in mice, rats, and humans (Ramsey and Andersen 1984). When inhaled

22

concentrations are below 200 ppm, the ratio of styrene concentration in the blood to inhaled air is

23

moderated by perfusion-limited metabolism rather than blood:air partition coefficients.

#-of'"~IS

24
25

3.4.1.2 Oral Exposure

26
27

No studies were located regarding absorption in humans after oral exposure to styrene.

28

29

The absorption of styrene from the gastrointestinal tract was rapid and complete in rats deprived of food

30

overnight and given styrene by gavage at a total dose of3.147 mg styrene in 10 mL aqueous solution. A

31

peak blood level of 6 IlglmL was reached in a few minutes. There was a much slower uptake of the

32

styrene administered in vegetable oil (Withey 1976). Styrene administered in vegetable oil at a total dose

33

of32.61 mg produced a peak level of 121lglmL. This was reached at about 100 minutes (Withey 1976).

34

366
'''DRAFT - DO NOT CITE OR QUOTE - July 12, 2007'"

Version 2.0

56

STYRENE
3. HEALTH EFFECTS

An oral dose of 20 rng/kg of I~C styrene was administered to male and female rats (plotnick and Weigel

2

. 1979). Tissue levels peaked at 4 hours or earlier after dosing. Less than 10% of the administered dose

3

was found in the stomach, small intestine, and large intestine 8 hours after dosing. The kidney had the

4

highest concentration of radioactivity at all time intervals, with decreasing amounts in the liver and

5

pancreas. Fal tissue showed increased levels after 2 hours. All tissue levels were below 1 ).lg/g at

6

24 hours and at 48 and 72 hours were below the limit of detection. Excretion data from the Plotnick and

7

Weigel (1979) study are presented in Section 3.4.4.2.

8

9

3.4.2.3 Dermal Exposure

10

11

No studies were located regarding distribution in humans after dermal exposure to styrene.

12
13

Inunersion of rats' tails in pure liquid styrene for I hour resulted in styrene levels in the liver and brain

I'

that were estimated to be between 50 and 70% of the concentrations found in the same organs after 4-hour

15

inhalation exposure to a vapor concentration of 11.8 g/m3 (Shugaev 1969). A skin:air partition;oeffi~

16

of91.9 was calculated using rat skin (Mattie et a1._1994).
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18
19

3.4.3

20

There have been numerous studies, fonducted primarily via inhalation, that

21

styrene in humans and animals

22

Leibman 1975; Lofet a1. 1983; @ o J l i n s 1979; Young et a1. 1979). The proposed pathways of

23

styrene metabolism are shown i

2.

c)1ochrome P-450 dependent mono-oxygenase to styrene oxide. The styrene oxide is then hydrated to

25

phcnylethyiene glycol (styrene glycol). This transformation is catalyzed by microsomal epoxide

26

hydratase. The styrene glycol is then metabolized directly to MA or to benzoic acid and then hippuric

27

acid. Mandelic acid is also metabolized to PGA The MA, hippuric acid, and PGA are excreted in the

28

urine. In anolher pathway, styrene oxide is metabolized by cystolic glutathione-S-transferase to

29

mercapturic acids appearing in the urine as hydroxyphenylethyl mercapturic acid. A minor melabolic

30

pathway of styrene in rats involves the formation of 1- and 2-phenylethanoi and ring hydroxlation to form

31

vinyl phenol as urinary metabolites. The presence of 4-vinylphenol has been reported in the urine of

32

workers exposed to styrene, but this may have been due to the contamination of the styrene to which the

33

subjects were exposed (Pfafili el a1. 1981). The urinary metabolites that predominate in humans are MA

3'

and PGA In rats, the predominant urinary metabolites are MA, PGA, hippuric acid, and glucuronide.

35

Metabolic conversion to styrene-7,8-epoxide (styrene oxide) by the microsomal mixed function oxidase

Metabolism

.

(Dru~ond

igure 3

()..Fo

addres~1h~~t~bolism ~f

et a1. 1989; Engstrom et al. 1976; Korn et a1. 1984, 1987;

Styrene is metabolized by the microsomal NADPH
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and epoxide hydratase from the liver and spleen of several rodent species has been demonstrated
2

(Belvedere and Tursi 1981; Cantoni et a1. 1978; Leibman 1975; Lof et a1. 1984; Vainio et a1. 1979).

3

However, styrene oxide has only been found at low concentration, close to detection levels (0.02 j.Ul101lL),

4

in the blood of workers exposed to styrene (Lof et al. 1986a; Mendrala et aI. 1991) investigated the

5

species differences in the in vitro hepatic metabolism of styrene. The results indicated that mice had the

6

greatest capacity to produce styrene oxide (highest styrene epoxidase activity), followed by rats and then

7

humans. In addition, humans may have the highest capacity to metabolize styrene oxide to styrene

8

glycol, since the human form of styrene oxide hydratase had the h:ighest affinity (lowest Km) for styrene

9

oxide. Assuming that styrene oxide is the metabolite responsible for styrene-induced toxicity (see below),

10

the results of this study indicate that care must be taken in extrapolation of data from animal studies to

II

humans for risk assessment.

(J ~

~
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13
14

3.4.4

Elimination and Excretion

15
16

3.4.4.1

Inhalation Exposure

17

Several studies have demonstrated that styrene is almost totally excreted as urinary metabolites in

18

humans, and at higher doses, the elimination profile indicates saturation of metabolic excretion or

19

processes (Ramsey and Young 1978; Ramsey et a1. 1980). Most of the inhaled styrene is excreted in

20

urine as MA and PGA. In a study of the excretion of styrene and its metabolites resulling from a

21

1OO-ppml8-hour inhalation exposure, 2.6% of the total uptake was excreted as unchanged styrene in

22

exhaled air (Guillemin and Berode 1988). The metabolites MA, PGA, and hippuric acid were excreted in

23

the urine at 56.9, 33, and 7.5% ofthe absorbed dose, respectively. In exercising volunteers exposed to

24

50 ppm styrene for 2 hours, 0.7-2.2% of the retained dose was exhaled as unchanged styrene (Johanson et

25

a1. 2000). Peak levels of styrene in the urine were measured immediately after exposure termination,

26

whereas urinary excretion ofMA and PGA peaked at 2 hours after exposure tennination. MA excretion

27

accounted for 6-29% of the estimated retained dose and PGA excretion accounted for 4--6%; the halftime

28

excretion rates ofMA and PGA wcre 2.2---4.2 and 3.5-13.9 hours, respectively. Phenylaceturic acid and

29

hippuric acid was also detected in the urine samples collected 2 hours after exposure termination. At this

30

time point, MA account for 73% of the total excreted metabolites, PGA 18%, phenylaceturic acid 4.5%,

31

and hippuric acid 5.7%. In styrene workers exposed to 29---42 ppm styrene, both R-mandelic acid and S

32

mandelic acid were detected in the urine (Hallier et a1. 1995). The ratio ofR- to S-mandelic acid ranged

33

from 0.7 to 1.2 in 19 of the 20 workers; in the last worker, the ratio was 2.2.

34

368
'''DRAFT  DO NOT CITE OR QUOTE -July 12,-2007'"

Version 2.0

STYRENE

59
3. HEALTH EFFECTS

2,000 ppm styrene by inhalation for 5 hours e>;.hibited a dose dependent biphasic pattern of elimination
2

(Withey and Collins 1979).

3

4
5

3.4.4.2 Oral Exposure

6

No studies were located regarding excretion in humans after oral exposure to styrene.

7

8

Excretion of styrene was sludicd in the same rats for which there was good distribution data (plotnick and

9

Weigel 1979). Styrene was rapidly excreted in the urine with 90% ofthe dose detected in the urine within

10

24 hours of administration. Less than 2% of the dose was found in the feces. Detectable tissue levels

II

were not found 48 and 72 hours after administration.

12

13

3.4.4.3 Dermal Exposure

14

15

In a study of the absorption of liquid styrene applied to the forC?anns of male volunteers, about 13% oribe

16

absorbed dose was excreted as MA (Dutkiewicz and Tyras 1968).

17

18

No studies were located regarding excretion in animals after dermal exposure to styrene.

19

20

3.4.5

Physiologically Based Pharmacokinetic PBPK)IPharmacodynamic PD) Models

21

22

Physiologically based pharmacokinetic (pBPK) models use mathematical descriptions of the uptake

23

and disposition of chemical substances to quantitatively describe the relationships among critical

24

biological processes Krishnan et al. 1994). PBPK models are also called biologically based tissue

25

dosimetry models. PBPK mo~els are increasingly used in risk assessments, primarily to predict the

26

concentration of potentially toxic moieties of a chemical that will be delivered to nny given target

27

tissue following various combinations of route, dose level, and test species Clewell and Andersen

28

1985). Physiologically based pharmacodynamic PBPD) models use mathematical descriptions of

29

the dose-response function to quantitatively describe the relationship between target tissue dose

30

and toxic end points.

31

32

PBPKlPD models refine our understanding of complex quantitative dose behaviors by helping to

33

delineate and characterize the relationships between: 1) the externaUexposure concentration and

34

target tissue dose of the toxic moiety, and 2) the target tissue dose and observed responses ~ndcrsen

35

and Krishnan 1994; Andersen et at 1987a). These models arc biologically and mechanistically
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based and can be used to extrapolate the pharmacokinetic behavior of chemical substances from
2

high to low dose, from route to route, between species, and between subpopulations witWn a

3

species. The biologicai basis ofPBPK models results in more meaningful extrapolations than those

4

generated with the more conventional use of uncertainty factors.

5

6

The PBPK model for a chemical substance is developed in four interconnected steps: 1) model

7

representation, 2) model parameterization, 3) model simulation, and 4) model validation Krishnan

8

and Andersen 1994). In the early 1990s, validated PBPK models wel"e developed fOl" a number of

9

toxicologically important chemical substances, both volatile and nonvolatile Krishnan and

10

Andersen 1994j Leung 1993). PBPK models fOl" a particulal" substance l"equil"e estimates of the

II

chemical substance-specific physicochemical panmeters, and species-specific physiological and

12

biological pal"ameten. The numerical estimates of these model parameters are incorporated within

13

a set of differential and algebraic equations that describe the pharmacokinetic processes. Solving

14

these differential and algebraic equations provides the predictions of tissue dose. Computers then

15

provide process simulations based on these solutions.

16

17

The structure and mathematical expressions used in PBPK models significantly simplify the true

18

complexities of biological systems. If the uptake and disposition of the chemical substances) are

19

adequately described, however, this simplification is desirable because data are often unavailable

20

for many biological proc;:csscs. A simplified scheme reduces the magnitude of cumulative

21

uncertainty. The adequacy of the model is, therefore, of great importance, and model validation is

22

essential to the use of PBPK models in risk assessment.

23

24

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify

25

the maximal i.e., the safe) levels for human exposure to chemical substances ~ndersen and

26

Krishnan 1994). PBPK models provide a scientifically sound meaDS to predict the target tissue dose

27

of chemicals in humans who are exposed to environmental levels for example, levels that might

28

occur at hazardous waste sites) based on the results of studies where doses were higher or were

29

administered in different species. Figure 3-4 shows a conceptualized representation of a PBPK

30

model.

31

32

IfPBPK models for styrene exist, the overall results and individual models are discussed in tWs

33

section in terms of their usc in risk assessment, tissue dosimetry, and dose, route, and species

34

extrapolations.
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2

Several invesligators have developed toxicokinelic, models for styrene (Csanady et al. 1994, 2003;

3

Jonsson and Johanson 2002; Leavens and Bond 1996). The Csanady et a1. (1994,2003) model is useful

4

for evaluating the carcinogenic risk associated with inhalation exposure to styrene. As discussed in

5

Section 3.2.1.7, species differences exist in the metabolism of styrene in the lungs ofrats, mice, and

6

humans; these differences result in increased sensitivity of mice. Jonsson and Johanson (2002) developed

7

a population-based PBPK model for styrene, which decreased the intraindividual variability for

8

estimating the metabolic capacity for styrene in humans. Leavens and Bond (1996) described initial ,?,ork

9

on developing a model for co-exposure to l,3-butadiene and styrene in mice. Some of these models

10

provide strong support for the observed differences in styrene toxicity between rats, mice, and humans.

II

As discussed further in Section 3.5.3, some have primarily focused on the species differences in the

12

metabolism of styrene and metabolic differences between rals, mice, and humans

13

14

3.5

MECHANISMS OF ACTION

15

16

3.5.1

Pharmacokinetic Mechanisms

17

18

Styrene is rapidly absorbed through the respiratory tract (Ramsey and Andersen 1984; Ramsey and

19

Young 1978; Ramsey et a1. 1980; Withey and Collins 1979; Withey and Karpinski 1985) with a mean

20

uptake of approximately 60-70% in humans (Johanson et a1. 2000; Norstrom ct a1. 1992). A

21

concentralion-dependent uptake efficiency was found in the upper respiratory tract of rats and mice

22

(Morris 2000). In rats, the uptake efficiency was 23.7% at 5 ppm and 10.1 % at 200 ppm; in mice, uptake

23

efficiency decreased from 41.7% at 5 ppm to 9.6% at 200 ppm. Based on the decreased uptake efficiency

24

observed in rats and mice following exposure to the cytochrome P450 inhibitor, metyrapone, Morris

25

(2000) suggested that styrene was metabolized in situ and this metabolism enhanced styrene uptake. In

26

humans, blood styrene levels reached steady state after 75 minutes of exposure to 70 ppm (Wigaeus et aL

27

1983). The elimination of styrene from blood was biphasic, with a half-time of I minute for the rapid

28

distribution phase and 40.8 minutes for the elimination phase. Styrene is rapidly distributed throughout

29

the body with the highest concentrations found in adipose tissue. In rats, the styrene concentration in the

30

adipose tissue was approximately 50-fold higher than in muscle; the biological half-time was 6.3 hours in

31

adipose tissue and 2.4--2.0 hours in the blood, liver, kidney, spleen, muscle, and brain (Teramoto and

32

Horiguchi 1979). Wigaeus et a1. (1983) estimated a human adipose tissue:blood partition coefficient

33

of74. In humans, styrene is primarily excreted in the urine as mandelic acid and phenyoxyglylic acid.

34

The half-times of mandelic acid and phenylglyoxylic acid in the urine were 3.6 and 8.8 hours,

35

respectively, in humans exposed to 70 ppm for 2 hours (Wigaeus et al. 1983); another study reported
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elimination half-times of2.2-4.2 hours for mandelic acid and 3.5-13.9 hours for phenylglyoxylic acid
2

following a 2-hour exposure to 50 ppm styrene (Johanson et a1. 2000).

3
4
5

3.5.2

Mechanisms of Toxicity

~ ~ ~ ~.- ~-~

',- ~5.5,3 ~W'~ ~ . .s.a~~,

6

A large number of studies have investigated the mechanism of styrene carcinogenic activity, particularly

7

the increased susceptibility of mice. Increases in lung tumors have been observed in mice exposed to

8

160 ppm 6 hours/day. 5 days/week for approximately 2 years (Cruzan et a1. 2001) and following gavage

9

exposure to 300 mglkglday administered 5 days/week (NC! 1979b); however, neoplastic tumors have not

10

been obscrved in rats exposed to concentrations as high as 1.000 ppm 6 hours/day. 5 days/week for

Jl

2 years (Cruzan et a1. 1998) or 2,000 mglkglday 5 days/week for 2 years (NC! 1979b). A2. reviewed by

12

IARC (2002), Cohen et a1. (2002), and Cruzan et al. (2002), genotoxic and nongenotoxic modes of action

13

have been proposed. Although styrene itself does not appear to be DNA reactive, styrene 7,8-oxide is

14

DNA reactive and has been shown to form stable N2 and 0 6 adducts of deoxyguanosine. Styrene oxide,

15

DNA adducts, and genotoxic effects have been detected in humans, rats, and mice. Styrene (styrene

16

7,8-oxideis thelikel~cqusla~~'mffiwMe~in~~n~

17

result in increased frequency of sister chromatid exchange, chromosomal aberrations, micronucleated

18

cells, and DNA strand breaks. However, elevated levels of blood styrene oxide do not explain the species

19

differences in tumor foonation. In humans, styrene 7,8-oxide is rapidly hydrolyzed by epoxide hydrolase

20

as evidenced by the high levels of mandelic acid, phenylglyoxylic acid, and hippuric acid detected in the

21

urine. Styrene 7,8-oxide is relatively stable in rats and mice, and elevated levels have been dctected in

22

blood. The blood levels of styrene oxide in rats exposed to 1,000 ppm is IOO-fold higher than the levels

23

in mouse exposed to 20-40 ppm; however, tumors have not been detected in rats.

24
25

Although the nongenotoxic potential mode of action also implicates styrene 7,8-oxide as the causative

26

agent, it involves cytotoxic damage at the target tissue. the lung. In the lung, the cytotoxic effects of

27

repeated exposure to styrene 7,8-oxide results in bronchiolar epithelial hyperplasia, which eventually

28

results in the formation of neoplastic tumors. In the·mouse lung,' styrene is primarily metabolized by

29

cytochrome P450, particularly the CYF2F2 isoform, in the Clara cell. HUmans appear to have a lower

30

capacity to metabolize styrene in the lWlg compared to rats and a much lower capacity compared to mice.

31

Mouse Clara cells metabolize higher levels of styrene than rat Clara cells and produce a higher ratio of

32

R-enantiomer styrene oxide-to S entantiomer styrene oxide, as compared to rats. It has been estimated

33

that mice produce 15 times more R-enantiomers styrene oxide than rats. This is particularly important

34

since R-styrene oxide is a more potent pneumotoxicant than S-styrene oxide. In mice and rats, a portion
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of the styrene oxide generated is metabolized via glutathione conjugation. Mice appear to be more
2

susceptible to glutathione depletion than rats, and glutathione depletion has been observed in mouse IWlg

3

tissue at exposw-e concentrations of 80-300 ppm.

4
5

rARC (2002) concluded that the proposed mechanism involving the metabolism of styrene to styrene

6

7,8-oxide is the mouse Clara cell is the likely mode df action resulting in lung tumors in mice. This mode

7

of action is not likely to be relevant to humans to a biologically significant extent. However, this

8

mechanism and the genotoxic mode of action has not been excluded for humans, and styrene is

9

considered a possible human carcinogen.

10

~ "'" S /5 0

II
12

3.5.3

Animal-to-Human Extrapolations

13

Species

differenc~0xist

14

styrene in predormnantly metabollzerstyrene 7,8-oxlde. Species differences in the subsequent

15

metabolism of styrene 7,S-oxide exist. In humans, styreny 7,S-oxide is primarily hydrolyzed to mandelic

16

acid via epoxide hydrolase. Conjugation with glutathione also appears to be an important pathway in rats

17

and mice. In rats, 68-72% of the styrene mctabolites in urine are generated from the epoxide hydrolase

18

pathway and 26-35% are from the glutathione transferase pathway; in mice, 4S-59 and 20-35% arise

19

from the epoxide hydrolase and glutathione transferase pathways, respectively (Cruzan et al. 2002). In

20

contrast, 95-100% of the styrene 7,S-oxide is metabolized via the epoxide hydrolase pathway; only trace

21

amounts of mercapturic acids (from the glutathione transferase pathway) have been detected in human

22

urine. The difference in metabolism could result in significant increases in styrene 7,8-oxide levels in the

23

body following exposwe to high levels of styrene which may result in depletion of gluthatione.

24

Additionally, a small percentage of styrene can under ring oxidation resulting in the formation of

25

4-vinylphenol. Ring-opened compounds account for 4-8% of the urinary metabolites in mice, less than

26

1% in rats, and were not detected in humans. The production of 4-vinylphenol is potentially significant

27

mode of action because it is considered to be more toxic to the liver and lung than styrene or styrene

28

oxide (Cruzan et al. 2005b).

ill

the metabolism of styrene in humans, rats, and mice. In all three species,

(-rt" ~ ~ t.. ~ "" P62 )

29
30

As discussed in above, differences in the metabolism of styrene between humans, rats, and mice have

31

resulted in toxicity differences. Species differences in toxicity have been detected in the nasal epithelium,

32

lungs, and liver. In the ra~iratory tract, the species differences between rats and mice are due to local

33

metabolize of styrene to styrene oXid

34

The higher rate of metabolism in mice and higher production of
J
the more reaclive enantiomer likely rtults in increased susceptibility. The fact that humans have a more

. &..l/..... ~ ofJ...J;".~ ~ C(",.,..... AJ, ')4Q
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2

,

No in vitro studies were located regarding endocrine disruption of styrene.

4

There is some evidence in styrene workers and in female rats that inhalation exposure to styrene may

5

disrupt the tuberoinfundibular dopaminergic system. Significant alterations in serum prolactin l~vels

6

have been observed in male and female workers exposed to air concentrations as low as 50 ppm

7

(Bergamaschi et a1. 1996, 1997; Luderer et al. 2004; Muui et a1. 1984b); a regression model predicts that

8

exposure to 2':20 ppm would result in significant elevations in serum prolactin levels

9

EJe ated serum prolactin levels have a

o serv

uderer et al. 2004).

in female rats acutely exposed to 150 ppm

10

(U emura et a1. 2005); alterations have not been observed in male rats exposed to concentrations as high

II

as 1 500 ppm (Jarry et a1. 2002; Umemura et a!. 2005). As noted by NTP (2006), the clinical significance

12

oft

13

Styre e exposure does not appear to adversely affect thyroid stimulating hormone levels in humans

14

(Arfini tal. 1987) or rats (Umemura et al. 2005) or follicle stimulating hormone or luteinizing hormone

increased serum prolactin levels, in the absence of other reproductive effects, is not known.

~""" ~~~~fnp~
~~
,-,~.

15

mietal.I987).

16

17

No significant alterations were observed in a gonadal sex differentiation assay using genetic male frogs

18

exposed to styrene (Ohtani et a1. 2001).

19

20

3.7

CHILDREN'S SUSCEPTIBILITY

21

22

This section discusses potential health effects from exposures during the period from conception to

23

maturity at 18 years of age in humans, when all biological systems will have fully developed.

24

Potential effects on offspring resulting from exposures of parental germ cells are considered, as well

25

as any indirect effects on the fetus and neonate resulting from maternal exposure during gestation

26

and lactation. Relevant animal and in vitro models are also discussed.

27

28

Children arc not small adults. They differ from adults in their exposures and may differ in their

29

susceptibility to bazardous chemicals. Children's unique physiology and behavior can influence the

30

extent of their exposure. Exposures of children are discussed in Section 6.6, Exposures of Children.

31

32

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether

33

there is a difference depends on the chemicalruzelian et al.1992; NRC 1993). Children may be

34

more or less susceptible than adults to health effects, and the relationship may change with
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developmental age(Guzelian et al. 1992; NRC 1993). Vulnerability orten depends on developmental
2

stage. There are critical periods of structural and functional development during both prenatal

3

and postnatailife, and a particular structure or function will be most sensitive to disruption during

4

its critical periods). Damage may not be evident until a later stage of development There are often

5

differences in pharmacokinetics and metabolism between children and adults. For example,

6

absorption may be different in neonates because of the immaturity of their gastrointestinal tract

7

and their larger skin surface area in proportion to body weightGvtorselli et al. 1980; NRC 1993); the

8

gastrointestinal absorption of lead is greatest in infants and young childrenfz,iegler et al. 1978).

9

Distribution of xenobiotics may be different; for example, inrants have a larger proportion of their

10

bodies as extracellular water, and their brains and livers are proportionately larger ~Itman and

11

Dittmer 1974; Fomon

12

1964). The infant also has an immature blood-brain barrier Adinolfi 1985; Johanson 1980) and

13

probably an immature blood-testis barrier ~etchell and Waites 1975). Many xenobiotic

14

metabolizing enzymes have distinctive developmental patterns. At various stages of growth and

15

development, levels or particular enzymes may be higher or lower than those of adults, and

16

sometimes unique enzymes may exist at particular developmental stages \<omori et al. 1990; Leeder

17

and Kearns 1997; NRC 1993; Vieira et at. 1996). Whether differences in xenobiotic metabolism

18

make the cbild more or less susceptible also depends on whether the relevant enzymes are involved

19

in activation of the parent compound toIts toxic form or in detoxification. There may also be.

20

differences in excretion, particularly in newborns who all have a low glomerular filtration rate and

21

have not developed efficient tubular secretion and resorption

22

NRC 1993; West et al. 1948). Children and adults may differ in their capacity to repair damage

23

from chemical insults. Children also have a longer remaining lifetime in which to e:\-press damage

24

from chemicals; this potential is particularly relevant to cancer.

196~;

Fornon et al. 1982; Owen and Brozek 1966; Widdowson and Dickerson

capacities~Itman and Dittmer 1974;

25

26

Certain characteristics of tbe developing human may increase exposure or susceptibility, whereas

27

others may decrease susceptibility to tbe same chemical. For example, although infants breathe

28

more air per kilogram of body weight than adults breathe, this difference might be somewhat

29

counterbalanced by their alveoli being less developed, which results in a disproportionately smaller

30

surface area for alveolar

absorption~C 1993).

31

32

No studies were identified that examined the toxicity of styrene in children or young laboratory animals.

33

Several occupational exposure studies have examined the developmental toxicity of styrene; these studies

34

did not find statistically significant alterations in the occurrence of stillbirths, infant deaths,
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malformations, or birth weight (Ahlborg et al. 1987; Harkonen et a1. 1984; Lemasters e! al. 1989).
2

However, an expert panel (NIl' 2006) evaluating these data concluded that the human studies were not

3

sufficient to evaluate developmental toxicity due to the low statistical power of the studies and the lack of

4

adequate infonnation on exposure.

5

6

In general, animal studies have not found styrene-related developmental effects following inhalation

7

exposure in rats (Murray et al. 1978), mice (Kankaanpaa et al. 1980), rabbits (Murray et al. 1978), or

8

hamsters (Kankaanpaa et al. 1980) or oral exposure in rats (Daston et a1. 1991; Murray et al. 1978);

9

additionally, no developmental effects were observed in a rat two-generation study (Cruzan et a1. 2005b).

10

An expert panel determined that there was sufficient animal data to conclude that styrene does not cause

11

developmental toxicity in rats following inhalation or oral exposure or in rabbits following inhalation

12

exposure.

13

14

Studies in adults, particularly reinforced plastics industry workers, have identified the nervous system as

15

the most sensitive target of styrene toxicity. Inconsistent results have been found in animal

16

neurodevelopmenlal toxicity studies. Minor alterations in forelimb grip strength and performance in the

17

swimming. maze test were observed in F2 offspring of rats exposed to 500 ppm styrene; however, the

18

invest gator'S (Cruzan et a1. 2005a) attributed these alterations to a lower body weight rather than a

19

neuro

20

offspri g of rats exposed to 300 ppm during gestation (Katakura et a1.. 2001). Similarly, impaired

21

amphet mine-induced locomotor activity and apomorphine-induced stereotypy were observed in the

22

offsprin of rats orally administered 200 mglkglday styrene during gestation and lactation (Zaidi et a!.

23

1985).

24

velopmental effect of styrene. Another inhalation study found impaired righting reflex in the

""",,,,/1'-0 ~

~ ~ ~

-

~ .:.,

~,o.:... ~ ""--~ l-1...

25

No human or animal data were located On the toxicokinetic properties of styrene in children or immature

26

animals or possible age-related differenccs in the toxicokinetics of styrene. A lactational toxicokinetic

27

model predicted that styrene can by transferred via maternal milk (Fisher et al. 1997). Subsequent

28

sections of this chapter (Sections 3.8, 3.10, and 3.11) discuss the available information on biomarkers,

29

interactions, and methods for reducing toxic effects. The available information is from adults and mature

30

animals; no child-specific information was identified. It is likely that this infonnation will also be

31

applicable to children.

32
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studies have examined the toxicity of styrene following exposure to an acute oral dose. Abdominal

tO~levels of styrene in drinking water (Arnedo-Pena et

2

discomfort was observed in residents exposed

3

al. 2003); concomitant inhalation exposure to styrene limits the utilization of this study for MRL

4

derivation. A study in rats identified a LOAEL for neurotoxicity (Husain et a1. 1985) and another rat

5

study examined potential developmental effects, but found no adverse effects (Daston et a1. 1991). The

6

animal data are not considered sufficient to derive an oral acute-duration MRL. Thus, additional

7

single-dose oral and inhalation studies are needed to better defme toxicity thresholds. However, the

8

potential carcinogenicity of styrene prevents the design of controlled laboratory exposures in humans.

9

Dennal exposure to styrene at significant levels is wilikely except in the case of workplace spills and

10

dermal absorption is probably low based on limited human studies. However, the almost complete lack

11

of dennal toxicity data in animals and humans creates a degree of uncertainty on this issue. Therefore,

12

single-dose dermal studies would b~ useful in determining target organs and thresholds for dermal

13

exposure. In designing these types of studies, precautions should be taken to avoid concomitant

14

inhalation exposure.

15

L6

Intermediate-Duration Exposure.

17

limited to a study examining potential reproductive effects in workers (Lindbolm et a1. 1985); exposure

18

information was not provided. Inhalation studies in animals have reported damage to the nasal olfactory

19

epithelium in rats (Cruzan et a1. 1997, 2005a, 2005b; Ohashi et a1. 1986) and mice (Cruzan et a!. 1997,

20

2001), liver damage in mice (Cruzan et a1. 1997), eye irritation in rats (Cruzan et a1. 1997) and guinea

21

pigs (Spencer et a1. 1942), ototoxicity in rats (Campo et a1. 2001; Lataye et a1. 2000; Loguet et al. 1999,

22

2000; Makitie et a1. 2002; Pouyatos et a1. 2002; Pryor et al. 1987; Yano et a1. 1992), and impaired nerve

23

conduction velocity (Yamamoto et a1. 1997). A two-generation study in rats did not find reproductive,

24

developmental, or neurodevelopmental effects (Cruzan et al. 2005a, 2005b), but another study did find

25

neurodevelopmental effects (Katakura et aL 1999,2001). However, additional studies are needed, as the

26

data are not considered sufficient to derive an intennediate·duration inhalation MRL. Oral exposure

27

studies ofintennediate-duration are limited. Animal studies indicate that respiratory, hepatic,

28

neurological, and neurodevelopmental end points need further evaluation. There arc limited animal data

29

and no human data on the toxicity of styrene following intennediate-duration oral exposure. Studies by

30

Srivastava et al. (1982), Ponmarkov and Tornatis (1978), and Wolf et al. (1956) have examined a limited

3J

number of systemic end points. Other studies have identified adverse effect levels for neurological effects

32

(Agrawal et aL 1982; Bushnell 1994; Husain et al. 1980), impaired development of the reproductive

33

system (Srivastava et al. 1992a, 1992b), or neurodevelopmental effects (Zaidi et a1. 1985); no

34

reproductive effects were observed in a three-generation reproduction study (Beliles et al. 1985). The

Intermediate-duration inhalation cxposure studics in humans is
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current infonnation is not sufficient to develop'an oral MRL. One study examined the dennal toxicity of
2

styrene in rabbits (Spencer et al. 1942); basic information on the adverse effects of intennediate-duration

3

dermal.exposure to styrene in animals is also needed due to the sparsity of available data.

4
5

Chronic-Duration Exposure and Cancer.

6

examined the chronic toxicity of styrene. Systemic toxicity studies have examined endocrine

7

(Bergamaschi ct al. 1997; Mutti et a1. 1984b), hematological (Checkoway and Williams 1982; Thiess and

8

Friedheim 1978), hepatic (Hotz et a1. 1980; Lorimer ct al. 1978), or renal 01erplanke et al. ]998; Viau et

9

a1. 1987; Vyskocil et a1. 1989) end points; most studies relied on biomarkers of toxicity. The most widely

A large number of occupational exposure studies have

10

examined end point is neurotoxicity and the available data suggest that this is the most sensitive end

II

point. Examined neurological end points included color vision (Campagna et a1. 1995, 1996; Chia et a1.

12

1994; Eguchi et al. 1995; Fallas et al. 1992; Gobba et a1. 1991; Gong et a1. 2002; Kishi et a1. 2001; Multi

]J

et al. 1984a), vestibular effects (Calabrese et al. 1996; Moller et al. 1990), hearing impainnent (Morata et

14

a1. 2002; Morioka et a1. 1999; Muijser et al. 1988; Sliwinska-Kowalska et a1. 2003), symptoms of

15

neurotoxicity (Checkoway et al. 1992; Cherry et al. 1980; Edling et al. 1993; Viaene et al. 1998,200 I),

16

perfonnance on neurobehavioral tests (Cherry et al. 1980; Edling et a1. 1993; Gambcrale et a1. 1976;

17

Jegaden et a1. 1993; Lindstrom et a1. 1976; Multi et a1. 1984a; Tsai and Chen 1996; Viaene et a1. 1998,

18

2001), nerve conduction velocity (Behari et al. 1986; Murata et al. 1991; Rosen et al. 1978), olfactory

19

alterations (Dalton et al. 2003), and EEG alterations (Harkoncn et al. 1984; Seppalainen and Harkonen

20

1976). Other human studies have examined reproductive (Harkonen and Holmberg 1982; Henuninki et

21

a1. 1980) and developmental (Ahlborg et al. 1987; Lemasters et a1. 1989) end points. The chronic toxicity

22

of styrene has also been examined in rat (Cruzan et a1. 1998; Jersey et a1. 1978) and mouse (Cruzan et a1.

23

2001) studies. The occupational exposure studies were considered adequate for derivation of a chronic

24

duration inhalation MRL for styrene. Further research to define the dose-response curve more fully and

25

to identify a chronic inhalation NOAEL for neurological effects would be valuable and would help to

26

reduce uncertainty in the MRL. Data on chronic oral exposure to styrene is only available through animal

27

studies (Beliles el a1. 1985; Conti et a1. 1988; NCr 1979b; Quast et a1. 1979). In the_~:l~les, the ~ost

28

sensitive indicator of toxicity appears to be Heinz body formation in red blood

29

and the EPA has calculated a chronic oral RID based on this study (IRIS 2007). However, there is some

30

doubt regarding the chronic oral NOAEL, and whether hematological effects are really more sensitive

31
32

than neurological effec~~o_v.;r, te~1se\dq~t~~~0~ a~s/rmvel_s
slightly higher than the no-eff~vel Iornehiatological effects {Conti et al. 1988). Theierore~

33

chronic oral MRL has been derived. Further studies on the effects of oral exposure, with special

34

emphasis on neurological or neurobehavioral effects, would be valuable. Although chronic dermal

cell~l ~979)

onJx /1 ..

~
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exposure by the general public is not likely, there may be some potential for dennal contact with soil at
2

hazardous waste sites. Therefore, data on long-term effects of dermal contact with styrene would be

3

useful.

4

5

Taken together, the animal and human data indicate that styrene may possibly be a weak human

6

carcinogen. Although data from epidemiological studies are limited due to concurrent chemical

7

exposures and small cohorts, the data are suggestive of some carcinogenic potential in humans (Antilla et

8

a1. 1998; Bond et a1. 1992; Cheng et al. 2007; Coggon et a1. 1987; Delzell et a1. 1996, 2001; Frentzel

9

Beyme et aI. 1978; Gerin et al. 1998; Graff et a1. 2005; Hodgson and Jones 1985; Kogevinas et al. 1993,

10

1994; Kolstad et a1. 1993, 1994, 1995; Macaluso et al. ]996; Matanoski and Schwartz 1987; Matanoski et

II

a1. 1990; McMichael et

12

1980; Sathiakumar et al. 2005; Wong 1990; Wong et al. 1994). Inhalation and oral exposure studies in

13

rats have not found significant increases in the incidence of neoplastic tumors (Beliles et al. 1985; Conti

14

et al. 1988; Cruzan et a1. 1998; Jersey et al. 1978; Maltoni et a1. 1992; NCI 1979b). However, inhalation

15

and oral studies in mice have found significant increases in the incidence of neoplastic lung tumors

16

(Cruzan et al. 2001; NCI 1979b). The available data suggest that toxicokinetic differences between rats,

17

mice, and humans result in an increased sensitivity of mice. Clarification of the data is needed in several

18

areas. Almost all of the available epidemiological studies involve concurrent exposures to oth

19

che .

20

larifi

~1.

1976; Meinhardt et a1. 1982; Nicholson et a1. 1978; Okun et al. 1985; Ott et a1.

role of the metabolism of styrene ~

&~,{,8Ri 9JHSe

in humans and animals needs to be

needed to be further elucidated. Additional studies that
_D , .• DJI,.;).J ~ _".,. ...... ,.4

-= . ___~/~""'~~~::":_~--~

\1!:.~:~"'~~I:=- -:..-~

21
22

account for these issues would be valuable.

23

Genotoxicity.

24

conflicting, and the genotoxic potential of styrene is not clear (Andersson et al. 1980; Beliles et al. J 985;

25

Hogstedt et al. 1979; Meretoja et a1. 1977, 1978; Watanabe et al. 1981). The reasons for the mixed or

26

conflicting genotoxicity results may be differences in the metabolism or detoxification of styrene in the

27

various test systems employed. The role of the metabolite styrene oxide in genotoxicity assays on styrene

28

should be fully evaluated, preferably in mammalian in vivo systems. Toxicokinetic studies evaluating the

29

presence,level, and activity of styrene oxide in humans will influence the interpretation of genotoxicity

30

studies on styrene and their relevance to public health.

The results of genotoxicity tests for styrene both in vivo and in vitro are frequently

31

32

Reproductive Toxicity"

Occupational exposure studies have examined male and female styrene

33

workers to evaluate potential reproductive effects; however, most of these studies did not quantify styrene

34

exposure or exposure to other compounds, thus, interpretation of results is difficult. Inconsistent results
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have been reported for spontaneous abortions with some studies reporting significant increases (Harkonen
2

and Holmberg 1982; Hemminki et al. 1980; McDonald et a1. 1988) and others reporting no effect

3

(Harkonen and Holmberg 1982; Hemminki et al. 1980, 1984; Lindbohm et a1. 1985). Oligomenorhhea

4

was observed in one study of workers (Cho et al. 2001), but not in another study (Lemasters et al. 1985).

5

Studies in male workers have found alterations in sperm parameters (Kolstad et al. 1999a), but no

6

alterations in time-to-pregnancy (Kolstad et al. 2000; Sallmen et a1. 1998) or fertility rates (Kolstad et al.

7

1999c). A two-generation inhalation study (Cruzan et a1. 2005b) and three-generation oral study (Beliles

8

et al. 1985) in rats showed no styrene-related reproductive effects. However, testicular effects have been

10

observed in an oral exposure study (Srivastava et a1. 1989), but not in~alation stud·y....(Salomaa et a1.
C...,....... ..,l-.J. ~O!i>~
1985~. AdditIonal reproductive data on occupationally-exposed males would be useful in evaluating the

11

existing animal data that indicates altered testicular function and studies in females would be useful in

12

evaluating the inconsistent findings in the existing studies.

9

13

14

Developmental Toxicity.

Data on the developmental effects of inhalation exposure to styrene are

15

available in humans and animals. Occupational exposure studies (Ahlborg et al. 1987; Hfu'k6nen et al.

16

1984; Lemasters et al. 1989) have not found increases in the occurrence of birth defects or birth weight.

17

However, interpretation of the results are complicated by exposure to other chemicals and lack of

18

infonnation on exposure levels. Additional occupational studies are needed to adequately assess trus end

19

point. Developmental studies in animals via inhalation (Cruzan et al. 2005b; Kankaapaa et al. 1980;

20

Murray et al. 1978) or oral (Beliles et a1. 1985) exposure have not found effects on fetal outcome, birth

21

weight, or incidence of abnormalities. However, several studies have reported neurodevelopmental

22

(Katakura et al. 1999, 2001; Zaidi et aI. 1985) or reproductive (Srivastava et a1. 1992a, I 992b) effects.

23

Additional studies are needed to examine the potential effects on the nervous and reproductive systems of

24

developing organisms. No studies examined the developmental toxicity of styrene following dermal

25

exposure.

26
27

Immunotoxicity_

Occupational exposure studies have found alterations in lymphocyte subsets

28

(Bergamaschi et al. 1995b; Biro et al. 2002), which may be indicative of reduced cell-mediated immunity

29

and an impaired immune response to concanavalin (Tulinska et a1. 2000); another study found no

30

alterations in immunoglobulin levels (Chmielewski et a1. 1977). Limited data in animals indicate that

31

inhalation (Ban et a1. 2006) and oral (Sinitskij 1969) exposure can also result in impaired immune

32

response. No dennal exposure studies examining irrununotoxicity were identified. Human and animal

33

studies provide suggestive evidence that the immune system is a target; additional studies would be useful

34

to further invesLigate the effect of styrene on immune function.
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stY~kerS in the reinforced plastic industry has been

2

Neurotoxicity.

3

extensively examined (Behari et a1. 1986; Calabrese et a1. 1996; Campagna et a1. 1995, 1996; Castillo et

4

a1. 2001; Checkoway et a1. 1992; Cherry et al. 1980; Chia et a1. 1994; Dalton et al. 2003; Edling et a1.

5

1993; Eguchi et a1. 1995; Fallas et al. 1992; Fung and Clark 1999; Gamberale el a1. 1976; Gobba et al.

6

1991, 1995; Gong et aJ. 2002; Harkonen et a1. 1984; !regren et al. 2005; Jegaden et a1. 1993; Kishi et a1.

7

2001; Lindstrom et a1. 1976; Matikainen ct al. 1992a; Moller et a1. 1990; Morata et a1. 2002; Morioka et

8

a1. 1999; Muijser et al. 1988; Murata et al. 1991; Mutti et al. 1984a; Niklasson et al. 1993; Rosen et a1.

9

1978; Seppaiainen and Harkonen 1976; Sliwinska·Kowalska et al. 2003; StetkaJova et a1. 1993; Triebig et

The neurotoxicity of

10

al. 1985,2001; Tsai and Chen 1996; Viaene et al. 1998, 2001; Yuasa et a1. 1996). A variety of

11

neurological effects have been observed in these studies

including~fRJ'airee.color vision,

slowed reaction

I]

i.~1erformance on neurobehavioral tests of memory and learning, altered vestibular function,
~hearing, reduced nerve conduction velocity, and increased clinical symptoms such as dizziness,

14

tiredness, memory loss, and feeling drunk. Additionally, several experimental studies have examined the

15

effects of acute exposure on vestibular function (Odvist et al. 1982; Stewart et a1. 1968), clinical

16

symptoms (Seeber et a1. 2004; Stewart et al. 1968), and performance on neurobehavioral tests (Seeber et

17

a1. 2004). Animal studies have primarily focused on the damage to the organ of Corti and hearing loss

18

(Campo et al. 2001; Crofton et al. 1994; Lataye et a1. 2003; Loquet et al. 1999,2000; Makitie et a1. 2002;

19

Pouyatos et a1. 2002; Pryor et aJ. 1987; Yano et al. 1992), although nerve conduction velocity has also

20

been examined (Kulig et a1. 1988; Yamamoto et aL 1997). The potential for neurotoxicity has not been

21

examined in humans orally exposed to styrene and a limited number of end points have been examined in

22

animals (Agrawal et a1. 1982; Bushnell 1994; Husain et al. 1980, 1985; Khanna et a1. 1994). The

23

neurological effects observed in styrene workers were used as the basis of a chronic-duration inhalation

24

MRL. Since tltis is based on a LOAEL, further studies which define the chronic NOAEL, as well as

25

acute- and intermediate-duration NOAELs, would be valuable especially allevels of styrene causing

26

problems with coordination and psychological function. These and other neurological effects may playa

27

role in the rate of workplace accidents and the level of performance. Additional studies in mammalian

28

animal models are needed to determine if styrene causes chronic damage to the central andlor peripheral

29

nervous systems and to determine the associated-mechanism of toxicity. Also, information is needed to

30

determine if neurotoxicity is a sensitive end point from exposure to styrene via the oral route.

12

time,

31

32

Epidemiological and Human DOSimetry Studies,

]3

of styrene in workers, as discussed in other sections, most of these studies have focused on neurotoxicity

34

and potential carcinogenicity of styrene. A common limitation of these studies is the poor

Numerous studies have exantined the toxicity
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1

characterization of exposure levels and possible exposure to other chemicals. Some studies provided no

2

data on styrene exposure levels and other studies provide current exposure levels with limited or no data

3

on past exposure levels. Occupational exposure and experimental studies also provide suggestive

4

evidence of acute upper respiratory tract irritation and eye irritation (Carpenter et a1. 1944; NIOSH 1983)

5

Stewart et a1. 1968) and possible endocrine effects (elevated levels of serum prolactin) (Arfini et a1. 1987;

6

Bergamaschi et al. 1996, 1997; Luderer et al. 2004; Mutti et al. 1984b); additional studies are needed to

7

confinn the results of these studies and to establish dose-response relationships. Additionally, there are

8

suggestive findings that styrene has the potential to induce reproductive effects (Cho et a1. 2001;

9

arkonen and Holmberg 1982; Hemminki et al. 19

. Kolstad et al. 1999c; McDonald et al. 1988);

10

however, poor characterization of tyrene exposure and the low statistical power of the studies limit the

II

usefulness of the studies; studies fmales and female styrene workers that examined a variety of

12

,eproductive end points and ade u i t C{h£:,ct~;:~W;;Zful~

13
14

15

Biomarkers of Exposure and Effect.

~

~ ~ ~ ~ -~~ 'J~
n

C-I-tO ;. ~ ~ -Y"{-- -""i
aM- !..4-0 ~ I I¥""" 

16

Exposure. Available studies indicate that there are good quantitative relationships between styrene

17

metabolites (MA and PGA) in the urine and styrene exposure levels in humans (Bartolucci et a1. 1986;

18

Chua et al. 1992; Elia et a1. 1980; Engstrom et a1. 1976; Harkonen et a1. 1978; Ong ct a!. 1994; Sedivec et

19

al. 1984; Sollenberg et al. 1988; Symanski et a1. 2001). Levels of styrene in blood have also been used as

20

a biomarker of exposure (Antoine et ai. 1986; BascH et al. 1988a; Ramsey et al. 1980).

21

22

Effect. There are currently no biomarkers specific for the effects of styrene that are not also typical of

23

other central nervous system depressants. Further research is needed to evaluate potential biomarkers of

24

effect in the areas of chromosome aberrations, psychomotor decrement, hepatic glutathione depletion, and

25

adipose tissue retention of styrene. These potential biomarkers should be evaluated in tenns of long-term

26

or chronic exposure periods, and their specificity for exposure to styrene.

27

28

Absorption, Distribution, Metabolism, and Excretion.

29

identified as an intermediate metabolite of styrene (Drummond et al. 1989; Engstrom et al. 1976; Korn et

30

al. 1984, 1987; Leibman 1975; Lof et a1. 1983; Withey and Collins 1979; Young et a1. 1979). However,

31

styrene oxide has only been found in minute amounts in human studies (Lof et a1. 1986a). The presence

32

of styrene oxide, a mutagen and carcinogen, may account for some conflicting results and/or interspecies

33

variation in mutagenicity tests and cancer bioassays. The role, ifany, of styrene oxide in the overall

34

toxicity of styrene needs to be evaluated by additional metabolism studies to confirm its presence, level,

Styrene oxide (styrene epoxide) has been
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5.2

IMPORT/EXPORT

2
3

Imports of styrene have generally been <1 % of U.S. domestic production volumes, with imported stYJ;'ene

4

amounts decreasing over the last decades, and exported amounts increasing during the same time period.

5

Styrene imports were reported to be 26.4 million pounds for 1976, 320 million pounds in 1986, (Dickson

6

et al. 1983; IARC 1979), but only 1 million pounds in 1999 (HSDB 2007). These trends indicate a higher

7

capacity for domestic producers to meet industry needs. Styrene exports were <1 billion pounds in 1978,

8

but had exceeded] billion pounds by 1983. Exports have slowly increased such that recent export data

9

(2000) indicate that the U.S. exports >2 billion pounds of styrene annually (HSDB 2007), also indicating

10

that domestic production is more than capable to serve domestic needs.

"'-\~~~~;.~.

II
12

5.3

~ ~

~::S:;~~~~,j,,~ ~_~ .,;,L.'.:T.:':.J.. P'f'~

USE

13
14

Styrene is used predonunantly (65% of tal product) III the production of polystyrene p~b'ta1ldreSlns

15

(James and Castor 2005). Some of

16

~he fabrication offib~~;b'~~tyrene is also used as an intermediate in the synthesis of materials

17

used for ion exchange resins and to produce copolymers such as styrene-acrylonitrile (SAN) and

18

acrylonilrile-butadiene-styrene (ABS), both representing approximately 9% of styrene use, and styrene

19

butadiene rubber (SBR), representing approximateJy 6% of styrene use. SBR is used for such products as

20

car tires, hoses used for industrial applications, and shoes. A related polymer, styrene-butadiene latex

21

(approximately 7%), is used in making carpet, coatings for paper, and as part of latex paints.

22

Approximately 9% goes into SAN copolymer and polymers of ABS. SAN and ABS are used for

23

materials such as piping, automotive components, refrigerator liners, plastic drinking glasses, and car

24

battery enclosures. An additional 7% is fonnulated with unsaturated polyester resins in such things as

25

boat hulls (fiberglass reinforcement materials). The remaining amounts of styrene produced arc used for

26

several types of applications, including less common Ihermoplastics and even for laboratory and water

27

purification uses (ion-exchange resins) and glues and adhesives (James and Castor 2005). Styrene

28

copolymers are also frequently used in liquid toner for photocopiers and printers (HSDB 2007).

esc resins are used for construction purposes such as in insulation or

29
30

The Food and Drug Administration (FDA) pennits styrene to be used as a direct additive for synthetic

31

flavoring and an indirect additive in polyester resins, ion-exchange membranes, and in rubber articles (5%

32

by weight maximum) intended for use with foods (HSDB 2007; TARC 1979; NIOSH 1983).

33
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6. POTENTIAL FOR HUMAN EXPOSURE
2

3

6.1

OVERVIEW

4

5

Styrene bas been identified in at least 31 ofthe 1,689 hazardous waste sites that have been proposed

6

for inclusion on the EPA National Priorities List (NPL) (HazDat 2007). However, the number of

7

sites evaluated for styrene is not known. The frequency of these sites can be seen in Figure 6-1. Of

8

these sites, 30 are located within the United States and one is located in the Commonwealth of

9

Puerto Rico (not shown).

10
II

Slyrene is a widely used industrial chemical with reported atmospheric emissions of>54 million pounds

12

annually in the United States (TRIOS 2007). Styrene photodegrades in the atmosphere, with a half-life

13

ranging between 7 and 16 hours (which are the degradation half-lives catalyzed by reactions with

14

hydroxyl radical and ozone, respectively). Styrene is moderately mobile in soil and volatilizes from waler

15

to the atmosphere. Styrene will undergo biodegradation in most top soils and aquatic environments, but

16

degradation will be much slower in environments that are anaerobic. Bioconcentralion does not appear 10

17

be significant

18
19

The principal route of styrene exposure for the general population is probably by inhalation of

20

contaminated indoor air. Mean indoor air levels of styrene have been reported in the range ofO.l

21

50 flg/mJ, and can be attributed to emissions from building materials, consumer products, and tobacco

22

smoke. It should be pointed out that the workplace or home office may have substantially highcr levels of

23

airborne styrene, due to emissions from laser printers and photocopiers. General workplace styrene

24

concentrations ranged from 89 to 1.Sxl 0 6 Jlgfm3 . The most significant exposure route in these settings is

25

26

exposure are probably the reinfowed
~" c""."~:::<'f':ff. ~may
~
'"inQareas
r.
plastics factories, boatbuilding facilities, and~xposure
also be Jiigh

27

near major spills. Exposure to styrene from hazardous waste sites is potentially important, but the

28

magnitude of the problem is unknown. The potential for outdoor exposure to styrene is lower than indoor

29

exposure, with reported~ ranging from 0.28 to 20 flgfm3 .

also likely by inhalation. The industries with the

highesU~QJ~ntial

30

31

6.2

RELEASES TO THE ENVIRONMENT

32

33

The Toxics Release Inventory (TlU) data should be used with caution because only certain types of

34

facilities are required to report (EPA 2005). This is not an exhaustive list. Manufacturing and

35

processing facilities are required to report information to the TRI only if they employ 10 or more
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~ .• 1: ~ ~ .

concentration of 004 J..Lg/L (Antoine et a1. 1986), and in exhaled breath at mean concentrations of 0.72

\.6

~g!m'(EPA 1987e).

.

3

~~-I/JY\-~

0.1 \
'iW.

~

,

A large number of workers are potentially exposed to styrene. NIOSH estimates that approximately

5

300,000 workers at 22,000 facilities may be exposed to styrene (NOES 1989); about 30,000 of these on a

6

full-time basis (NIOSH 1983) and about 86,000 are females. The highest potential exposure occurs in the

7

reinforced-plastics industry, where workers may be exposed to high air concentrations and also have

8

dermal exposure to liquid styrene or resins (Lemasters et a1. 1985; NIOSH 1983). Hemminki and Vianio

9

(1984) estimated that heavily exposed workers in this industry in Finland might be exposed to up to 3 g of

10

styrene per day. Significant occupational exposures may also occur in other industrial settings, including

11

styrene polymerization, rubber manufacturing, and styrene-polyester resin facilities (Engstrom et a1.

12

1978b; NIOSH 1983; Rappaport and Fraser 1977) as well as in photocopy centers or facilities (Leovic et

.13

al. 1996, 1998; Stefaniak et al. 2000).

\4

I\.. ~ ~ ~
t"
~ ~(

*" \u.

15
16

6.6

EXPOSURES OF CHILDREN

17

This section focuses on exposures from conception to maturity at 18 years in humans. Differences

18

from adults in susceptibility to hazardous substances are discussed in Section 3.7, Children'S

19

Susceptibility.

20
21

Children are not small adults. A child's exposure may differ from an adult's exposure in many

22

ways. Children drink more fluids, eat more food, breathe more air per kilogram of body weight,

23

and have a larger skin surface in proportion to their body volume. A child's diet often differs from

24

that of adults. The developing human's source of nutrition changes with age: from placental

25

nourishment to breast milk or formula to the diet of older children who eat more of certain types of

26

foods than adults. A child's behavior and lifestyle also influence exposure. Children crawl on the

27

Ooor, put things in their mouths, sometimes eat inappropriate things (such as dirt or paint chips),

28

and spend more time outdoors. Children also are closer to the ground, and they do not use the

29

judgment of adults to avoid hazards (NRC 1993).

)0

31

Children can be exposed to styrene at home by inhalation of contaminated air and by food consumption.

]2

Inhalation-based exposures may occur in both urban and ruml home environments, both ofwruch may be

]3

contaminated by vehicular and industrial emissions. In addition, exposure to tobacco smoke may provide

]4

another route of styrene exposure, especially in homes where one or both parents, any siblings, or other
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Table 2-1. Results of Selected Human Neurotoxicity Studies
Result

Reference

lmpaired culOi VISion

Chi8 et al. 1994

~J...,
d....~C.,:, ... ~

NOAEL ppm

Kishi et al. 2001

4

Gong et al. 2002
Gabba et al. 1991
Iregren et al. 2005

Fallas et al. 1992
Campagna et al. 1996
Eguchi et al. 1995

Neurological symptoms

Flodin et al. 1989
Edling et al. 1993
Checkoway et a1. 1992

B
6
B.6
10.8

Cherry et al. 1980

Vestibular effects

Moller et al. 1990
Toppila et al. 2006
Calabrese et al. 1996

Reaction lime

Edling el al. 1993
Tsai and Chen 1996

21.9

Jegaden et al. 1993

22.68

FaUas et al. 1992

24.3

Mutti et al. 19848

25
47
92
3.68
15.6
16

Cherry et al. 1980
Morata et al. 2002

Sliwinski-Kowalska et a1. 2003
Morioka et al. 1999
Moller et al. 1990
Calabrese et al. 1996

Nerve conduction velocity

18.9
92
18
24.8
36

B.6

Gamberale et al. 1976

Hearing

LOAEL ppm
6
10
10
16
22
24.3
26
93

Seppalainen and Harkenen 1976

StetkiMova et al. 1993
Triebig et al. 1985

18
36
30
50
100
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1. PUBLIC HEALTH STATEMENT
2
3

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

4

5

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in

6

the nation. These sites are then placed on the National Priorities List (NFL) and are targeted for

7

long-term federal clean-up activities. Styrene has been found in at least 31 of the 1,689 current or

8

former NPL sites. Although the total number of NPL sites evaluated for this substance is not

9

known, the possibility exists that the number of sites at which styrene is found may increase in the

10

future as more sites arc evaluated. This information is important because these sites may be

II

sources of exposur,and exposure to this substance may harm you.

12

"

13

When a substance is released either from a large area, such as an industrial plant, or from a

14

container, such as a drum or bottle, it enters the environment. Such a release does not always lead

15

to exposure. You can be exposed to a substance only when you come in contact with it. You may be

16

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

17

18

If you are exposed to styrene, many factors will determine whether you will be harmed. These

19

factors include the dose (how much), the duration (how long), and how you come in contact with it.

20

You must also consider any other chemicals you are exposed to and your age, sex, diet, family

21

traits, lifestyle, and state of health.

22
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What is styrene?
2

Colorless liquid
that evaporates
easily

In its pure form, styrene has a sweet smell. Manufactured styrene often
contains other chemicals that give it a sharp. unpleasant odor

Large amounl/Pf styrene are produced in the United States. Small amounts
Used in
manufacturing
are produced naturally by plants. bacteria, and fungi. Styrene is also present
and in consumer in combustion products such as cigarette smoke and automobile exhaust.
products
Styrene is widely used to make plastics and rubber. Consumer products
containing styrene include:

•
•
•
•
•

•

packaging materials
insulation for electrical uses (i.e., wiring and appliances)
insulation for homes and other buildings
fiberglass, plastic pipes, automobile parts
drinking cups and other "food-use" items
carpet backing

These products mainly contain styrene linked together in long chains
(polystyrene). However, most of these products also contain a small amount
of unlinked styrene.
3
4

For more information on the physical and chemical properties of styrene, and its production, disposal, and

5

use, see Chapters 4 and 5.

6

1

What happens to styrene when it enters the environment?

g
Most commonly Styrene can be found in air, soil, and water after release from the
found in air
manufacture, use, and disposal of styrene-based products.
Rapidly broken Air: Styrene is quickly broken down in the air, usually within 1-2 days.
down
Water and soil: Styrene evaporates from shallow soils and surface water.
Styrene that remains in sailor water may be broken down by bacteria or other
microorganisms.
9

lO

For more infonnation on styrene in the environment, see Chapter 6.

II
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Information about tests for detecting styrene in the body is given in Chapters 3 and 7.
2
3
4

What recommendations has the federal government made to protect human
health?

5
6

The federal government develops regulations and recommendations to protect public heaUh.

7

Regulations can be enforced by law. The EPA, the Occupational Safety and Health Administration

8

(OSHA), and the Food and Drug Administration (FDA) are some federal agencies that develop

9

regulations for toxic substances. Recommendations provide valuable guidelines to protect public

10

health, but camwt be enforced by law. The Agency for Toxic Substances and Disease Registry

11

(ATSDR) and the National Institute for Occupational Safety and Health (NIOSH) are two rederal

12

organizations that develop recommendations for toxic substances.

13

:j='::
"'-"""'"

14

Regulations and recommendations can be expressed as "not-to-exceed" levels, that is, levels of a

15

toxic substance in air, water, soil, or food tbat do not exceed a critical value that is usually based on

dowl"\. b..

16

levels that'affect animals; they are then adjusted to levels that will help protect humans. Sometimes

, ............. rc...

17

these uot-to-exceed levels differ among federal organizations because they used different exposure

18

times (an 8-hour workday or a 24-hour day), different animal studies, or other factors.

Sl~(.. 1-0
~..<.

19

20

Recommendations and regulations are also updated periodically as more information becomes

21

available. For the most current information, check ,,;:jtb the federal agency or organization that

22

provides it.

23

24

Some regulations and recommendations for styrene include tbe following:

25
Levefs in drinking The EPA has determined that exposure to styrene in drinking water at
water set by EPA concentrations of 20 ppm for 1 day or 2 ppm for 10 days is not expected to
cause any adverse effects in a child.
The EPA has determined thai lifetime exposure to 0.7 ppm styrene is not
expected to cause any adverse effects.
Levels in bottled
water set by FDA

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

Levefs in
workpface air set
by OSHA

OSHA set a legallimil of 100 ppm styrene in air averaged over an 8-hour
work day.

26
27

For more information on regulations and advisories, see ChapLer 8.
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2. RELEVANCE TO PUBLIC HEALTH
2

3
4

2.1

BACKGROUND AND ENVIRONMENTAL EXPOSURES TO STYRENE IN THE UNITED
STATES

5

6

Styrene is a high production chemical; over 13 billion pounds of styrene was produced in the United

7

States in 2006 (SRI 2006). Small amounts of styrene are naturally present in foods such as legumes, beef,

8

clams, eggs, nectarines, and spices. It can also be present in packaged foods by migration from

9

polystyrene food containers and packaging materials. Styrene is a combustion product of cigarette smoke

10

(EPA 1984b) and automobile exhaust. Manufactured styrene is primarily used in the production of

11

polystyrene plastics and resins (James and Castor 2005) used principaiJy for insulation or in the

12

fabrication of fiberglass boats; production of copolymers such as styrene-acrylonitrile and acrylonitrile

13

butadiene-styrene, which are used to manufacture piping, automotive components, and plastic drinking

14

glasses; production of styrene-butadiene rubber used to manufacture car tires, hoses for industrial

15

purposes, and shoes; or formulated with unsaturated polyester resins used as fiberglass reinforcement

16

materials. Styrene copolymers are also frequently used in liquid toner for photocopiers and printers

17

(HSDB 2007).

18

19

Median styrene concentrations in urban and rural/suburban air samples range from 0.29 to

20

3.8 llg/mJ (0.07-0.9 ppb) (EPA 1986e, 1987e, 1988c; Fishbein 1992; Grosjean and Fung 1984; Grosjean

21

el al. 1998; Harkov et al. 1985; Wallace el al. 1986b) and 0.28-0.34 ~glm3 (0.06-0.08 ppb) (EPA 1988c;

22

Graedel1978; Islam and Stoncheva 1999; Kinney et aI. 2002). The median styrene concentration in

23

indoor air samples ranged from 0.4 to 8.9 )lglm J (0.09-2 ppb); the primary sources of styrene in indoor air

24

are cigarette smoke (EPA 1987e; Wallace et al. 1986a) and photocopiers (Stefaniak et al. 2000; Leovic et

25

al. 1996, 1998). Styrene is rarely detected in drinking water samples (EPA 1988b) and is rarely detected

26

in soil samples.

27
28

General popu~tion exposure to styrene in air and food has been estimated to be 18-54 and 0.2

29

1.2

30

0.0008 mglkglday (assuming a 70-kg reference body weight).

Ilglperso'ft~~pectiveIY, with a total daily exposure of 18.2-55.2 Jlgld~y (Tang el a1. 2000) or 0.0003

JI

32

2.2

SUMMARY OF HEALTH EFFECTS

J3

34

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

)5

15 years have firmly established the central nervous system as the criticallarget of toxicity. Both short
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and long-term exposures to styrene can result in neurological effects. Acute exposure data are limited to
2

the finding of impaired performance on tests of vestibular function in test subjects exposed to 87

3

376 ppm for 1-3 hours (Odkvist et al. 1982; Stewart et al. 1968). A variety ofneurologicaJ effects have

4

been observed in chronically exposed styrene workers; these effects include impaired color vision

5

(Campagna et a1. 1995, 1996; Chia et a1. 1994; Eguchi et a1. 1995; Fallas et al. 1992; Gobba et al. 1991;

6

Gong et al. 2002; Kishi et al. 2001; Mutli et a1. 1984a), vestibular effects (Calabrese et a1. 1996; Moller et

7

al. 1990), hearing impairment (Morata et a1. 2002; Morioka et al. 1999; Muijser et a1. 1988; Sliwinska

8

Kowalska et al. 2003), symptoms of neurotoxicity, particularly "feeling drunk" and tiredness (Checkoway

9

et a1. 1992; Cherry et al. 1980; Edling et a1. 1993; Viaene ct al. 1998,2001), delays in reaction time

10

(Cherry et al. 1980; Fallas et a1. 1992; Gamberale et al. 1976; Jegaden et al. 1993; Mutti et a1. 1984a; Tsai

11

and Chen 1996), impaired performance on tests measuring attention and memory (Chia et al. 1994;

12

Jegaden et al. 1993; Mutti et a1. 1984a), impaired nerve conduction velocity (Behari et a1. 1986; Gobba et

I]

al. 1995; Murata et al. 1991; Rosen et a1. 1978; Stetkarova et al. 1993; Yuasa et a1. 1996), and EEG

14

alterations (Harkonen et al. 1984; Seppaiainen and Harkonen 1976). The LOAELs for these effects range

15

from about 10 ppm to 93 ppm. In most of the occupational exposure studies, ne~ological function tests

16

werc conducted in the-morning before work, suggesting that the deficits were not acute effects. Results of

17

a meta-analysis suggest that the severity of the some of the neurological symptoms increases with

18

exposure duration (Benignus et al. 2005). For example, 8, 15, 25, and 35% increases in reaction time

19

were observed in workers exposed to 100 ppm for 2,4,6, and 8 work-years, respectively. However, this

20

may also be reflective of higher exposure levels in the past rather than an a duration-related increase in

21

severity. The existing data are inadequate to determine whether chronic styrene exposure results in

22

permanent damage. Mixed results have been found in studies examining workers before and after an

23

extended period without styrene exposure. Animal studies have also reported neurological effects,

24

although most of these studies have focused on effects on hearing and damage to the organ of Corti

25

(Campo ct a1. 2001; Crofton et a1. 1994; Lataye et al. 2000, 2001; Loquet et a1. 1999, 2000; Makilie et al. -+ ~

26

2002; Pouyatos et a1. 2002; Pryor et a1. 1987; Yano et a1. 1992)

Gh.......ld.'ae..
....J;~\

"'f""

27

28

Other effects that have been observed in animal studies include damage to the nasal olfactory epithelium

29

and liver necrosis; testicular damage and developmental effects have also been reported, but the weight of

30

evidence does not support concluding that these are sensitive targets. Damage to the nasal olfactory

31

epithelium was observed in mice after 3 days of exposure (Cruzan et a1. 2001). The severity of the lesion

32

progressed from single cell necrosis to atrophy and respiratory metaplasia (Cruzan et a1. 1997,2001) with

33

increasing exposure duration. The lowest-observed-adverse-effect levels (LOAELs) for these lesions are

34

80,50, and 20 ppm for acute, intermediate, and chronic exposure, respectively. Rats do not appear to be
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1

as sensitive as mice to the nasal olfactory epithelial damage; an intermediate-duration study identified a

2

no-observed-adverse-effect level (NOAEL) and LOAEL of 500 and 1,000 ppm for focal hyperplasia and

3

a chronic study identified a LOAEL of 50 ppm for atrophy and degeneration (Cruzan et a1.1998). The

4

observed species differences may be due to differences in styrene metabolism in the nasal cavity. In

5
6

particular, rats have a higher capacity to detoxify styrene oxide with epoxide hydrolases and glutathione
c:V"Ul64- \a..a.1y
S-transferase. It js not Jjkel~r lAtH ~umans ~ sensitlve to the nasal toxicity of styrene because styrene

7

oxide has not been detcctect,and high levels of epoxide hydrolases have not been found in in vitro assays

8

of human nasal tissue (Green" et a1. 2001a).

9

10

Unlike the nasal lesions, the severity of hepatic lesions decreases with increased exposure durations.

11

Severe hepatocellular necrosis was observed in mice exposed to 250 ppm for 3 days (Morgan et a1.

12

1993b); however, continued exposure at this concentration resulted in focal necrosis and an increase in

13

pigmented macrophages (Morgan et a1. 1993a). Centrilobular aggregates of side£hages were observed in

14

mice exposed to 200 ppm for 13 weeks (Cruzan et a1. 1997); no liver effects were observed at 160 ppm

15

after 2 years of exposure (Cruzan et a1. 2001). Rats are less sensitive than mice to liver toxicity; no liver

16

effects were observed in an intermediate-dw-ation study in which rats were exposed to a styrene

17

concentration 10-fold higher than the concentration eliciting hepatic effects in mice. No alterations in

18

serum markers of liver damage were observed in styrene workers exposed to 40 ppm for approximately

19

5 years (Harkonen et a1. 1984). Liver effects have not been observed in oral exposure studies; however,

20

no studies examined systemic end points following acute exposw-e.

21

j

22

Occupational exposure studies have not found significant increases in the occurrence of stillbirth, infant

23

death, malformations, or low birth weight (Ahlborg et al. 1987; Lemasters et a1. ]989). Most single and

24

multigeneration inhalation and oral exposure studies did not find significant alterations in fetus/pup

25

survival, growth, or incidence of abnormalities in rats, mice, rabbits, and hamsters exposed to styrene

26

(Beliles et a1. 1985; Cruzan et a1. 2005b; Daston et al. 1991; Kankaanpaa et a1. 1980; Murray et a1. 1978).

~ ,27

-#' L 28

~~f'

~.

129

An increase in fetal deaths were observed in hamsters exposed to very high concentrations (l ,000
1iV- c:..-..u:~_

(Kankaanpaa et a!. 1980) and in rats exposed to

l~er cOncentrations

tffi)

(Katakura et al. 1999,2001).

wo

studies have examined neurodevelopmental effects in rats; one study found some minor effects (slight

~./'

30

delays in some developmental landmarks) (Katakura et a1. 1999, 2001). The other, higher-quality study

-p.

31

did not fmd any significant alterations in a number of neurad evelop mental end points (Cruzan et a1.

32

2005a). The National Toxicology Program (NTP) Expert Panel examining the developmental potential of

33

styrene (NTP 2006) concluded that the human data are not sufficient to evaluate the potential

l('

\~

,\I<
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developmental toxicity of styrene in humans and that there was no convincing evidence of developmental
2

toxicity in artimals.

3

4

Although several epidemiology studies have examined potential reproductive effects in male and female

5

styrene workcrs, adequate analysis of the data is limited by the lack of exposure information and

6

concomitant exposure to othcr compounds. Mixed results have been found for increased occurrence of

7

spontaneous abortions (Harkonen and Holmberg 1982; Hemminki et a1. 1980, 1984; Lindbohm et a1.

8

1985; McDonald et a1. 1988) and oligomenorrhea (Cho et al. 2001; Lemasters et a1. 1985). In male

9

workers, sperm abnormalities have been reported (Kolstad et a1. 1999a), but not alterations in time-to

1999C)~0 adverse

10

pregnancy (Kolstad et a1. 2000; Sallmen et a1. 1998) or fertility rates (Kolstad et al.

11

reproductive effects were observed in inhalation (Cruzan et at. 2005b) and oral (Beliles et a1. 1985)

12

multigeneration studies in rats. A series of studies fOWld decreases in spermatozoa counts in rats exposed

13

as adults, as neonates, and through lactation (Srivastava et al. 1989, 1992a, 1992b). However, as noted by

14

the NTP Expert Panel (NTP 2006), this finding is not consistent with the lack of reproductive effects

15

found in the inhalation two-generation study (Cruzan et al. 2005b). The NOAEL identified in the

16

two-generation inhalation study was 500 ppm (6 hours/day), which is roughly equivalent to 230 mg/day

17

using a reference inhalation rate of 0.42 m3/day. The LOAEL for spermatozoa effects in adult rats was

18

400 mglkg (6 days/week), which is roughly equivalent to 158 rug/day using a reference body weight of

19

0.462 kg.

20
21

There are several epidemiologic studies of workers at styrene manufacturing and polymerization facilities

22

and reinforced plastics facilities that suggest an association between occupational exposure and an

23

increased incidence of cancer of the lymphatic and hematopoietic tissues in styrene (Hodgson and Jones

24

1985; Kogevinas et a1. 1993, 1994; Kolstad et a1. 1993, 1994; Nicholson et al. 1978; Ott et a1. 1980).

25

However, the reported studies are inconclusive due to exposure to multiple chemicals (including benzene)

26

and the small size of the cohorts. Other studies have reported negative results (Bond et al. 1992; Coggon

27

et al. 1987; Frentzel-Beyrne et a1. 1978; Matanoski and Schwartz 1987; Okun et a1. 1985; Wong 1990).

28

More consistent results for increases in the risk of lymphatic and hematopoietic cancers have been

29

observed among workers at styrene-butadiene manufacturing facilities (Delzell et al. 1996; Macaluso et

30

a1. 1996; Matanoski and Schwartz 1987; Matanoski et al. 1990; McMichael el a1. 1976; Meinhardt et al.

31

1982; Satruakumar el al. 2005). There is suggestive evidence that these increased risks may be due to

32

exposure to 1,3-butadiene rather styrene exposure (Cheng et a1. 2007; Delzell et a1. 2001; Graff et a1.

33

2005; Macaluso et a1. 1996, 1993; Matanoski et a1. 1997; Santos-Burgoa et al. 1992); however, it is

34

difficult to separate the risks for styrene and 1,3-butadiene because the exposure is highly correlated.
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There are no reports of cancer resulting from styrene exposure by the oral or dermal routes in humans.
2 *Species differences in styrene carcinogenicity have been detected in animal studi'es. Inhalation (Conti et
3

a1. 1988; Cruzan et al. 1998; Jersey et al. 1978; Maltoni et al. 1982) and oral exposure (Beliles et al. 1985;

4

Conti et al. 1988; Maltoni et al. 1982; NCI 1979b) studies in rats have not found significant increases in

5

neoplastic lesions. However, increases in lung tumors have been found in mice following inhalation

6

(Cruzan et al. 2001) and oral exposure (NCI 1979b). The increased production of styrene 7,8-oxide in

7

lung Clara cells and the higher ratio of styrene oxide R- to S-enantiomers likely resulted in the increased

8

sensitivity ofmice.tverall, human and animal studies suggest that styrene may be a weak. human

9

carcinogen. The International Agency for Research on Cancer (lARC) has assigncd styrene to Group 2B,

10

possibly carcinogenic to humans (IARC 2006).

II

12

2.3

MINIMAL RISK LEVELS (MRLs)

13

14

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

15

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be

16

without an appreciable risk or adverse effects (noncarcinogenic) over a specified duration of

17

exposure. MRLs are derived when reliable and sufficient data exist to identify the target organ(s)

18

or effect or the most sensitive health effeet(s) for a specific duration within a given route of

19

exposure. MRLs are based on noncancerous health effects only and do not consider carcinogenic

20

efrects. MRLs can be derived for acute, intermediate, and chronic duration exposures for

21

inhalation and oral routes. Appropriate methodology does not exist to develop MRLs for dermal

22

exposure.

23
24

Althougb methods have been established to derive these levels (Barnes and Dourson 1988; EPA

25

1990), uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges

26

additional uncertainties inherent in the application of the procedures to derive less than lifetime

27

MRLs. As an example, acute inhalation MRLs may not be protective for health effects that are

28

delayed in development or are acquired following repeated acute insults, such as hypersensitivity

29

reactions, asthma, or chronic bronchitis. As these kinds of healtb effects data become available and

30

methods to assess levels or significant human

exp~sure

improve, these MRLs will be revised.

31

32

Although methods have been established to derive these levels (Barnes and Dounon 1988; EPA

33

1989d), uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges

34

additional uncertainties inherent in the application of the procedures to derive less than lifetime

l<ef'<'-'"
o~c..b·v....
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1

MRLs. As an example, acute inhalation MRLs may not be protective for health effects that are

2

delayed in development or are acquired following repeated acute insults, such as hypersensitivity

3

reactions, asthma, or chronic bronchitis. As these kinds of health effects data become available and

4

methods to assess levels of significant human exposure improve, these MRLs will be revised,

5

6

Inhalation MRLs

7

8
9

•

An MRL of2 ppm has been dcrived for acute-duration inhalation exposure (14 days or less) to
styrene.

10
11

The acute-duration inhalation toxicity database for styrene consists of several human experimental studies

12

primarily examining neurotoxicity (Odkvist et al. 1982; Seeber et al. 2004; Stewart et a1. 1968), systemic

13

toxicity studies in mice (Cruzan ct a1. 1997, 2001; Morgan et a1. 1993a, 1993b, 1993c), neurotoxicity

14

studies in rats (Campo et a1. 2001; Crofton et al. 1994; Lataye et al. 2003), mice (DcCeaurriz et al. 1983),

15

and guinea pigs (Lataye et a1. 2003), a reproductive toxicity study in mice (Salomaa et al. 1985), and

16

developmental toxicity studies in rats (Murray et a1. 1978), .:pice (Kankaanpaa et al. 1980), hamsters

17

(Kankaanpaa et a1. 1980), and rabbits (Murray et al. 1978).fiExposure to 99 ppm for 7 hours or 376 ppm

18

for 1 hour (Stewart et a1. 1968) resulted in eye irritation; nasal irritation was also reported at 376 ppm. A

19

significant inhibition of the vestibular-oculomotor system was observed in subjects exposed to 87 ppm for

20

1 hour (Odkvisl et al. 1982). Studies by (Stewart et al. 1968) found alterations in tests of balance or

21

coordination in subjects exposed to 376 ppm for I hour, but not after cxposure to 99 ppm for 7 hours or

22

216 ppm for 1 hour; the test used in the Stewart et al. (1968) studies is probably less sensitive than those

23

used by Odkvist et a1. (1982). No significant alterations in performance on tests of reaction time were

24

observed in subjects exposed to 20 ppm for 3 hours (Seeber et al. 2004).

;:1 ~ '1

25
26

In mice, the most sensitive target of styrene toxicity appears to be the nasal olfactory epithelium; single

27

cell necrosis was observed following exposure to 80 ppm 6 hours/day for 3 days (Cruzan et a1. 2001). At

28

250 ppm, hepatocellular necrosis and degeneration nave been observed (Cruzan et al. 1997; Morgan et a1.

29

1993a, 1993b, 1993c). The severity of this lesion appears to be inversely related to the duration of

30

exposure, with more severe damage observed in mice killed wilhin 3 days of exposure (Morgan et al.

31

1993a, 1993b, J993c) compared to animals killed after 2 weeks of exposure (Cruzan et a1. 1997; Morgan

32

et a1. 1993a). Exposure to 250 ppm 6 hours/day, 5 days/week for 2 weeks also resulted in lethargy and

33

unsteady gait in mice (Cruzan et a1. 1997). Impaired perfonnance on a swimming lest was observed in

34

mice cxposed to 610 ppm for 4 hours, but not in animals exposed to 413 ppm (DeCeaurriz et al. 1983).

35

Exposure ofrals to high concentrations (1,000 or 1,600 ppm) 6-8 hours/day for 5-14 days resulted in
399
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auditory threshold shifts (indicative of hearing loss) and loss of outer hair cells (OHC) in the organ of
2

Corti (Campo et a1. 2001; Crofton et a1. 1994; Lataye et a1. 2003). No alterations in sperm morphology

3

were observed in mice exposed to 300 ppm styrene 5 hours/day for 5 days (Salomaa et a1.

4

developmental effects were observed in rats or rabbits exposed to 600 ppm 7 hours/day on gestational

5

days 6-15 or 6-18, respectively, (Murray et a1. 1978) or mice exposcd to 250 ppm 6 hours/day on

6

gestational days 6-16 (Kanlcaanpaa et a1. 1980). An increase in fetal deaths or resorptions was observed

7

in hamsters exposed to 1,000 ppm 6 hours/day on gestational days 6-18 (Kankaanpaa et a1. 1980).

1995~...and

no

8

9

These data suggest that the nervous system is the most sensitive target of styrene toxicity following acute-

10

duration inhalation exposure. The lowest LOAEL for a relevant cnd point in humans is 87 ppm for

11

vestibular impairment in subJects cxposed to styrene for 1 hour (Odlcvist et a1. 1982). A similar LOAEL

12

(80 ppm) was identified for nasal effects in mice exposed to styrene for 3 days (Cruzan ct a1. 2001); this

13

effect was not considered suitable as the basis of an MRL. As stated previously, mice appear to have a

14

greater capacity than humans to generate the reactive metabolite, styrenc oxide, in the nasal cavity and a

15

lower capacity to detoxify styrene oxide (Green et al. 2001a). The identification of the nervous system as

16

the critical target oftoxicity for styrene is supported by a large number of occupational exposure studies.

17

Delays in reaction time have been observed in workers exposed to 21.9-92 ppm (Cherry et a1. 1980;

18

Pallas et al. 1992; Gamberale et a1. 1976; Jegaden et a1. 1993; Mutti et al. 1984a; Tsai and Chen 1996)

19

and vestibular effects have been observed at 18-36 ppm (Calabrese et a1. 1996; Moller et a1. 1990;

20

Toppila et a1. 2006).

21

22

The Odkvist et a1. (1982) study did not identify a NOAEL for vestibular effects; however, a NOAEL of

23

20 ppm for performance on several tests of reaction time and attention was identified by Seeber et a1.

24

(2004) in subJects exposed to styrene for 3 hours. Although there is some uncertainty whether deriving an

25

MRL based on a 3-hour exposure study would be protective of continuous e-fposure to styrene for

26

2 weeks, the Seeber et al. (2004) study was selected as the basisy-1an acute duration inhalation MRL for

27

styrene.

J?e.~L ~.

28
29

Groups of eight volunteers (gender not reported) were exposed Lo 0.5 or 20 ppm styrene for 3 hours

30

(Seeber el al. 2004). The subjects were tested for simple reaction time, choice reaction time, and attention

31

prior to.exposure initiation, during the third hour of exposure, and 1.5 hours after exposure termination.

32

The subjects were also asked to complete a symptom questionnaire before, during, and after exposure.

33

The mean concentration of styrene in blood was 2.2 and 80 J-lg/L after 3 hours of exposure to 0.5 and

34

20 ppm, respectively. The blood levels of styrene were correlated with styrene levels in air (rxy=0.98).
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No significant alterations in perfonnance on neurobehavioral tests were found. An increase in the
2

reporting of breathing problems was found; however, it was not statistically

3

the severity of the breathing problem was very low (0.5 on a scale of 5).

significan~and

the ranking of

7\

4
5

6

7

'The NOAEL of20 ppm from the Seeber et a1. (2004) study was divided by an uncertainty factor of IOta
account for human variability resulting in an acute-duration inhalation MRL of 2 ppm.
S~bi,H< .p.r
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8

No human intennediate-duration studies were identified. ~mal studies examining systemic, ~(rn.-:

9

neurological, reproductive, and developmental toxicity have identified the respiratory tract as the most

10

sensitive target of toxicity. Atrophy of the olfactory epithelium, hypertrophy/hyperplasia of Bowman's

II

gland has been observed in mice exposed to 50 ppm 6 hours/day, 5 days/week for 13 weeks (Cruzan et a1.

12

1997), decreased nasal cilia activity has been observed in rats exposed to 150 ppm 4 hours/day,

13

5 days/week for 21 days (Ohashi et a1. 1986), and focal hyperplasia has been observed in rats exposed to

14

1,000 ppm 6 hours/day, 5 days/week for 13 weeks (Cruzan et a1. 1997). As discussed previously, the

15

mouse does not appear to be a good model for nasal effects in humans due metabolic differences. Other

16

systemic effects that have been observed include eye irritation in rats exposed to 200 ppm 6 hours/day,

17

5 days/week for 13 weeks (Cruzan et al. 1997) and centrilobular aggregates of sideyphages in the livers of

I'

mice exposed to 200 ppm 6 hours/day, 5 days/week for 13 weeks (Cruzan et a1. 1997).

o

19

20

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

21

650 ppm for 4 weeks (Loquet et a1. 2000; Makitie et a1. 2002; Pouyatos et al. 2002) and hearing loss at

22

750--1,000 ppm for 3-4 weeks (Campo et al. 2001; Lataye ct al. 2000, 2001; Loquet et a1. 1999, 2000;

23

Pouyatos et a1. 2002). A NOAEL of hearing effects of 300 ppm was identificd in rats exposed for

24

12 hours/day, 5 days/week for 4 weeks (Makitie et al. 2002). Other neurolOgical effects include

25

alterations in astroglial cells in rats continuously exposed to 320 ppm for 3 months (Rosengrcn and

26

Haglid 1989) and decreased sensory nerve conduction velocity in rats exposed to 2,000 ppm 8 hours/day,

27

5 days/week for 32 weeks (Yamamoto et a1. 1997). No reproductive, developmental, or

2'

neurodevelopmental effects were observed in a two-generation study (Cruzan et al. 2005a, 2005b); the

29

NOAEL was 500 ppm. In contrast, an increase in neonatal deaths, developmental landmark delays, and

30

alterations in neurochemical levels were observed in the offspring ofrats exposed 6 hours/day on

31

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

32

.

/ Movt--t.
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33

~hrOniC-duration studies suggest that the most sensitive target of styrene toxicity is the nervous syste;j

34

IHs lik@iyHult this would also be the most sensitive effecl following intennediate-duration exposure. In

=
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the absence of human neurotoxicity data, an intermediate-duration inhalation MRL is not reconunended at
2

this time.

3
4

•

5

An MRL of 0.05 ppm has been derived for chronic-duration inhalation exposure (greater than
365 days) to styrene.

7

l,...;(l.c. 33t-........... p \"S" .sho......ul be:. h~
A large number of studies have examined the neurotoxicity of styrene in workers at reinforced plastic

8

manufacturing facilities. These studies reported a variety ofneW'ological effects, including impaired

9

color vision, slowed reaction time, pennanent hcaring threshold shifts, vestibular effects, and increases in

6

10

subjective symptoms. A summary of the results of studies for some of these neurological effects is

II

presented in Table 2-1. The LOAELs for these effects range from 6 to 93 ppm.

12
13

Chronic-duration studies in animals identify the nasal olfactory epithelium as the most sensitive end

14

point. Atrophic and/or degenerative changes were observed in rats exposed to 50 ppm styrene

15

6 hours/day,S days/week for 104 weeks (Cruzan et aL 1998) and respiratory metaplasia in the nasal

16

olfactory epithelium has been observed in mice exposed to 20 ppm 6 hours/day. 5 days/week for 98

17

104 weeks (Cruzan et al. 2001). As noted previously, mice do not appear to be a good model for potential

18

respiratory effects in humans.

19
("

20

Newtoxicity observed in styrene workers was selected as the basis of the chronic-duration inhalation

21

MRL for styrene. Two approaches to deriving the MRL were considered. In the fIrst approach, t,he MRL

22

is based on a single study identifying a sensitive LOAEL. In the study by Kishi et al. (2001), styrene

23

workers were divided into three groups based on urinary mandelic acid excretion levels. A significant

24

increase in color confusion index (CCI) was found in the workers exposed to equivalent styrene

25

concentrations of 10 or 46 ppm, as compared to age-matched controls. No significant alterations were

26

observed in workers exposed to 4 ppm. The second approach involves the use of a LOAEL estimated

27

from a meta-analysis of occupational exposure studies fmding effects on color vision and reaction time

28

(Benignus et a1. 2005). Benignus et a1. (2005) used dala color vision impainnent data from the Campagna

29

et a1. (1996), Eguchi et al. (1995), Gobba et al. (1991), Gong et al. (2002), and Kishi et al. (2001) studies·

30

and choice reaction time dala from the Jegaden et a1. (1993), Mutti et a1. (1984a), Triebig et at. (1989),

31

and Tsai and Chen (1996) studies. Average styrene exposure concentrations were estimated from

32

individual data reported in the papers; for studies reporting individual data as urinary mandelic acid

33

levels, standardized methods for converting to styrene exposure levels were used. Cumulative styrene

"

exposure was estimated by multiplying exposure level by length of employment. A common metric of

35

"

effect magnitUde (percentage of baseline) was calculated for the different neurological effects. The
402
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analysis found a significant linear relationship between choice reaction time and cumulative styrene
2

exposure; cumulative exposure accounted for 91 % of the variance in reaction time. Similarly, a

3

significant relationship between eel and cumulative styrene exposure was found, with cumulative

•

exposure accounting for 35% of the variance in eel. Using the regression equations for these two

5

effects, Benignus et a1. (2005) estimated that exposure to 150 ppm for 8 work-years would result in a 50%

6

increase in choice reaction time and a 17% increase in eel score; exposure to 20 ppm for 8 work·years

7

would result in a 6.5% increase in choice reaction time and a 2.23% increase in eel score. As discussed

8

in Benignus et al. (2005), a 7% decrease in reaction time would prevent 58,000-70,000 injuries per year

9

from automobile accidents. The investigators also noted that eel increases with age, the rate of increase

10

is about 10% per 13 years of age; thus, a 2.23% decrease in color perception would be roughly equivalent

11

to J.7 additional years of age. Based on this analysis, 20 ppm is considered a LOAEL for neurological

12

effects.

-
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The LOAEL of 20 ppm is consistent with the LOAEL values identified in many of the individual studies.

15

However, using the LOAEL identified from the Benignus et al. (2005) meta-analysis has several

16

advantages over selecting a single study as the basis of the MRL. Because data were pooled from several

17

studies, the relationships between styrene exposure and effects were examined in a large number of

18

subjects (302 subjects for choice reaction time and 383 subjects for color vision). The use of standardized

19

methods for estimating styrene exposure' levels from urinary biomarker levels is also an advantage.

20

Additionally, the biological relevance of the observed deficits in reaction time and color vision was

21

estimated. The LOAEL of20 ppm was adjusted for intermittent exposure (8 hours/,Pa1, 5 days/~

22

resulting in an adjusted LOAEL of 5 ppm, which was divided by an uncertainty factor of 100 (10 for use

23

of a LOAEL and 10 for human variability) resulting in a chronic-duration inhalation MlU... of 0.05 ppm.

2"11-10.

1&<00(.5

24
25

Oral MRLs

26
27
28
29

•

An MRL of 0.1 mgtkglday has been derived for acute-duration oral exposure (14 days or less) to

styrene.

30

A limited number of studies have examined the acute toxicity of orall~dministered styrene; these studies

31

have examined potential neurotoxicity and developmental toxicity. No developmental effects were

32

observed in rats administered a single dose 0[300 mglkg on gestational day 11 (Daston et at 1991) or

33

administered 300 mglkglday (administered as two daily doses of 150 mglkg) on gestational days 6

34

15 (Murray et a1. 1978). Impaired learning was observed in rats administered via gavage 100 or

35

200 mglkglday for 14 days; increases in serotonin levels were observed in the hypothalamus,
403
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hippocampus, and midbrain (Husain et aJ. 1985). In another study, increases in dopamine receptor
2

binding was observed in rats administered a single gavage dose of200 mglkg (Agrawal et al. 1982).

3

4

Although there is a limited acute toxicity database, longer-term oral studies support the selection of

5

neurotoxicity as the principal effect. The lowest LOAEL identified for a systemic effect is

6

400 rnglkglday for Heinz body formation in dogs administered styrene by gavage for 561 days (Quast et

tN.r;(

7

al. 1979); the identified NOAEL was 200 mg/kglday. Decreased spermatozoa counts were observed in

8

adult rats administered 400 mg/kg 6 days/week for 60 days (Srivastava et aJ. 1989), young rats exposed

WI'n-, St.lL<I-\o.,
A. nu...r..n,"~1'

9

via lactation on postnatal days 1-21 (maternal dose of 400 mglkglday) (Srivastava et a1. 1992a), and

10

young rats administered 200 mg/kg 6 days/week on postnatal days 1--61 (Srivastava et al. 1992b); the

11

NOAELs identified in these three studies were 200, 200, and 100 mg/kg, respectively_ Marked

12

degeneration of the seminiferous tubules was also observed in the adull rats administered 400 mg/kg

J3

(Srivastava et al. 1989). Impaired learning was observed in rats administered 500 mg/kg 5 days/week for

14

8 weeks (Bushnell 1994); a NOAEL was not identified in this study. The extensive inhalation toxicity

15

database for styrene also supports the selection of neurotoxicity as the most sensitive target of toxicity;

16

both the acute- and chronic-duration inhalation MRLs are based on neurological effects in humans.

17

Neurological effects observed in chronically exposed styrene workers include impaired color vision,

18

slowed reaction time, increased prevalence of neurological symptoms, and ototoxicity (hearing and
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vestibular effects).

21

The Husain et a1. (I985) study was selected as the basis of the acute-duration oral MRL. In this study,

22

groups of 15 male Wistar rats were administered by gavage 0,100, or 200 mg/kglday styrene in ground

23

nut oil for 14 consecutive days. Spontaneous motor activity with or without amphetamine induction was

24

observed 1 day after the last dose. Two days after exposure termination, the rats underwent acquisition

25

training for 4 days. Learning was assessed by measuring the number of times the rat climbed the pole

26

after the conditioned stimulus to avoid the foot-shock unconditioned stimulus. Noradrenaline, dopamine,

27

and serotonin levels were measured in seven regions of the brain in six rats/group sacrificed after the

28

acquisition training. No overt signs of toxicity were observed. No significant alterations in locomotor

29

activity were observed with or with amphetamine induction. Significantly greater increases in percent

30

avoidance response in the conditioned avoidance response test (indicative of impaired learning) were

31

observed at 100 and 200 mglkglday; no difference was found between the two styrene groups. The

32

effects were observed on test day 3 and 4. Significant increases in the level of serotonin in the

33

hypothalamus (70%), hippocampus (51 %), and midbrain (29%) were observed at 200 mg/kglday.

34

Styrene exposure did not affect brain noradrenaline and dopamine levels.
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2

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

3

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

4
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5

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

6

Neurotoxicity studies have identified a LOAEL of200 mglkglday for increased dopamine receptor

7

binding. in rats (Agrawal et a1. 1982), a LOAEL of 500 mglkg (5 days/week) for impaired learning in rats

8

(Bushnell 1994), and a LOAEL of906 mglkg/day for alterations in serotonin and noradrenaline levels in

9

rats (Husain et al. 1980); none of these studies identified a NOAEL for neurological effects. An increase

10

in dopamine receptor binding was also observed in the offspring of rats administered 200 mg/kg/day

II

during gestation,lactation, or both (Zaidi et al. 1985). The remaining intermediate-duration studies

12

reported decreases in spennalozoa counts in rats exposed as 400 mg/kg (6 days/week) as adults,

13

200 mglkg (6 days/week) as neonates, or during lactation (maternal dose of 400 mglkglday) (Srivatava et

14

al. 1989, 19923, 1992b).

15

16

The LOAELs identified in these intermediate-duration studies are higher than the lowest LOAEL for

17

neurotoxicity identified in an acute-duration study (Husain et a1. 1985); thus, an intermediate...cJ.uration

18

MRL is not recommended at this time.

19

.t.bH-I-ll..c...-

Gh~

"""""'"

cY\~L..

20

The available data on the chronic toxicity of styrene comes from three systemic toxicity studies. No

21

adverse effects were observed in rats exposed to 35 mglkg/day styrene in drinking water for 2 years

22

(Beliles et al.

2]

1 day/week for 120 weeks (ponomarkov and Tomalis 1978). Increase in Heinz body fonnation was

24

observed in dogs administered 400 mglkglday for 561 days (Quast et a1. 1979); the NOAEL for this effect

25

is 200 mglkglday.

1985~and

no liver or kidney alterati.ons were observed in rats administered 500 mglkg

26
27

The chronic-duration inhalation database provides strong evidence that neurotoxicity is the mOst sensitive

28

target of styrene toxicity. It is not known if this would also be true for chronic-duration oral exposure; the

29

acute-toxicity oral database provides suggestive evidence that it would be a sensitive target. In the

30

absence of a long-tcnn oral study cxamlning neurological end points, a chronic-duration oral MRL is not

31

recommended.
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because it helps the users of the profiles to identify levels of exposure at which major health effects
2

start to appear. LOAELs or NOAELs should also help in determining whether or not the effects

3

vary with dose andlor duration, and place into perspective the possible significance of these effects

4

to human health.

5

6

The significance of the exposure levels shown in the Levels of Significant Exposure LSE) tables and

7

figures may differ depending on the user's perspective. Public health officials and others concerned

8

with appropriate actions to take at hazardous waste sites may want information on levels of

9

exposure associated with more subtle effects in humans or animals LOAELs) or exposure levels

10

below which no adverse effects NOAELs) have been observed. Estimates of levels posing minimal

11

risk to humans Minimal Risk Levels or MRLs) may be of interest to health professionals and

12

citizens alike.

13

14

A User's Guide has been provided at the end of this profile see Appendix B), This guide should aid

15

in the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

16
17

3.2.1

Inhalation Exposure

18

19

Most infonnation on the effects of inhalation exposure to styrene in humans comes from studies of

20

workers exposed to styrene vapors in the production and use of plastics and resins, especially polystyrene

21

resins. In most cases, the studies involve workplace exposures such as fiberglass boat building factories

22

where the actual levels of styrene are rcported as a range of styrene air concentrations. However, there

23

arc a few human clinical studies in which exposures are better quantified. Provided below are

24

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

25
26

3.2.1.1

Death

27

28

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

29

workplace (EPA 1988b; Gosselin el al. 1984; NIOSH 1983).

30

31

In animals, inhalation studies indicate that the acute toxicity of styrene is low to moderate. An LCso of

32

2,770 ppm after 2 hours of exposure was reported in rats, and the LCso for mice after exposure for 4 hours

33

was 4,940 ppm (Shugaev 1969). All rats and guinea pigs survived after exposure to 1,300 ppm styrene

34

for 30 hours and 16 hours, respectively (Spencer et al. 1942). However, all animals died after 40 hours of

35

exposure. Gender differences in mortality were observed in repeated-exposure studies (Cruzan et a!.

'"

SP<.(~,J..-(..1
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observed in the trachea at 150 and 1,000 ppm. After a 12-week recovery period, nasal and tracheal cilia
2

activity in the 150 ppm group was similar to controls; decreases in nasal cilia activity was still lower thant..- "1>oe~":'.-t

3

controls but was increased compared to rats killed at the end of the exposure period (Ohashi et a1. 1986). 1>.u
M.,,-~J
,

4

In a longer-term study, focal hyperplasia was observed in the nasal olfactory epithelium of rats exposed to

jY\...

lC(. 5..... <:.(

•

w-<J,e...- td.......
I_pt ....

1,000 ppm for 13 weeks (Cruzan et a1. 1997); at 500 ppm. no histological alterations were observed in the

":).-.n.o.f

6

respiratory tract. Chronic exposure to 50 ppm resulted in atrophic and/or degenerative changes in the

~·ch -tf\C..
~~l\-"'"

7

nasal olfactory epithelium (Cruzan et a1. 1998).

5

~

,......,."

rI2~'<Ur~

8

9

r,...

~ l~1o-.I1U,

Mice appear to be more sensitive than rats to the respiratory toxicity of styrene. Exposure to 50 ppm

10

styrene for 13 weeks resultcd in atrophy of the nasal olfactory epithelium and dilatation, hypertrophy and

II

hyperplasia of Bowman's gland (Cruzan et al. 1997). At 100 ppm, atrophy of the nasal olfactory nerve

12

fibers was observed; focal crowding of nonciliated epithelial cells in the bronchioles were observed at

13

150 ppm Chronic exposure resulted in respiratory metaplasia of the nasal olfactory epithelium and

14

dilatation, respiratory metaplasia, epithelial hyperplasia of the Bowman's gland in mice exposed to

IS

20 ppm and higher for 2 years (Cruzan et al. 2001). Decreased eosinohilia of epithelial cells and

16

bronchiolar epithelial hyperplasia were observed in the lungs of mice exposed to 20 ppm and higher.

17

18

A study by Spencer et al. (1942) also provides some information on species differences. Rats and guinea

19

pigs exposed 1,300 ppm for 7-8 hours/day, 5 days/week for 6 months showed nasal irritation, but rabbits

20

and monkeys did not (Spencer et aI. 1942). Histopathological examinations revealed no changes between

21

test and control rats, but pronounced lung irritation was seen in guinea pigs that died after a few

22

exposures. The irritation, which included congestion, hemorrhages, edema, exudation, and a general

23

acute inflammatory reaction, was not seen in the guinea pigs, rabbits, and monkeys that survived. the

24

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

2S

26

Green et al. (200 I a) suggest that the observed species differences between mice and rats are due to

27

differences in styrene metabolism in the nasal epithelium. The rates of metabolism of styrcne by

28

cytochromcs P-450 CYP2El and CYP2F2 to styrene oxide was similar for the two species. However,

29

styrene oxide is more efficiently metabolized by epoxide hydrolases and glutathione S·transferases in rats

30

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

31

the increased sensitivity in this species. In in vitro assays in fresh human nasal tissues, styrene oxide wask~~

32

not detected and high levels of epoxide hydrolases were detected. Suggesting that humans have limited

33

capacity to metabolize styrene in the nasal cavity and a high potential to detoxify styrene oxide. ll1ese

34

data suggest that rodents may not be a good model for nasal toxicity in humans.
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2

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

3

styrene on the upper respiratory tract.

4

5

Cardiovascular Effects.

6

inhalation exposure to styrene.

No studies were located regarding cardiovascular effects in humans after

7

8

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

9

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

10

II

Gastrointestinal Effects.

12

of exposure (Stewart et al. 1968). This effect is probably secondary to effects on the central nervous

13

system, although mucociliary transport of styrene aerosol droplets from the upper respiratory tract to the

14

gastrointestinal tract might also contribute to gastrointestinal irritation. A Russian study (Basirov 1975)

15

reviewed by the World Health Organization (WHO 1983) investigated the effects of styrene on digestive

16

function by testing the secretory, excretory, motor, and pepsinogen-generating functions of the stomach in

17

20 unexposed and 8.0 exposed workers. The authors reported that some work~ the styrene-butadiene

18

synthetic rubber manufacture exposed to 60-130 mg/m3 (14--31 ppm) styrene fOC

19

decreased digestive function and decreased stomach acidity.

Nausea was observed in humans exposed to 376 ppm styrene after 1 hour

<5~0 years had

20
21

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

22

(Cruzan et al. 1998) or mice exposed to 160 ppm (Cruzan et a1. 2001) styrenc for 2 yeaTS.

23

24

Hematological Effects.

25

mild or no effects on the blood. In one study, the incidence of abnormal values for hematological

26

parameters including erythrocyte, leukocyte, and platelet counts, and hemoglobin levels for 84 styrene

27

workers generally exposed to <1 ppm styrene for 1-36 years was investigated. However, these workers

28

were also exposed to intermittent high levels of styrene as well as to other chemicals. The percentages of

29

the exposed group with abnOlmally low hemoglobin and erythrocyte values or abnormally high leukocyte

30

values were less than those percentages in the 62-person control group. There were no abnonnal

31

thrombocyte values reported in either the exposed or control groups (Thiess and Friedheim 1978).

32

Findings from a group of93 workers engaged in the manufacture of styrene polymers and exposed to

33

generally <1 ppm styrene for 1-38 years were also presented in this study; only the incidence of

34

abnormally low erythrocyte counts (in the group exposed to styrene) was found to be statistically

Several studies indicate that inhalation exposure of humans to styrene cause
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1978). No significant alterations in alanine aminotransferase, aspartate aminotransferase, or y-glutamyl
2

transferase levels were observed in workers exposed to generally <1 ppm for 1-36 years (Thiess and

3

Friedheim 1978) or 50-120 ppm for 5.1 years (Harkonen et a1. 1984). A significant increase in

4

y-glutamyl transferase levels was observed in workers exposed to 5-20 ppm for up to 20 years; however,

5

no alterations in alanine aminotransferase, aspartate aminotransferase, or alkaline phosphatase levels were

6

observed (Lorimer et al. 1978). Another study of workers (Hotz et al. 1980) found significant

7

correlations between the exposure level (as measured by styrene metabolite concentrations in morning

8

urine) and ornithine carbamoyl transferase, alanine aminotransferase, and y-glutamyl transferase levels.

9

Among workers exposed to 50-100 ppm, the increases in these enzymes were modest, 67.8, 55, and

10

64.9% of reference levels.

11
12

Animal studies provide evidence that the liver is a target tissue [or styrene; however, the hepatotoxicity of

13

styrene in mice is inversely related to the duration of exposure. Hepatic effects have bcen observed

14

16

following acute- and intermediate-duration exposure, but not after chronic exposurc and the severity of ....
o..[ool\WIc:ooni - n~ b ~I'pos~ '1 ............... -h ,-'it=' ~
the effects decreases with continuing exposure. A 1-4-day exposure(resulted in marked to severe
,oOpS"" I~...e.
L--t;,,.. ZIt>- -h 4
hepatocellular necrosis and degeneration in mice exposed to 250 or 500 ppm (Morgan et a1. 1993a,
tJ...~ s

17

] 993b, 1993c). The necrosis was characterized as centrilobular coagulative necrosis and was

18

accompanied by pooling of erythrocytes in dilated sinusoids (Morgan et a1. 1993a). The necrosis was

19

often observed after a single exposure to 500 ppm or a 2-day exposure to 250 ppm/and the severity did

20

not increase with increasing duration (Morgan et a1. 1993a). However, continued "exposure rcsulted in

21

regeneration and repair of the initial hepatic damage. After 14 days of exposure, minimal to mild focal

22

necrosis was observed in female mice exposed to 250 ppmJ.and no hepatic effects were observed in male

23

mice exposed to 250 ppm or male and female mice exposed to 500 ppm (Morgan et a1. 1993a). Similarly,

24

a 13-week exposure to 200 ppm resulted in focal loss of hepatocytcs with siderosis and centrilobular

25

aggregates ofsiderophages in female mice (Cruzan et al. 1997). No histological alterations were

26

observed in the livers of mice exposed to 160 ppm for 2 years (Cruzan et a!. 2001). Strain differences

27

have also been detected in mice. Morgan et al. (1993c) found that B6C3F1 and C57BLl6 micc were more

28

sensitive than DBAi2 mice, which were more sensitive than Swiss mice. The severity scores for

29

hepatocellular degeneration/necrosis following a 4-day exposure to 250 ppm were 3.2-3.5 in

30

B6C3Fl mice, 3.6 in C57BLl6 mice, 2.4--2.9 in DBAJ2 mice, and 2.0 in Swiss mice.

15

o

31

32

Rats appear to be less sensitive than mice to styrene-induced hepatoxicity. No histological alterations

33

were observed in the livers of Sprague Dawley rats exposed to 1,000 ppm styrene for 13 weeks (Cruzan et

34

a1. 1997) Or 2 years (Cruzan et a1. 1998; Jersey et a1. 1978). Parenchymal hydropic degeneration,
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subsets in styrene workers exposed to an 8·hour time·weighted average (TW A) of 10-50 ppm. Some of
2

these alterations, particularly the reduction in total T-Iymphocytes (CD3+) and T·helper cells (CD4+),

3

may be indicative of reduced cell·mediated immunity. This is supported by the finding of an impaired

4

response to concanavalin in styrene workers exposed to a median styrene concentration of26 ppm

5

(Tulinska et a!. 2000), 187-256 ppm (SomorovslGi. et a1. 1999) or 54-56 ppm (Somorovska et a1. 1999).

6

No alterations in the response to pokeweed mltogen were observed (SomorovslGi. et a1. 1999; Tulinska et

7

al. 2000),

8
9

'd-

In patch-testing studies of cross·reactors to styrene, styrene ep~ was more sensitizing than styrene

10

itself (Sjoborg et a1. 1984). The authors interpreted this as evidence that styrene requires metabolism by

]]

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

12

13

In animals, styrene exacerbated the inflammatory reaction in mice challenged with ovalbumin (Ban et a1.

J4

2006). Styrene·only exposure resulted in slight increases in Th2 cytokine (IL4, IL·5, ll..-13) and

15

Thl cytokine (interferon.y) levels; however,"the statistical significance of these alterations were not

16

reported.

17
1B
19

3.2.1.4 Neurological Effects

20

The available human data suggest that the nervous system is the most sensitive target following chronic

21

duration inhalation exposure. It is likely the most sensitive target following

22

this has not been as extensively investigated. In studies examining the acute neurotoxicity of styrene,

23

impairment of the vestibular·oculomotor system was observed in experimental subjects exposed to

24

87 ppm for I hour (Odkvist et a!. 1982) or 376 ppm for 1 hour (Stewart et a1. 1968). No alterations in the

25

performance of balance tests were observed at 216 ppm for 1 hour (Stewart et a1. 1968), 117 ppm for

26

2 hours (Stewart et a1. 1968), or 99 ppm for 7 hours (Stewart et a1. 1968). Although these NOAELs are

27

higher than the LOAEL identified in the Odkvist et a1. (1982) study, the studies are not comparable. The

28

Odkvist et al. (1982) study used sensitive tests of vestibular-oculomotor function compared to the

29

modified Romberg test (subjects stand on one foot with eyes closed, walk heel to toe, touch finger to

30

nose) used in the Stewart et al. (1968) studies. An increase in the reporting of "feeling inebriated" was

31

found in subjects exposed to 376 ppm for 1 hour (Stewart et a1. 1968); no increases in subjective

32

symptoms were observed in subjects exposed to 20 ppm for 3-4 hours (Seeber eL a1. 2004) or 216 ppm for

33

1 hour (Stewart et aL 1968). Additionally, no alterations in reaction time were observed in subjects

34

exposed to 20 ppm for 3 or 4 hours (Seeber et at. 2004). No human studies examined neurotoxicity

35

following intermediate-duration exposure.

shorter-t~rm

durations. but
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2

In an international cohort of styrene workers, a significant association between mortality from central

3

nervous system disease and cumulative styrene exposure was found (\Velp et al. 1996c). The rate ratio

4

was 3.29 (95% confidence intervai [CI] of 0.48-22.65) for workers exposed to 25--49 ppm-years and

5

16.32 (95% Cl 3.47-76.73) for those exposed for 200-349 ppm-years. A similar relationship was found

6

for shorter durations of styrene exposure. The rate ratio was 2.33 (95% CI 0.40-13.56) for workers

7

exposed for 6-11 months and 8.80 (95% CI 1.87-41.33) for workers exposcd for 7-9 months. A

8

significant association between mortality from epilepsy and duration of styrene exposure was found; the

9

rate ratio in workers exposed for;::1 0 years was 28.4 (95% Cl 2.11-381.5). Time since first exposure was

10

also significantly associated with mortality from epilepsy. Significant associations between mental

11

disorders and duration of exposure and between suicide and duration of exposure were also found;

12

however, for both ofthese causes of death, the rate ratio decreased with increasing duration of exposure

13

and the investigators noted that lifestyle factors, rather than a direct effect of styrene, appear to be thc

14

most likely cause ofthe higher mortality.

15

16

A variety of neurological effects have been reported in workers chronically exposed to styrene including

17

altered vestibular function, impaired hearing, impaired color vision, impaired performance on

18

neurobehavioral tests, and increasedpclinical symptoms. In general, these occupational exposure

19

studies have several limitations. In most cases, the exposure levels reflect current exposure conditions

20

and do not take into consideration past exposure to higher styrene levels that may have resulted in

21

pennanent damage. Some workers, particularly laminators, wore respiratory masks with or without

22

canisters; many investigators estimated exposure based on biomarker levels, particularly urinary mandelic

23

acid levels, while others did not. Additionally, significant differences between workers and referents

24

were reported as LOAELs; however, the magnitude of the alteration may have been subclinical. A

25

summary of the neurological effects observed in styrene workers is presented in Table 3-2.

?

26
27

Color vision appears to be one of the more sensitive targets of styrene toxicity, with many studies

28

reporting alterations. Color vision was typically measured using the Lanthony desaturated panel

29

D-15 test in which the subjects were asked to arrange 15 painted caps in a line with definite chromatic

30

sequence; the color confusion index (CCl) quantifies the number of types of mistake. A significant

31

correlation between eCl and urinary mandelic acid concentration (after correction for age) was observed

32

in workers at fiberglass reinforced plastic facilities (Kishi et al. 2001). When workers were divided into

33

three groups based on end-of-shift urinary mandelic acid levels, there were significant differences

34

between CCl in workers with a mean a mandelic acid level of 0.14 or 0.65 gIL and age-matched referenls;
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no difference was found for the third group with a mean mandelic acid level of 0.05 gIL. The
2

investigators estimated that these urinary mandelic acid levels were equivalent to styrene exposure levels

3

of4, 10, and 46 ppm. Thus, this study identifies a NOAEL of 4 ppm and a LOAEL of 10 ppm for

4

impaired color vision. Similarly, Gong et a1. (2002) found significantly higher eCI values in workers at a

5

fiberglass reinforced plastic boat facility with end-of-shift urinary mandelic acid and phenylglyoxylic acid

6

levels of;:::0.24 gig creatinine or <0.24 gig creatinine; a mandelic acid plus phenylglyoxylic acid urine

7

level of 0.24 gig creatinine is equivalent to a styrene exposure level of 10 ppm. A significant increase in

8

CCI was also observed in workers at fiberglass reinforced plastic facilities ex.posed to a geometric man

9

concentration of 16 ppm, as compared to age-matched controls (Gobba et al. 1991). In contrast to other

10

studies, Gobba et al. (1991) did not find a significant relationship between end-of-shift urinary mandclic

II

acid levels and CCI; however, urinary styrene levels correlated with CCI values. Significantly higher

12

CCI values were observcd in fiberglass reinforced workers with a mean urinary mandelic acid levels of

13 .

1.06 gIL, which is roughly equivalent to a styrene exposure level of 93 ppm (Eguchi et al. 1995). This

14

study did not find significant alteration in workers with a mean urinary mandelic acid level of 0.02 gIL,

15

equivalent to 8 ppm. Another study of fiberglass reinforced plastic workers (some of this cohort was

16

examined by Gobba et a1. 1991 and Campagna et a1. 1995) found a significant association between CCI

17

and styrene exposure levels (Campagna et a1. 1996). The investigators concluded that color vision

18

impairment could be detected at styrenc levels of 4 ppm with a 95% upper confidence limit of26 ppm

19

Two other occupational exposure studies using different measures of color vision impairment also found

20

significant alterations. Chia et a!. (1994) found significantly poorer color discrimination, after adjusting

21

for age, education, and alcohol consumption, in 21 workers at a fiber-reinforced plastic boat

22

manufacturing facility; the styrene ex.posure level of 6 ppm was estimated from a mean end-of-shift

23

urinary mandelic acid level of 84.0 mglg creatinine. No relationship between the total color difference

24

scorc and the urinary mandelic acid level was found. In 60 workers in the shipbuilding industry with a-

25

mean styrene exposure level of24.3 ppm, a significantly higher incidence of workers with er:ors in the

26

blue-yellow or red-green ranges, compared to a referent group, was found (Fallas et al. 1992). Total error

27

score was Significantly different in workers, with a lifetime weighted average exposure level of 22 ppm

28

styrene, as compared to workers in a low exposure group (9 ppm) (Iregren et al. 2005). Several studies

29

found improvements in color vision following an extended period of no styrene exposure or lower

30

ex.posure. Triebig ct al. (200 1) reported a significant improvement in eCl scores following a 4-wcck

31

period with no styrene exposure; in contrast, no improvement in CCI scores was found in another group

32

of styrene workers following a I-month period without styrene exposure (Gobba et al. 1991). Two

33

studies found significant improvements in color vision (age-adjusted color confusion score or CCl score)

34

were observed in styrene workcrs following a decrease in styrene air level (Castillo et al. 2001; Triebig ct
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found no indications of hearing loss in workers exposed to 18 ppm styrene. Sass-Korstak el a!. (1995) did
2

not find significant relationships between lifetime styrene exposure and hearing loss in workers at fiber

3

reinforced plastics manufacturing facilities. The cumulative styrene exposure level was calculated using

4

data for current exposure (25 ppm for directly exposed workers and 8 ppm for indirectly exposed

5

workers), length of lime in each job category, and a downward adjustment for self-reported respirator use.

6

The average noise levels (Leq) were 88.1 and 89.2 dBA for the directly and indirectly exposed workers,

7

for nonexposed workers, a sound level of 80 dBA was assumed. In another study of fiberglass workers

8

(Calabrese et al. 1996), no significant alterations in audiometric tests or auditory brainstem response were

9

observed in workers exposed to a mean styrene level of36 ppm. Additionally, a 3-week recovery period

10

did not result in any significant changes in auditory brninstem responses (pre- and post-recovery) in nine

11

of the workers.

12

13

Other studies have examined workers for styrene-induced vestibular effects. Significant alteration in tests

14

of central vestibulocular and optocular motor movements (i.e., static posturography, smooth eye pursuit,

15

saccade, and vestibulocular reflex tests) were observed in workers at a plastic boat manufacturing facility

16

exposed to a TWA styrene concentration of 18 ppm (Moller et al. 1990). No indications of labyrinthine

17

or peripheral vestibular lesions were observed. Toppila et a1. (2006) also found significant alterations in

18

postural stability in workers at fiberglass-reinforced plastic boat manufacturing facilities exposed to

19

25 ppm styrene. Concentration-related alterations in nystagmus elicited by optokinetic, vestibular,

{)c.d

20

simultaneous optokinetic-vestibular, and saccadic stimulation were observed in rats exposed to 830-

21

4,000 ppm styrene for at least 60 minutes (actual duration of exposure was not reported) (Niklasson et a1.

22

l~.

23

postural stability in fiberglass plant workers exposed to 36 ppm styrene. Significant alterations in

24

vestibulocular reflex were found. A 3-week recovery period did not result in significant changes in the

25

test results.

4.~~

Tn contrast, Calabrese et al. (1996) did not find significant alterations in visual suppression tests or

26
27

Workers exposed to styrene in several industrics at mean concentrations of 5-125 ppm had mild sensory

28
29

neuropathy characterized by decreased sensory conduction amplitude and increased duration, but there
~
NOAf'L.
were too few people to define~c ad"eni'c·effeet le·.'CI~(Rosen et al. 1978). Peripheral neuropathy and

30

reduced nerve conduction velocity was also reported in an individual follOWing a 2-day exposure to an

31

unknown amount of styrene (and other chemicals) (Fung and Clark 1999). Leg weakness, leg muscle

32

cramps, and paresthesia was also reported in two styrene workers (Gobba et al. 1995). Moderate

33

sensorimotor neuropathy of the demyelinating type was diagnosed in both cases based on the clinical

34

symptoms and the decreased motor nerve conduction velocity in the peroneal nerve and decreased
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sensory nerve conduction velocity in the sural and median nerves. Several studies have examined nerveM.!::,~
2

c~duction velocity in styrene workers. Decreased peripheral conduction velocities in the median and

3

tibial nerves and prolonged latencies of peripheral and cortical somatosensory evoked potentials were

4

observed in female styrene workers exposed to 30--130 ppm (midpoint of the range is 50 ppm)

5

(Stetkilrova et al. 1993). Significant decreases in ulnar and peroneal maximum conduction velocities and

6

increased peroneal motor distal latencies were observed in fiber reinforced workers exposed with urinary

7

mandelic acid levels (end of shift)

8

in the workers with urinary mandelic acid levels",were also significantly lower than in workers with

9

urinary mandelic aCid levels <250 mglL (Yuasa et al. 1996). In contrast, no alterations in motor or

10

sensory nerve conduction velocity in the ulnar, median, deep peroneal, or posterior tibial nerve were

11

observed in workers

12

excretion) (Seppalainen and Harkonen 1976), and no alteration in motor or sensory nerve conduction

13

velocity was observed in workers exposed to approximately 100 ppm for a median of 4 years (Triebig et

14

a1. 1985). Although Seppalainen and Harkonen (1976) did not find alterations in nerve conduction

15

velocity, they found abnonnal EEGs in 24% of the styrene workers, as compared to reported values for

16

the nonnal population. The mean urinary mandelic acid level (975 mg/dm)) was higher in workers with

17

abnormal EEGs compared to those with nonnal readings (750 mg/dm3). Similarly, a significantly higher

18

absolute EEG power in alpha band in the fronto-temporal region of the brain was found in workers with

19

high styrene exposures, as compared to workers with low-level exposure (Matikaincn et al. 1992a).

of~250

p~
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mglL, as compared to referent workers. Motor distal latencies
-;,~"""

expos~TWA styrene concentration of 30 ppm (based on urinary mandelic acid

20

-

21

The majority of the available animal neurotoxicity studies have focused on hearing impairment. Hearing

22

loss and a loss of outer hair cells (ORC) in the organ of Corti werc observed in rats acutely exposed to

23

1,000 ppm (Campo et al. 2001; Lataye et al. 2003) or 1,600 ppm (Crofton ct al. 1994). In contrast, acute

24

exposure of guinea pigs to 1,000 ppm did not result in hearing loss or ORC damage (Lataye et aL 2003).

25

Intennediate-duration exposure studies have consistently found hearing loss and loss of ORe in rats

26

exposed to ~750 ppm styrene (Campo et al. 2001; Lataye et al. 2000, 2001; Loquet el a1. 2000; Pouyatos

27

et a1. 2002; Pryor et aL 1987; Yano eL al. 1992). Exposurc to 600-650 ppm resulted in ORC losses but no

28

alterations in hearing threshold CLoquet et al. 1999; Makitie et al. 2002; Pouyatos et aL 2002). A NOAEL

29

of300 ppm was identified by Makitie et al. (2002).

30
31

Other neurological effects that have been observed in animal studies include an increase in astroglial

32

alterations at 320 ppm (Rosengren and Haglid 1989) and a decrease in nervc conduction velocity in rats

33

exposed to 2,000 ppm, but not 200 ppm, for 32 wecks (Yamamoto et al. 1997).

34
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The highest NOAEL values and all reliable LOAEL values for neurological effects in each species and
2

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

3

4

3.2.1.5 Reproductive Effects

5

6

Information on the reproductive effects of styrene in humans is available from epidemiological studies of

7

the reproductive outcomes of females employed in the various industrial operations in which styrene is

8

used. However, exposures to styrene were not adequately quantified in any of the studies cited. In one

9

study, spontaneous abortions among 9,000 Finnish chemical workers from 1973 to 1976 were analyzed

10

(Hemminki et a!. 1980). The risk of spontaneous abortion expressed as number of abortions per

11

100 pregnancies) was significantly higher in women employed in styrene production compared to all

12

women in Finland 15.0 vs. 5.5). However, this increase was not detected in a follow-up study of the same

13

workers (Hemminki et al. 1984). An increase in the occurrence of spontaneous abortions was also

14

observed in a study of 76 women involved in processing polystyrene plastics (McDonald et al. 1988); the

15

ratio of observed to expected abortions was 1.58 (95% CI 1.02-2.35). The possible embryotoxic effects

16

of styrene on 67 female lamination workers compared to 67 age-matched controls were evaluated in a

17

second study (Harkonen and Holmberg 1982). The number of births was significantly lower among the

18

workers exposed to styrene. This result was explained in part by a greater number of induced abortions in

19

the styrene-exposed group. The number of spontaneous abortions was not elevated in the exposed

20

women. No increased risk of spontaneous abortions among workers processing polymerized plastics or

21

heated plastics made of vinyl chloride or styrene was reported (Lindbohm et a!. 1985). The authors

22

reported that the statistical power of the study was low due to the small study population. These studies

23

are not conclusive since the workers were exposed to chemicals other than styrene in the workplac,.and

24

the concentrations of styrene were not adequately reported. Two studies have examined the potential of

25

styrene to induce menstrual disturbances. A significant increase in the incidence of oligomenorrhea was

26

observed in petrochemical industry workers; the adjusted odds ratio was 1.65 (95% CI 1.05-2.55) (eho et

27

al. 2001). Although the odds ratio includes an adjustment for exposure to other aromatic chemicals, there

28

was potential for exposure to other chemicals. In contrast, no significant alterations were observed in

29

women working at reinforced plastics facilities with a mean styrene exposure level of 52 ppm for women

30

directly exposed to styrene and 13 ppm for those indirectly exposed (Lemasters et al. 1985). Several

31

studies have examined levels of prolactin, follicle stimulating honnone, and luteinizing honnone levels in

32

female styrene workers; the results of these studies are discussed in Section 3.2.1.2, Endocrine Effects.

~

33
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neurodevelopmental effect of styrene (Cruzan et al. 2005a). No alterations in locomotor activity, acoustic
2

startle response, or brain morphology and weights were observed in this study. Another study found

3

delays in righting reflex and incisor eruption in the offspring of rats exposed to 300 ppm on gestational

4

days 6-20 (Katakura et al. 2001). This study (Katakura et al. 1999, 2001) also found alterations in

5

homovanillic acid levels in the cerebrum and 5-hydroxyindoleacetic acid levels in the hippocampus of the

6

offspring in the 300 ppm group.

7

8

The highest NOAEL values and all reliable LOAEL values for developmental effects in each species and

9

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

10

II

3.2.1.7 Cancer

12

13

A number of studies have examined the carcinogenic potential of styrene in workers at styrene

14

manufactUring and polymerization facilities, reinforced plastics facilities, and styrene-butadiene

IS

manufacturing facilities and among community members exposed to elevated styrene workers. Although

16

there are several epidemiologic studies which suggest there may be an association between styrene

17

exposure and an increased risk of leukemia and lymphoma, the evidence is generally inconclusive due to

18

multiple chemical exposures and inadequate documentation of the levels and durations of exposure to

19

styrene.

20
21

Of the industries examined, workers employed at glass-reinforced plastics manufacturing facilities ar~

22

likely to be exposed to higher levels of styrene and~to have a potential for exposure to other

23

carcinogenic agents. Some studies of glass-reinforced plastic workers have found suggestive evidence of

24

increased cancer risks, particularly in workers with longer exposures to higher IcvCls of styrene. No

25

alterations in the number of deaths from cancer were observed in workers with high styrene exposure

26

(mean levels at two facilities were 42.5 and 71.5 ppm) (Okun et al. 1985). In a follow-up study of these

27

workers (Ruder et al. 2004), a significant increase in the number of deaths from urinary tract cancer

28

(standardized mortality ratio [SMR] 3.44; 95% CI 1.26-7.50) was observed among workers with high

29

styrene exposure; a trend for

30

exposure was also observed. The SMRs were not significantly elevated for other cancer types. In a very

31

large epidemiological study of nearly 16,000 workers in the styrene plastic industry, the death raLe from

32

leukemia was twice as high in areas of high exposure as in areas oflow exposure (Wong 1990); however,

33

there were no statistically significant differences. In a follow·up study conducted 12 years later (Wong et

34

al. 1994), significant increases in deaths from all cancers (SMR 115.5, 95% CI 104.8-127.1), cancer of

increasi~g

1

j'

SMRs for urinary tract cancer with increasing duration of
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of deaths from lymphatic and hematopoietic cancer were observed in workers exposed to 1-4 ppm
2

styrene and a 15-year minimum latency (SMR 160; 95% CI 102-238); however, significant alterations

3

were not found in workers exposed to?5 ppm or with longer latency periods. In another study of workers

4

involved in the styrene production, polymerization, or processing, a statistically significant excess of

5

lymphoma deaths (3 deaths observed versus 0.56 expected) was reported; 2 of the 3 deaths occurred in

6

men <40 years of age who had been exposed for at least a year (Hodgson and Jones 1985). However, the

7

lack of association with actual exposure levels or specific durations and the small number of observed

8

deaths requires cautious interpretation. No significant alterations in the number of deaths from cancer

9

were observed in workers (1960 subjects) exposed to styrene in a production and polymerization facility

10

(Frentzel-Beyme et al. 1978). In a study of workers at a styrene-polystyrene manufacturing facility who

II

had at least 5 years of exposure, there were no significant increases in cause-specific mortality (Nicholson

12

et al. 1978). However, when workers employed for <5 years were included in the analysis, there was an

13

apparent increase in the number of deaths from lymphoma or leukemia (statistical analysis not

14

conducted).
vJ~'{ &Jrt. *N.I< o\d.t.r- ~~ wN" -s\..I,J.;.u ~ ru:.......... br.'-'\ ov:s~ . . lP.,. +h-t.a P"~
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A number of older studies provide suggestive evidence of increased risk oflymphalic and hematopoietic

17

cancers in workers at styrene-butadiene rubber manufacturing facilities (Matanoski and Schwartz 1987;

18

Matanoski et a1. 1990; McMichael et a1. 1976; Meinhardt et a!. 1982). A case-control study (Matanoski et

19

al. 1993, 1997; Santos-Burgoa et al. 1992) provides suggestive evidence that the increase in leukemia was

20

due to exposure to 1 ,3-butadiene rather than to styrene exposure. However, increases in the risk of

21

lymphosarcoma and myeloma were associated with styrene exposure (Matanoski et al. 1997). A cohort

22

mortality study conducted by Delzell and associates (Delzell et al. 1996; Macaluso et al. 1996) examined

23

workers at many of the same styrene-butadiene rubber manufacturing facilities examined by Matanoski

24

and associates and Meinhardt and associates. In this examination of 15,649 male synthetic rubber

25

workers employed for at least 1 year at one of eight styrene-butadiene rubber manufacturing facilities in

26

the United States or Canada, significant increases in deaths from leukemia were observed among hourly

27

employees (SMR 143; 95% CI 104-191), particularly among workers employed for ?10 and ~20 years

28

since hire (SMR 224; 95% CI 149-323) (Delzell et al. 1996). \Vhen workers were divided by year of hire

29

and age at death, leukemia deaths were elevated in workers who were hired between 1950 and

30

1959 (SMR200; 95% CI 122-310) and who were <55 years of age at the time of death (SMR 179; 95%

31

CII04-287). Using calculated estimates of exposure levels to 1,3-butadiene, styrene, and benzene,

32

Macaluso et al. (1996) found that 75% of the cohort was exposed to 1,3-butadiene with a median

33

cumulative exposure of 11.2 ppm-years, 83% of the cohort was exposed. to styrene with a median

34

cumulative exposure of 7.4 ppm-years, and 25% of the cohort was exposed to benzene with a cumulative
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exposure of2.9 ppm-years. Among workers with leukemia, 86% had 1,3-butadiene exposure and 90%
2

had styrene exposure; median cumulative exposure levels of 1,3-butadiene and styrene were about 3 times

3

higher than the rest of the cohort. Workers with a cumulative exposure of 20-79 ppm 1,3-butadiene had a

4

relative risk of leukemia mortality (after adjustment by race, age, and cumulative styrene exposure) that

5

was 50% higher than workers with a cumulative exposure of 0.1-19 ppm and workers with a cumulative

6

exposure of>80 ppm had a 70% higher relative risk than the low exposure group; the progressive of

7

relative risk with increasing cumulative exposure was statistically significant. Although a similar

't {I\.s: 1""06~

8

progression was observed for cumulative styrene exposure, the trend was not statistically significant. A

.,.1'\t.CC

9

follow-up to the Delzell et a1. (I 996) study, which tracked deaths for an additional 7 years (Sathiakumar

10

et a1. 2005), found similar results. A significant increase in deaths from leukemia was obseIVed among

II

hourly workers employed for> 10 years and hired 20-29 years earlier (SMR 258; 95% CI 156-403).

12

Increases in deaths for colorectical cancer among workers employed for> 10 years and hired 20-29 years ~~

13

earlier (SMR 147; 95% CI 103-205) and deaths from prostate cancer among workers employed for
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<10 years and hired >30 years earlier (SMR 155; 95% CI 113-206). Significant increases deaths from

15

leukemia were observed in workers involved in polymerization, coagulation, and finishing processes,

16

maintenance workers, and laboratory workers; these workers had the highest potential exposure to

17

1,3-butadiene, styrene, and possibly dimethyldithiocarbamate. Subsequent analysis of these data using

18

updated exposure assessments (Cheng et al. 2007; Delzell et al. 2001; Graff et al. 2005) found that the

19

increased risk of leukemia was positively associated with 1,3-butadiene exposure. Positive associations

20

between cumulative 1,3-butadiene exposure (ppm-years) and leukemia and between cumulative styrene

21

exposure and leukemia were observed; the associations were only statistically significant at the highest

22

cumulative exposure level~ for 1,3-butadiene (~362.2 ppm-years) or styrene

23

2001). However, when the relative risks were adjusted for 1,3-butadiene and dimethyldithiocarbamate

24

cumulative exposure, cumulative styrene exposure was no longer significantly associated with leukemia

2S

(Delzell et al. 2001; Graff et al. 2005). Because styrene, l,3-butadiene, and dimethyldithiocarbamate

26

exposure were correlated, it is difficult to separate the risks for each individual compound.
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ppm) (Delzell et al.

27

28

Several population-based studies have examined the possible carcinogenicity of styrene. A case-control

29

study found a significant increase in prostate cancer (odds ratio of 5.5; 95% CI 1.4-21.8) and rectal

30

cancer (odds ratio of 5.1; 95% CI 1.4-19.4) among workers with medium to high exposure to styrene

31

(Gerin et at. 1998). Workers in the following professions were considered. to have medium to high

32

styrene exposure: motor vehicle painters, motor vehicle repairers, firemen, and plastic mouldmakers.

33

Another study found a significant increase in the incidence of rectal cancer (SIR 3.11; 95% CI 1.14-6.77)

34

among individuals with occupational exposure to styrene (Antilla et al. 1998). A limitation of both of
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these studies is the lack of exposure information, including levels of styrene and confounding exposure to
2

other chemicals; thus, it is difficult to ascribe the increased cancer risks to styrene exposure. Loughlin et

3

a1. (1999) examined former students who attended a high school adjacent to synthetic styrene-butadiene

4

rubber production facilities between 1963 and 1993 and found no significant alterations in deaths from

5

lymphatic and hematopoietic cancer. Two studies have examined the possible association between

6

styrene cxposure and breast cancer. A case-control study by Cantor et a1. (1995) found significant

7

elevations in the risk of breast cancer among women possibly exposed to styrene in the workplace. Coyle

s

et al. (2005) found a significant higher incidence of age-adjusted breast cancer rate in men and women,

9

women, and women ;::50 years of age and living in counties with EPA toxics release inventory (TRI)

10

facilities with on-site releases of styrene. As with the other population-based studies, these studies did

11

not monitor styrene levels or exposure to other potentially carcinogenic chemicals and thus provided

\2

limited information on the carcinogenic potential of styrene.

13

14

The carcinogenicity of styrene has been examined in three studies in rats (Conti et a1. 1988; Cruzan et aJ.

15

1998; Jersey et a1. 1978; Maltoni et a1. 1982) and one study in mice (Cruzan et a1. 20ot). No significant

16

increases in the incidence neoplastic lesions were observed in rats exposed to styrene concentrations as

17

high as 1,000 ppm 6 hours/day, 5 days/week for 2 years (Cruzan et a1. 1998). Similarly, exposure of

18

female rats to 600 or 1,000 ppm styrene 6 hours/day, 5 days/week for 21 months did not result in styrene

19

related increases in the incidence neoplastic tumors (Jersey et al. 1978); a high incidence of chronic

20

murine pneumonia in the control and 1,000 ppm male rats precludes the use of the male data for assessing

21

the carcinogenic potential of styrene. A non-concentration-related increase in the incidence of malignant

22

mammary tumors were observed in female rats exposed to 100, 200, or 300 ppm styrene 4 hours/day,

23

5 days/week for 52 weeks (Conti et al. 1988); the incidences were 6/60,6/30,4/30,9/30,12/30, and

24

9/30 in the 0, 25, 50, 100, 200, and 300 ppm groups, respectively. No other significant increases in

25

specific tumors were observed in this study (Conti et a1. 1988; Maltoni et al. 1982). The findings of the

26

Conti et al. (1988) study conflict with those of Cruzan et a1. (1998), who found a concentration-related

27

decrease in mammary tumors in female rats exposed to similar or higher styrene concentrations for a

28

longer duration. In contrast to the results in rat studies, significant increases in the incidence of

29

bronchioalveolar carcinoma were observed in female mice exposed to 160 ppm 6 hourS/day,S days/week

30

for approximately 2 years (Cruzan et a1. 2001). Significant trends for increasing incidences of

31

bronchioalveolar ademona were also observed for the male and female mice.

32

l

33

As reviewed by !ARC (2002) and Cruzan et at. (2002), toxicokinetie differences in the metabolism of

34

styrene in the lungs have been observed in humans, rats, and mice. In rats and mice, Clara cells have the \
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ability to metabolize styrene to styrene 7,S·oxide in the lung; humans have limited ability to metabolize
2

styrene to styrene 7,S·oxide in the lung. A physiologically based pharmacokinetic (PBPK) model

3

predicts that the total amount of styrene oxide in the terminal bronchioles in mice is 10 times higher than

4

in rats and 100·fold higher than in humans. In addition to these quantitative differences in the generation

5

of styrene 7,8·oxide between rats and mice, there are qualitative differences in styrene metabolism. Mice Pi in

6

produce a higher levels of the R·enantiomer of styrene oxide, as compared to rats; the R·enantiomer has

7

been shown to be more potent pneumotoxic than tbe S-enantiomer. The ratio ofR· to S·enantiomers

8

ranges from 2.2 to 2.87 in mice exposed to 20-160 ppm styrene and from 0.7 to 0.73 in rats exposed to

9

50-1,000 ppm. Thus, mice appear to be very sensitive to the induction of lung tumors and the mechanis

10

of inducing lung tumors is not likely to be relevant to humans.

II

12

3.2.2

Oral Exposure

13

14

No studies were located regarding health effects in humans after oral ingestion of styrene. Based on the

15

animal data that follow, the oral toxicity of styrene in humans would be expected to be low to moderate.

16

17

3.2.2.1

Death

18

19

No deaths in humans from ingesting styrene have been reported in the evaluations of case studies (EPA

20

1989c; Gosselin et al. 1984; NIOSH 1983).

21

22

The approximate reported oral LDso for male and female rats was 5,000 mglkg (JIolf et al. 1956). A

23

100% survival rate and 100% mortality rate were reported in rats exposed to single oral doses of styrene

24

(observation period 2 weeks) at 1,600 and 8,000 mglkg, respectively (Spencer et al. 1942). Death in this

25

study was mainly due to pronounced irritation of the esophagus and stomach. In another study, female

26

mice were given a single oral dose of 1,350 mglkg styrene on the 17th day of pregnancy (Ponomarkov

27

and Tomatis 1978). After weaning, the progeny received the same dose once per week. The treatment

28

was suspended after 16 weeks due to high mortality among the progeny (including both males and

29

females). Fifty percent of the males and 20% of the females had died after 20 weeks, despite the

30

suspension of treatment at week 16. The cause of death was liver necrosis and lung congestion. A high

31

mortality rate was reported in 40 female rats exposed to 250 mg/kg/day styrene for 52 weeks (Conti el a!.

32

1988). Mortality was significantly elevated in male and female rats administered styrene by gavage at a

33

dosage level of2,000 mglkglday for 78 weeks (NCI 1979b). In this study, mortality was unaffected at

34

dosage levels of 500 and 1,000 mglkg/day in male and female rats. Male mice administered styrene at
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3.4

TOXICOKINETICS

2

3

3.4.1

Absorption

5
6

3.4.1.1

Inhalation Exposure

7

The uptake of styrene following inhalation exposure in humans and animals is rapid (Ramsey and

8

Andersen 1984; Ramsey and Young 1978;

9

Karpinski 1985). Pulmonary retention of inhaled styrene in humans is approximately 2/3 of the

4

R~ey

et al. 1980; Withey and Collins 1979; Withey and

10

administered concentrations (Engstrom et al. 1978a, 1978b). For example, male human subjects were

II

exposed to styrene in inspired air during 30-minute rest and three 30-minute work periods on a bicycle

12

ergometer. The mean uptake was approximately 63% (range was 59-70%) of the amount of inspired

lJ

styrene. In exercising vohU1teers exposed to 50 ppm styrene for 2 hours, an average of66.5% of the

14

inhaled styrene was absorbed (Johanson et a1. 2000). Another study in volunteers exposed to 50 ppm

l5

styrene for 2 hours during exercise calculated that 64% of the styrene was absorbed (Norstom et a1. 1992).

16

Exposures of rats to styrene concentrations of 50-2,000 ppm for 5 hours yielded blood uptakes that

17

showed a continued and increasing rapid absorption, proportional to the styrene air level (Withey and

18

Collins 1979). Plateau levels of styrene in rats' blood were reached within 6--8 hours during exposures

19

ranging from 80 to 1,200 ppm

20

based inhalation

21

levels above 200 ppm in mice, rats, and humans (Ramsey and Andersen 1984). When inhaled

22

concentrations are below 200 ppm, the ratio of styrene concentration in the blood to inhaled air is

23

moderated by perfusion-limited metabolism rather than blood:air partition coefficients.

styre~e for up to 24 hours (Ramsey and Young 1978). PhYSiological~

pharrnacokineti~~~~s indicate that styrene metabolism becomes saturated at inhaled
J,,,,,s
t>J-tJ.pI<u
<!JOU It\s
\eM- ,"~.!ph")ooo'l

24

25
26

3.4.1.2 Oral Exposure

27

No studies were located regarding absorption in humans after oral exposure to styrene.

28

29

The absorption of styrene from the gastrointestinal tract was rapid and complete in rats deprived of fOOdJ'<IhoI

30

overnight and given styrene by gavage at a total dose of 3.147 mg styrene in 10 mL aqueous solution. A (;\asc.

31

peak blood level of 6 )lglmL was reached in a few minutes. There was a much slower uptake of the

32

styrene administered in vegetable oil (Withey 1976). Styrene administered in vegetable oil at a total dose

33

of32.61 mg produced a peak level of 12 )lglmL. This was reached at about 100 minutes (Withey 1976).

w..,

flU VuJ?

34
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3.4.1,3 Dermal Exposure
2

3

Limited data indicate that absorption of styrene via the dermal route is probably low compared to

4

absorption via other routes. When liquid styrene was applied to the forearms of male subjects, the

5

absorption rate was estimated to be 9-15 mg/cm2 lhour (Dutkiewicz and Tyras 1968). By contrast, the

6

rate of absorption through human skin was very low (l ±O.5 )lg/cm2/minute) in subjects who dipped one

7

hand into liquid styrene (Berode et a1. 1985). H i3 eelie.,'eo. r±mt. the higher absorption rate reported by

8

Dutkiewicz and Tyras (1968) al60

9

skin (Guillemin and Berode 1988). Riihimaki and Pfaffli (1978) demonstrated that in humans, dermal

\11«.1

:

i~c1uded the disappearance rate of the solvent from the surface of the

10

exposure to moderate concentrations of styrene vapor (300 and 600 ppm) resulted in percutaneous

11

penetration corresponding to approximately 0.1-2% of the amount estimated to be absorbed from the

12

respiratory tract. Similarly, Limasset et a1. (1999) did not find significant differences in the levels of

13

urinary metabolites in workers wearing total protective equipment (insulating suit and respiratory mask)

14

and those wearing a respiratory mask only.

15
16

Although absorption of styrene applied to the abdomen of rabbits was reported, there was no information

17

on absorption rates (Spencer et a1. 1942). Dermal exposure to styrene resulted in peak blood levels of
..
1.'\l..I."'-*
aosC. 1 y..,\N.J..SoOlO'c.At.s
I dU,I"Nfot'\
5.3)l gI mLwlthm 1 hourofexposure(Morganeta1.1991).
.
,

18

19

20

3,4,2
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22

A blood:air partition coefficient of 40.2 was calculated for rats (Gargas et a1. 1989). Fisher et a1. (1997)

23

calculated a human blood:air partition coefficient of 69. 74 and a breast milk:blood partition coefficient of

24

25

26

In'a study of 81 adults without occupational exposure to styrene, average blood styrene levels were

27

221 n

28

1,590 ).lg/L at the end ofworkshift and 60-119)lg/L in the moming after exposure (Brugnone et a1. 1993).

; in comparison, blood styrene levels in reinforced plastics industry workers were 1,068

29

30

3.4.2.1 Inhalation Exposure

31

32

Inhalation studies in both humans and animals resulted in the widespread distribution of styrene with the

33

highest concentration in adipose tissue.

34
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Three humans were exposed to 8-20 ppm styrene which resulted in a mean daily uptake of 193-558 mg
2

styrene (Engstrom et a1. 1978b). The concentration of styrene in adipose tissue was 2.8-8.1 mg/kg at the

3

beginning of the week and 4.7-11.6 mgfkg at the end of the week. The authors estimated the half-life of

4

styrene in the subcutaneous fat of humans to be about 72 hours. Subsequent studies by this author

5

6

~~

,5""

confirmed this estimate and reported the half-life of styrene in adipose tissue to be 24-96 hours .. p$\J"
~
-11/ SO"'"
(Engstrom et a1. 1978a).
.J
•.
~ ... ~d.o.op
... .,'~,-

,1-, ..( " ......'
,--=t 'r.~
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"),,, .,...
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7

$"

-

8

Fiberglass factory workers exposed tol>215 mg/mJI of styrene for 8-hour work shifts had blood styrene

9

levels which ranged from 120 to 684 Jlg/L at the end of the shift (Apostoli et a1. 1983). The

10

concentrations of urinary MA and phenylglyoxilic acid (pGA) were 133-2,100 and 107-685 mgfL,

II
12

respectively. These levels were also determined at the end of the work-shift. Distribution of styrene was
A\n ~h( """"" ..,.,.......
also studied in adult men exposed to about 2.00 mg/mt~f styrene for 2 hours during light physical

!3

exercise (Wigaeus et al. 1983). Blood styrene reached a level of approximately 20

14

75 minutes. The concentration of styrene in adipose tissue was about 50 Jlffiol/kg after 30-90 minutes of -or. ~V't

15

exposure.

Jlffio~L after

:nbo-W~~
~k

.

'-4,,-,,-l,S

16
17

Rats were exposed for 5 hours to styrene at concentrations ranging from 50 to 2,000 ppm (Withey and

18

Collins 1979). Tissue concentrations of styrene in the heart, liver, lung, kidney. spleen, brain, and

19

perirenal fat demonstrated different patterns of distribution as the dose increased. The styrene

20

concentration in perirenal fat was 10 times greater than in other organs. The largest amounts of styrene

21

were found in the subcutaneous fat of male rats exposed to about 45 ppm of radioactively labeled styrene

22

in the inspired air for 1-8 hours (Carlsson 1981). The concentration increased steadily during the first

23

4 hours of exposure. Styrene concentrations in brain tissue and muscles were about 70% of the arterial

24

blood value. Other investigators (Ramsey and Andersen 1984; Ramseyand Young 1978; Savolainen and

25

Pfaffli 1978; Withey 1976) demonstrated that higher levels of styrene in adipose tissue increase with

26

higher exposures to styrene. Styrene was found to distribute to the fetuses of pregnant rats after

27

inhalation exposure, but at concentrations much lower than those measured in maternal organs and tissues

28

(Withey and Karpinski 1985).

3.4.2.2 Oral Exposure

31

32

No studies were located regarding distribution in humans after oral exposure to styrene.

33
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An oral dose of20 mg/kg of 14C styrene was administered to male and female rats (plotnick and Weigel

2

1979). Tissue levels peaked at 4 hours or earlier after dosing. Less than 10% of the administered dose

3

was found in the stomach, small intestine, and large intestine 8 hours after dosing. The kidney had the

4

highest concentration of radioactivity at all time intervals, with decreasing amounts in the liver and

5

pancreas. Fat tissue showed increased levels after 2 hours. All tissue levels were below 1 Jlglg at

6

24 hours and at 48 and 72 hours were below the limit of detection. Excretion data from the Plotnick and

7

Weigel (I979) study are presented in Section 3.4.4.2.

8

9

3.4.2.3 Dermal Exposure

10

II

No studies were located regarding distribution in humans after dermal exposure to styrene.

12

13

Immersion of rats' tails in pure liquid styrene for 1 hour resulted in styrene levels in the liver and brain

14

that were estimated to be between 50 and 70% of the concentrations found in the same organs after 4-hour

IS

inhalation exposure to a vapor concentration of 11.8 glm3 (Shugaev 1969). A skin:air partition coefficient

16

of 91.9 was calculated

~rat skin (Mattie et aJ. 1994).

17

18

3.4.3

Metabolism

19

20

There have been numerous studies, conducted primarily via inhalation, that address the metabolism of

21

styrene in humans and animals (Drummond et a1. 1989; Engstrom et a1. 1976; Korn et a1. 1984, 1987;

22

Leibman 1975; Lofct a1. 1983; Withey and Collins 1979; Young et a1. 1979). The proposed pathways of

23

styrene metabolism are shown in Figure 3-3. Styrene is metabolized by the microsomal NADPH

24

cytochrome P-450 dependent mono-oxygenase to styrene oxide. The styrene oxide is then hydrated to

25

phenyl ethylene glycol (styrene glycol). This transfoIlI1ation is catalyzed by microsomal epoxide

26

hydratase. The styrene glycol is then metabolized directly to MA Or to benzoic acid and then hippuric

27

acid. Mandelic acid is also metabolized to PGA. The MA, hippuric acid, and PGA are excreted in the

28

urine. In another pathway, styrene oxide is metabolized by cystolic glutathione-S-transferase to

29

mercapturic acids appearing in the urine as hydroxyphenylethyl mercapturic acid. A minor metabolic

30

pathway of styrene in rats involves the formation of 1- and 2-phenylethanol and ring hydroxlation to form

31

vinyl phenol as urinary metabolites. The presence of 4-vinylphenol has been reported in the urine of

32

workers exposed to styrene, but this may have been due to the contamination of the styrene to which the

33

subjects were exposed (Pfaffli et a1. 1981). The urinary metabolites that predominate in humans are MA

34

and PGA. In rats, the predominant urinary metabolites are MA, PGA, hippuric acid, and glucuronide.

35

Metabolic conversion to styrene-7,8-epoxide (styrene oxide) by the microsomal mixed function oxidase
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and epoxide hydratase from the liver and spleen of several rodent species has been demonstrated
2

(Belvedere and Tursi 1981; Cantoni et a1. 1978; Leibman 1975; Lof et al. 1984; Vainio et a1. 1979).

3

However, styrene oxide has only been found at low concentration, close to detection levels (0.02 )lll101lL),

4

in the blood of workers exposed to styrene (Lof et al. 1986a; Mendrala et a1. 1991) investigated the

5

species differences in the in vitro hepatic metabolism of styrene. The results indicated that mice had the

6

greatest capacity to produce styrene oxide (highest styrene epoxidase activity), followed by rats and then

7

humans. In addition, humans may have the highest capacity to metabolize styrene oxide to styrene

8

glycol, since the human form of styrene oxide hydratase had the highest affinity (lowest Km) for styrene

9

oxide. Assuming that styrene oxide is the metabolite resporuible for styrene-induced toxicity (see below)

10

the results of this study indicate that care must be taken in extrapolation of data from arumal studies to

II

humans for risk assessment.

12

13

3.4.4

Elimination and Excretion

14

15

3.4.4.1

Inhalation Exposure

16

17

Several studies have demonstrated that styrene is almost totally excreted as urinary metabolites in

18

humans, and at higher doses, the elimination profile indicates saturation of metabolic excretion or

19

processes (Ramsey and Young 1978; Ramsey et al. 1980). Most of the inhaled styrene is excreted in

20

urine as MA and PGA. In a study of the excretion of styrene and its metabolites resulting from a

21

100-ppmJ8-hour inhalation exposure, 2.6% of the total uptake was excreted as unchanged styrene in

22

exhaled air (Guillemin and Berode 1988). The metabolites MA, PGA, and hippuric acid were excreted in

23

the urine at 56.9, 33, and 7.5% of the absorbed dose, respectively. In exercising volunteers exposed to

24

50 ppm styrene for 2 hours, 0.7-2.2% of the retained dose was exhaled as unchanged styrene (Johanson et

25

a1. 2000). Peak levels of styrene in the urine were measured immediately after exposure termination,

26

whereas urinary excretion ofMA and PGA peaked at 2 hours after exposure termination. MA excretion

27

accounted for 6-29% of the estimated retained dose and PGA excretion accounted for 4--6%; the halftime

28

excretion rates ofMA and PGA were 2.2-4.2 and 3.5-13.9 hours, respectively. Phenylaceturic acid and

29

hippuric acid was also detected in the urine samples collected 2 hours after exposure termination. At this

30

time point, MA account for 73% of the total excreted metabolites, PGA 18%, phenylaceturic acid 4.5%,

31

and hippuric acid 5.7%. In styrene workers exposed to 29-42 ppm styrene, both R-mandelic acid and S

32

mandelic acid were detected in the urine (Hallier et al. 1995). The ratio ofR- to S-mandelic acid ranged

33

from 0.7 to 1.2 in 19 of the 20 workers; in the last worker, the ratio was 2.2.

34
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An alternative pathway for the metabolism of styrene 7,8-oxide is conjugation with glutathione, resulting

2

in the excretion of mercapturic acids. Low levels of mercapturic acids have been detected in workers

3

exposed to an unspecified amount of styrene (Maestri et a1. 1997a). The mean concentrations of styrene

4

metabolites were 580 mglg creatinine mandelic acid, 174 mglg creatinine pbcnylglyocylic acid,

5

1.517 mglg N-acetyl-S-(1-phenyl-2-hydroxyethyl)-cysteine S- enantiomer, 0.0637 mglg N-acetyl-S

6

(1-phenyl-2-hydroxyetbyl)-cysteine R- enantiomer, and 1.519 mglg N-acetyl-S-(2-phenyl

7

2-hydroxyethyl)-cysteine. Another study of styrene workers (exposure level of29-41 ppm) only 'detected

8

styrene-specific mercapturic acid in 1 of20 workers (Hallier et at. 1995). Similarly, in volunteers

9

exposed to 50 ppm for 2 hours during exercise, N-acetyl-S-(2-phenyl-2-hydroxyethyl)-cysteine was not

10

detected in urine samples collected up to 5 hours after exposure termination (Norstrom et a1. 1992).

II
12

In volunteers exposed to 80 ppm styrene, styrene is cleared from the blood in a biphasic manner,

13

indicating a two-compartment phannacokinetic mode1. The half-lives for the rapid and slow clearance

14

phases are 0.58 and 13.0 hours, respectively. The half-life of styrene in subcutaneous adipose tissue of

IS
16

humans is 2-4 days (Engstrom et a1. 1978a). The quantities of the major metabolites of styrene in urine
~ US'lll>& f, C& "',.._ .:t"c./.11M.
compared with the quantity of styrene eliminated unchanged in expired air indicated that approximately

17

97% is cleared by the metabolic route (Ramsey et a1. 1980).

18
19

Another human inhalation study determined that between 59 and 66% of inhaled styrene (50--200 ppm)

20

was retained after a 4--8-hour exposure (Guillemin and Bauer 1979). Urinary elimination ofMA was

21

biphasic with a half-life for the first phase of 4 hours and for the second phase, 25 hours. These fmdings

22

were comparable to those reported by Engstrom et a1. (1976). The half-life of urinary elimination ofPGA

23

was determined to be 11 hours. This was regarded by the authors as being the fmt phase of elimination

24

since MA is a precursor ofPGA.

25

26

A lactalional Iransfer pharrnacokinetic model developed by Fisher ct aJ. (1997) predicted that exposure to

27

50 ppm styrene would result in 0.650 mg styrene being ingested by a nursing infant over a 24-hour

28

period.

}~..,
~:::' ....
'do ':f"-'-' 1\"'"' I

iU-,,~P

29
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30

Styrene is almost totally excreted as urinary metabolites in animals. The blood elimination eurve for rats

31

is biphasic exponential at 80 and 200 ppm styrene over 6 hours. For exposures >600 ppm exposure levels

32

for 6 hours duration), a nonlinear blood elimination curve following Michaelis-Menten kinetics was

33

observed. In going from 80 to 1,200 ppm (a I5-fold increase) the area under the blood concentration

34

curves increases by I 12-fold (Ramsey and Young 1978; Young et a1. 1979). Rats exposed to 50
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2

2,000 ppm styrene by inhalation for 5 hours e~bited a dose dependent biphasic pattern of elimination
""-.5"1""'''''
...... ~...... M~
(Withey and C0 11'ms 1979).
.5b
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3.4.4.2 Oral Exposure

5
6

No studies were located regarding excretion in humans after oral exposure to styrene.

7

8

Excretion of styrene was studied in the same rats for which there was good distribution data (Plotnick and

9

Weigel 1979). Styrene was rapidly excreted in the urine with 90% oflhe dose detected in the urine within

10
II

24 hours of administration. Less than 2% of the dose was found in the feces. Detectable tissue levels
Sbr"Co.... c..4-..J. 1"i. ... 3. ~ 1'\"'01''<.
were not found 48 and 72 hours after administration.
l't",. "~-..c.

12

~ d,o.s.:t. 1.4.,y,~

13
14

3.4.4.3 Dermal Exposure

15

In a study of the absorption of liquid styrene applied to the forearms of male volunteers, about 13% of the

16

absorbed dose was excreted as MA (Dutkiewicz and Tyras 1968).

17

18

No studies were located regarding excretion in animals after dermal exposure to styrene.

19

20

a.~u-<"'hel"'C-

3.4.5

Physiologically Based Pharmacokineti~)/PharmaCOdynamiC PO) Models

"L- :E"~ ~'C,-'J.~I:!>'L&B-" L?'B'?K/

21

22

Physiologically based pharmacokinctic (PBPK) models use mathematical descriptions of the uptake

23

and disposition of chemical substances to quantitatively describe the relationships among critical

24

. biological processe(Krishnan ct al. 1994). PBPK models are also caned biologically based tissue

,

25

dosimetry models. PBPK models are increasingly used in risk assessments, primarily to predict the

26

concentration of potentially toxic moieties of a chemical that will be delivered to any given target

27

tissue roJIowing various combinations of route, dose level, and test species(Clewell and Andersen

28

1985). Physiologically based pharmacodynamic(pBPD) models use

mathe~atical descriptions of

29

" ---
the dose-response function to quantitatively describe the relationship betwecn target tissue dose

30

and toxic end points.

31

32

PBPKlPD models refine our understanding of complex quantitative dose behaviors by helping to

33

delineate and characterize the relationships betwcen: I) the external/exposure concentration and

34

target tissue dose of the toxic moiety, and 2) the target tissue dose and observed rcsponses~ndersen

35

and Krishnan 1994; Andersen et ai. 1987a). Thcse models are biologically and mechanistically

•
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,_

based and can be used to extrapolate the pharmacokinetic behavior of chemical substances from
~~~

4~.~~_

~~u~~

fIo.AI\

2

high to low dose, from route to route, b~n species, and b~ subpopulations within a

3

species. The biologicai basis ofPBPK models results in more meaningful extrapolations than those .......~,..,s

4

generated with the more conventional use of uncertainty factors.

t. ...............:f.Q

..

of

I'V"-.......)

5

6

The PBPK model for a chemical substance is developed in four interconnected steps: 1) model

7

representation, 2) model parameterization, 3) model simulation, and 4) model validatiOI(Krishnan

8

and Andersen 1994). In the early 1990s, validated PBPK models were developed for a number of

9

toxicologicaI1y important chemical substances, both volatile and nonvolatile~ishnan and

•

•

10

Andersen 1994; Leung 1993). PBPK models for a particular substance require estimates ofthe

II

chemical ~specific physicochemical parameters, and species-specific physiological and

12

biological parameters. The numerical estimates of these model parameters are incorporated within

13

a set of differential and algebraic equations that describe the pharmacokinetic processes. SOIVinj t;:r-~

14

these differential and algebraic equations provides the predictions of tissue dose. Computers then

IS

provide process simulations based on these solutions.

DO~~~"
oU'''''.
r.v f'tvI~"j~

.....

16
17

The structure and mathematical expressions used in PBPK models ·significantly simplify the yue

18

complexities of biological systems. If the uptake and dispositiQn of the chemical substancej'are

19

adequately described, however, this simplification is desirable because data arc often unavailable

20

for many biological processes. A simplified scheme reduccs the magnitude of cumulativet:--

21

uncertainty. The adequacy of the model is, therefore, of great importance, and model validation is

22

~

f \oIW~.s1- b....
-":J
1""&'1••, ..

#is? A

Sl""9l i "'oUI
podc.l c... ,it:'I\

essential to the usc of PBPK models in risk assessment.

tuW~

23

A.Jo

24

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify

25

the maxima(i.e., the safe) levels for hUman exposure to chemical sUbstances0-ndersen and

26

Krishnan 19§'4). PBPK models provide a scientifically sound means to predict the target tissue dose

27

of chemicals in humans who nre exposed to environmental levels(for example, levels that might

28

occur at hazardous waste sites) based on the results of studies where doses were higher or were

29

administered in different species. Figure 3-4 shows a conceptualized representation of a PBPK

30

model.

i J, •

,

31

32

If PBPK models for styrene exist, the overall results and individual models are discussed in this

33

section in terms of their usc in risk assessment, tissue dosimetry, and dose, route, and species

34

extrapolations.
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2

Several investigators have developed loxicokinetic models for styrene (Csamidy et al. 1994,2003;

3

Jonsson and Johanson 2002; Leavens and Bond 1996). The Csam'ldy et al. (1994,2003) model is useful

4

for evaluating the carcinogenic risk associated with inhalation exposure to st)'Tene. !:s discussed in

5

Section 3.2.1.7, species differences exist in the metabolism of styrene in the lungs of rats, mice, and

6

humans; these differences result in increased sensitivity of mice. Jonsson and Johanson (2002) developed

7

a population-based PBPK model for styrene, which decreascd the intraindividual variability for

8

estimating the metabolic capacity for styrene in humans. Leavens and Bond (1996) described initial !"ork

9

on developing a model for co-exposure to 1,3-butadiene and styrene in mice. Some of these models

- T~
wr."".,
Sld:.__ I
s"--'j

i 0'\

10

provide strong support for the observed differences in styrene toxicity between rats, mice, and humans.

II

As discussed further in Section 3.5.3, some have primarily focused on the species differences in the

12

metabolism of styrene and metabolic differences between rats, mice, and humans

13

14
15

3.5

MECHANISMS OF ACTION

18

J..
iJ n...ftr<-.A- .f,y .Y'Jr#~!.
Pharmacokinetic Mechanisms - Nrv.l d ~I\fl
-nJ~( 1"t.ol"1 Ji"y". ~:.J
1-o"l1&1j..... I/~ "".1., -(,,~,,", Vs t.i<."w,..;..... I ..,..jJ
"
pit. -.; 1P'c.flJ iI-f.~4t" /" pk,
Styrene IS dpidly absorbed through the respiratory tract (Ramsey and Andersen 1984; Ramsey and

19

Young 1978; Ramsey et al. 1980; Withey and Collins 1979; Withey and Karpinski 1985) with a mean

20

uptake of approximately 60--70% in humans (Johanson et al. 2000; Norstrom et al. 1992). A

21

concentration-dependent uptake efficiency was found in the upper respiratory tract of rats and mice

22

(Morris 2000). In rats, the uptake efficiency was 23.7% at 5 ppm and 10.1 % at 200 ppm; in mice, uptake

23

efficiency decreased from 41.7% at 5 ppm to 9.6% at 200 ppm. Based on the decreased uptake efficiency

24

observed irr rats and mice following exposure to the cytochrome P450 inhibitor, metyrapone, Morris

25

(2000) suggested that styrene was metabolized in situ and this metabolism enhanced styrene uptake. In

26

humans, blood styrene levels reached steady state after 75 minutes of exposure to 70 ppm (Wigaeus et a1.

27

1983). The elimination of styrene from blood was biphasic, with a half-time of I minute for the rapid

28

distribution phase and 40.8 minutes for the elimination phase. Styrene is rapidly distributed throughout

29

the body with the highest concentrations found in adipose tissue. In rats, the styrene concentration in the

30

adipose tissue was approximately

31

adipose tissue and 2.4-2.0 hours in the blood, liver, kidney, spleen, muscle, and brain (Teramoto and

32

Horiguchi 1979). Wigaeus et al. (1983) estimated a human adipose tissue:blood partiLion coefficient

33

of74. In humans, styrene is primarily excreted in the urine as mandelic acid and phenyoxyglylic acid.

34

The half-times of mandelic acid and phenylglyoxylic acid in the urine were 3.6 and 8.8 hours,

35

respectively, in humans exposed to 70 ppm for 2 hours (Wigaeus et a1. 1983); another sLudy reported

16
17

3.5.1

50~fold

higher than in muscle; the biological half-time was 6.3 hours in
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1

elimination half-times of 2.2-4.2 hours for mandelic acid and 3.5-13.9 hours for phenylglyoxyJic acid

2

following a 2-hour exposure to 50 ppm styrene (Johanson et al. 2000).

3

Mechanisms of Toxicity _ '} FV~ (a.,.(.;A.~""1c.. -4{fch nJ.;, T~~JL
fN rIJ-,... IYI 'J(.<W~"~ic. ~c..hl pr~.J~~ ·tb<...IeS~r~. u: I

4
5

3.5,2

6

A large number of studies have investigated the mechanism of styrene carcinogenic activity, particularly

7

the increased susceptibility of mice. Increases in lung tumors have been observed in mice exposed to

8

160 ppm 6 hours/day, 5 days/week for approximately 2 years (Cruzan et al. 2001) and following gavage

9

exposure to 300 mglkg/day administered 5 days/week (NCr 1979b); however, neoplastic tumors have not

~ Si5,.;h·~

41'¥t\.t.t fVI~ ..... h'~r"jui

h,,",,

10

been observed in rats exposed to concentrations as high as 1,000 ppm 6 hours/day,S days/week for

II

2 years (Cruzan et al. 1998) or 2,000 mg/kg/day 5 days/week for 2 years (NCr 1979b). As reviewed by

12

IARe (2002), Cohen et a1. (2002), and Cruzan et a1. (2002), genotoxic and nongenotoxic modes of action

13

have been proposed. Although styrene itself does not appear to be DNA reactive, styrene 7,8-oxide is

14

DNA reactive and has been shown to fonn stable N2 and 0 6 adducts of deoxyguanosine. Styrene oxide,

15

DNA adducts, and genotoxic effects have been detected in humans, rats, and mice. Styrene (styrene

16

7,8-oxide is the likely causative agent) has been shown to be mutagenic in bacteria, and exposure can

17

result in increased frequency of sisler chromatid exchange, chromosomal aberrations, micronucleated

IS

cells, and DNA strand breaks. However, elevated levels of blood styrene oxide do not explain the species

19

differences in tumor fonnation. In humans, styrene 7,8-oxide is rapidly hydrolyzed by epoxide hydrolase

20

as evidenced by the high levels of mandelic acid, phenylglyoxylic acid, and hippuric acid detected in the

21

urine. Styrene 7,8-oxide is relatively stable in rats and mice, and elevated levels have been detected in

;'I-'+N,J.,)

22

blood. The blood levels of styrene oxide in rats exposed to 1,000 ppm is 100-fold higher than the levels

3." . \

23

in mouse exposed to 20-40 ppm; however, tumors have not been detected in rats.

1M'
j1

pK

i"'. . ~

ttb,(.iq

24

25

Although the nongenotoxic potential mode of action also implicates styrene 7,8-oxide as the causative

26

agent, it involves cytotoxic damage at the target tissue, the lung. In the lung, the cytotoxic effects of

27

repeated exposure to styrene 7,B-oxide results in bronchiolar epithelial hyperplasia, whieh eventually

28

results in the fonnation of neoplastic tumors. In the'mouse lung,- styrene is primarily metabolized ~y

,,,"":.,

29

cytochrome P450, particularly the CYP2F2 isofonn, in the Clara cell. Humans appear to have a lower

.. \""IC.""" 1I "3

30

capacity to metabolize styrene in the lung compared to rats and a much lower capacity compared to mice.

~ ;I'I~

31

Mouse Clara cells metabolize higher levels of styrene than rat Clara cells and produce a highcr ratio of

~ bO~

32

R-enantiomer styrene oxide-to S entantiomer styrene oxide, as compared to rats. It has been estimated

" 1UI,a:...;a..,

that mice produce 15 times more R-enantiomers styrene oxide than rats. This is particularly important

.....

33

34

r"j
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of the styrene oxide generated is metabolized via glutathione conjugation. Mice appear to be more \
2

su:::;;tible to glutathione depletion than rats, and glutathione depletion has been observed in mouse. I::}

3

tissue at exposure concentrations of 80-300 ppm.

4

5

!ARC (2002) concluded that the proposed mechanism involving the metabolism of styrene to styrene

6

7,8-oxide is the mouse Clara cell is the likely mode of action resulling in lung tumors in mice. This mode

7

of action is nollikely 10 be relevant to humans to a biologically significant extent. However, this

8

mechanism and the genotoxic mode of action has not been excluded for humans, and styrene is

9

considered a possible human carcinogen.

10

II

3.5.3

AnimalMto-Human Extrapolations

12

13

Species differences in exist in the metabolism of styrene in humans, rats, and mice. In all three species,

14

styrene in predominantly metabolized styrene 7,8-oxide. Species differences in the subsequent

15

metabolism of styrene 7,8-oxide exist. In humans,

16

acid via epoxide hydrolase. Conjugation with glutathione also appears to be an important pathway in rats

17

and mice. In rats, 6S-72% of the styrene metabolites in urine are generated from the epoxide hydrolasc

18

pathway and 26--35% are from the glutathione transferase pathway; in mice, 4S-59 and 20-35% arise

19

from the epoxide hydrolase and glutathione transferase pathways, respectively (Cruzan et a1. 2002). In

20

contrast, 95-100% of the styrene 7,S-oxide is metabolized via the epoxide hydrolase pathway; only trace

21

amounts of mercapturic acids (from the glutathione transferase pathway) have been detected in human

22

urine. The difference in metabolism could result in significant increases in styrene 7,8-oxide levels in the

23

body following exposure to high levels of styrene which may result in depletion of gluthationc.

24

Additionally, a small percentage of styrenc can under ring oxidation resulting in the formation of

25

4-vinylphenol. Ring-opened compounds account for 4--8% of the urinary metabolites in mice, less than

26

1% in rats, and were not detected in humans. The production of 4-vinylphenol is potentially significant

27

mode of action because it is considered to be more toxic to the liver and lung than styrcne or styrene

28

oxide (Cruzan et a1. 2005b).

styren~

7,8-oxide is primarily hydrolyzed to mandelic

29
30

As discussed in above, differences in the metabolism of styrene between humans, rats, and mice have

31

resulted in toxicity differences. Species differences in toxicity have been detected in the nasal epithelium,

32

lungs, and liver. In the respiratory tract, the species differences between rats and mice are due to local

33

metaboliJ;'of styrene to styrene oxide. The higher rate of metabolism in mice and higher production of

34

the more reactive enantiomer likely results in increased susceptibility. The fact that humans have a more
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limited ability to metabolize styrene in the respiratory tract and possibly a higher potential to detoxify
2

styrene oxide suggests that mice are not a good model for end points in which styrene oxide is the

3

causative agent.

4

5

3.6

TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS

6

7

Recently, attention has focused on the potential hazardous effects of certain chemicals on the

8

endocrine system because of the ability of these chemicals to mimic or block endogenous hormones.

9

Chemicals with this type of activity are most commonly referred to as endocrine disruptors.

10

However, appropriate terminology to describe such effects remains controversial. The terminology

II

endocrine disruptors, initially used by Thomas and COlborn€ 9 92), was also used in 1996 when

12

Congress mandated the EPA to develop a screening program for" ... certain substances (which] may

13

havc an effeet produced by a naturally occurring estrogen, or otber such endocrine effect[s1 ...". To

14

meet this mandate, EPA convened a panel called the Endocrine Disruptors Screening and Testing

15

Advisory Committee EDSTAC), and in 1998, the EDSTAC completed its deliberations and made

16

recommendations to EPA concerning endocrine disruptors. In 1999, the National Academy of

17

Scienccs relcased a report that referred to these same types of chemicals as hormonally active

18

agents. The

19

caused by such chemicals may not necessarily be adverse. Many scientists agree that chemicals

20

with the ability to disrupt or modulate the endocrine system are a potential threat to the health of

21

humans, aquatic animals, and wildlife. However, others think that endocrine-active chemicals do

22

not pose a significant ~ealth risk, particularly in view of the fact that hormone mimics exist in the

23

natural environment. Examples of natural hormone mimics arc the isoflavinoid phytoestrogens

24

(Adlercreutz 1995; Livingston 1978; Mayr et al. 1992). These chemicals are derived from plants and

25.

are similar in structure and action to endogenous estrogen. Although the public health significance

~.

termi~ology

endocrine modlilators has also been used to convey thc fact that effects

,

26

and descriptive terminology of substances capable of affecting the endocrine system remains

27

controversial, scientists agree that these chemicals may affect the synthesis, secretion, transport,

28

binding, action, or elimination of natural hormones in the body responsible for maintaining

29

homeostasis, reproduction, development, andlor behavio~EPA 1997). Stated differently, such

30

compounds may cause toxicities that are mediated through the neuroendocrine axis. As a result,

31

these chemicals may playa role in altering, for eXllmple. metabolic, scxual, immune, and

32

neurobehavioral function. Such chemicals are also thought to be involved in inducing brcast,

33

testicular, and prostate cancers, as well as

34

et ,I. 1992).

•

endometriOSis~erger 1994; Giwercman et al. 1993; Hoel
'I
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developmental

age~UZelian et al. 1992; NRC 1993).

Vulnerability often depends on developmental

2

stage. There are critical periods of structural and functional development during both prenatal

3

and postnatal life, and a particular structure or function will be most sensitive to disruption during

4

its critical perioo/. Damage may not be evident until a later stage of development. There are often

5

differences in pharmacoltinetics and metabolism between children and adults. For example,

6

absorption may· be different in neonates because of the immaturity of their gastrointestinal tract

7

and their larger skin surface area in proportion to body weight(M:orselli et at. 1980; NRC 1993); the

8

gastrointestinal absorption of lead is greatest in infants and

9

Distribution of xenobiotics may be different; for example, infants have a la~ger proportion of their

you~g chiidren(Ziegler et al. 1978).

10

bodies as extracellular water, and their brains and livers are proportionately larger{AItman and

It

Dittmer 1974; Fornon 1966; Fomon et al. 1982; Owen and Brozek 1966; Widdowson and Dickerson

12

1964). The infanfalso has an immature blood~brain barrier{Adinolfi 1985; Johanson 1980) and

13

probably an immature blood-testis barrier(Setchell and Wai;s 1975). Many xenobiotic

14

metabolizing enzymes have distinctive developmental patterns. At various stages of growth and

15

development, levels of particular enzymes may be higher or lower than those of adults, and

16

sometimes unique enzymes may exist at particular develop·mental stage~Komori et aJ. 1990; Leeder

17

and Kearns 1997; NRC 1993; Vieira et a1. 1996). Whether differences in xenobiotic metabolism

18

make the child more or less susceptible also depends on whether the relevant enzymes are involved

19

in activation of the parent compound toits toxic form or in detoxification. There may also be

20

differences in excretion, particularly in newborns who all have a low glomerular Itltration rate and

2t

have not developed efficient tubular secretion and resorption capacitie{Altman and Dittmer 1974;

22

"
NRC 1993; West et al. 1948). Children and adults may differ in their capacity
to repair damage

23

from chemical insults. Children also have a longer remaining lifetime in which to express damage

24

from chemicals; this potential is particularly relevant to cancer.

"

•

,

25

26

Certain characteristics of the developing human may increase exposure or susceptibility, whereas

27

others may decrease susceptibility to the same chemical. For example, although infants breathe

28

more air per kilogram of body weight than adults breathe, this difference might be somewhat

29

counterbalanced by their alveoli being less developed, which results in a disproportionately smaller

30

surface area for alveolar absorption(NRC 1993).

31

.

•

po,.,,..?....

'"'[r,&.-

tJibv.S>Sil" , .... -h.i:f.,t ,.,..........)1

IltbOIa~Oi)

~ C~

,.po.

32

No studies were identified that examined the toxicity of styrene in children 81 Y8weg

33

Several occupational exposure studies have examined the developmental toxicity of styrene; these studies .,N"""~

34

did not find statistically significant alterations in the occurrence of stillbirths, infant deaths,

m,iffisI9.

433
···ORAFT - DO NOT CITE OR QUOTE -July 12, 2007""

Version 2.0

68

STYRENE
3. HEALTH EFFECTS

3.8

BIOMARKERS OF EXPOSURE AND EFFECT

2
3

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They

4

have been classified as markers of exposure, markers of effect, and markers of susceptibility

5

[NASINRC \989).

6

h

7

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of

8

biomarkers as tools of exposure in the general population is very limited. A biomarker of exposurJ

9

is a xenobiotic substance or its metabolites) or the product of an interaction between a xenobiotie

10

agent and some target molecules) or cells) that is measured within a compartment of an organism

~;...

"""c.C .

"","'a-n",,",

11

~ASINRC 1989). The preferred biomarkers of exposure are generally the substance itselYlIY""

12

~ubstancc-specific metabolites in readily obtainable body f1Uidy) or excreta.

However, severnl

13

factors can confound the use and interpretation of biomarkers of exposure. The body burden of a

'4

substance may be the result of exposures from more than one source. The substance being

15

measured may be a metabolite of another xenobiotic substance~.g., high urinary levels of phenol

16

can result from exposure to several different aromatic compounds). Depending on the properties of

17

18

the substance(e.g., biologic half-life) and environmental conditions{e.g., duration and route of
•
•
exposure), the substance and all of its metabolites may have left the body by the time samples can

19

be taken.

•

~y be difficui'J 4entifYfn'~viduals exposed to hazardous substances that are ",.~cp

20

~
I
commonly found in body tissues and fIuids~.g., essential mineral nutrients such as copper, zinc,

21

and seleniuml Biomarkers of exposure to styrene are discussed in Section 3.8.1.

22
23

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration

24

within an organism that, depending on magnitude, can be recognized as an established or potential

25

health impairment or disease{NASINRC 1989). This definition encompasses biochemical or cellular

26

• increased liver enzyme activity or pathologic changes in female
signals of tissue dysfunction(e.g.,

27

genital epithelial cells), as well as physiologic signs of dysfunction such as increased blood pressure

28

or decreased lung capacity. Note that these markers are not often substance specific. They also

29

may not be directly adverse, but can indicate potential health irnpairment{e.g., DNA adducts) .

30

Biomarkers of effects caused by styrene are discussed in Section 3.8.2.

•

•

31

32

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's

33

ability to respond to the challenge of exposure to a specific xenobiotic substance. It can be an

34

intrinsic genetic or other characteristic or a preexisting disease that results in an increase in
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absorbed dose, a decrease in the biologically effective dose, or a target tissue response. If
2

biomarkers of susceptibility exist, they are discussed in Section 3.10, Populations That Are

3

Unusually Susceptible.

4

5
6

3.B.1

7

The elimination of styrene via expired air may be used to identify exposure to styrene (Guillemin and

8

Berode 1988; Stewart et al. 1968). Only a small percentage ofuDchangcd styrene is expired after

9

cessation of exposure. There are no adequate studies correlating post-exposure exhaled styrene with

Biomarkers Used to Identify or Quantify Exposure to Styrene

10

previous exposure levels. Assessment of occupational exposure involving measurement of unchanged

11

styrene in urine has been reported (Dolara et a1. 1984). In this study of workers, the styrene air

12

concentrations were }6-61 mglm 3 and the urinary concentrations of styrene were 0.7-4.1 J.1g1L. Urinary

13

mutagenic activity was also evaluated in this study and was not a good indication of exposure to styrene.

14

Only a small fraction of unchanged styrene is rccovered in the urine. However, measurement of styrene

15

in urine is a reliable indicator of styrene exposure if the exposure is recent (Dolara et a1. 1984; Gobba et

16

al. 1993; Guillemin and Berode 1988; Pezzagno et a1. 1985).

-

C.tUSio

So .....

~

"",.

17

18

Analysis of unchanged styrene in blood may be used as a qualitative indicator of styrene exposure

19

(Antoine et al. 1986). In one study, styrene was detected in the blood of humans exposed to 80 ppm

20

(Ramseyet a1. 1980). The maximum blood concentration at the end of exposure was 0.92±0.26 J.1g1mL.

21

The half-life values for rapid and slow elearance curves were 0.58 and 13 hours, respectively. In another

22

study, the concentration of styrene in blood (0.2-3.7 mgIL) increased with the level and duration of

23

styrene exposure (BaseH 1988a).

24
25

The presence of styrene in adipose tissue is also an indicator of exposure. The concentration of styrene in

26

the adipose tissue of two workers exposed to 32-85 mglm 3 of styrene during a work week suggested a

27

half-life of 5.2 days for one worker and 2.8 days for the other worker. The elimination time was

28

estimated to be 5 weeks (Engstrom et a1. 1978b).

,

..!

-.lh,il'l': .".....

29

30

Levels of occupational exposure to styrene may also be estimated by measurement ofslyrene metabolites

31

such as MA and PGA in urine (Bartolucci et al. 1986; Elia et al. 1980; Engstrom et al. 1976; Sedivec et

32

a1. 1984; Sollenberg et a1. 1988). lot 8RQlilEl ee hoted dm[ large intra-individual differences in MA and

33

PGA urinary concentrations have been reported. A study of the inter- and intra-individual differences

34

found that PGA levels were less variable than MA levels (Symanski et a1. 2001) and variability was

H........

•

435
"""DRAFT - DO NOT CITE OR QUOTE - July 12, 2007""·

Version 2.0

STYRENE

70
3. HEALTH EFFECTS

higher in post-shift urine samples compared to pre-shift urine samples. Expressing MA and PGA levels
2

in units of mg per gram creatinine decreased the source intr<l.-individual variability. Some studies found a

3

good correlation between the time-weighted styrene exposure and urinary MA concentrations (Chua et a1.

4

1993; Engstrom et al. 1976; Harkonen et a1. 1979), while other studies found a better correlation with the

5

Sllm of urinary MA and PGA at the end of the work period CElia et al. 1980; Ong et al. 1994; Sollenberg

6

et al. 1988). A good correlation between environmental styrene levels and urinary PGA levels has also

7

been found (Chua et al. 1992). Total MA and PGA measured the morning after exposure may be a more

8

reliable biological indicator of styrene exposure in factories where there is high variability in thc

9

envirorunental styrene concentration (Bartolucci et al. 1986).

030 how

w(l.l. -t1-c.

r.;~ _,.. . '\3Ln.~~I'1.~~

eOl'\~ hi s~... I\C. ~ -t1.t. .-.c.W.".~ , 

10

12

Reference levels of styrene likely to be observed in workers exposed to the time-weighted average
1 ,......u..~ bt. M~ "'" f"c..9r 0(' ~I"t,... UJ("...... ~ t"I"\ol~ bAqlQ
concentrations by inhalation nave been reported. The American Conference of Governmental Industrial

13

Hygienists (ACGrn 2006) recommends a biological exposure index of 400 mglg creatinine for the sum of

14

MA and PGA in urine.

11

15

16

3.8.2

Biomarkers Used to Characterize Effects Caused by Styrene

17

18

The most common symptom of styrene exposure is depression of the central nervous system. Other

19

organic solvent vapors cause similar effects. However, neurological symptoms can be used with caution

20

to estimate styrene exposure and adverse effects. Central nervous system depression induced by styrene

21

has been correlated with a urinary MA concentration in excess of 800 mgIL. A measured decrement in

22

psychomotor performance has been associated with urinary MA concentrations of>1,200 mglL

23

(Harkonen et al. 1978).

24
25

Logic, memory, and viSllo-conslrUctive abilities were significantly affected in 50 workers with MA and

26

PGA levels corresponding to >50 ppm of styrene in air (Mutti et a1. 1984a). Reaction time to a sequence

27

of light stimuli in two female workers resulted in marked impainnent in workers with the highest MA

28

excretion. The correlation coefficient for reaction time versus urinary MA measured as mmoUrnmol

29

creatinine) was 0.86 (Mackay and Kelman 1986).

30
31

fi""" Ia<

/old .. oJ.D. .\c..p.. '"'..... ~ ~ c...k. ~"wN..( to. I:>ib... .-l'"J f<.r ."'"""•.I""."t....~

Io""""'r:::.
•

32

Cytogenetic monitoring of peripheral lymphocytes as a biomarker of effect has been proposed (DeJong et -p..,
""""",,,k
a1. 1988; Pero et a1. 1982). Future biomarkers may include hemoglobin adducts. Using unscheduled

33

DNA synthesis (UDS) as an indicator of DNA damage, the lymphocytes of 38 individuals occupationally

34

exposed to styrene were evaluated. The induced UDS was significantly increased for the group exposed

~
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to 1-40 ppm styrene (pero et al. 1982). Measurement of chromosome aberration in peripheral blood
2

lymphocyte has been used for many years to monitor the biologic effects of genotoxic chemicals.

3

However, due to high background levels of chromosomal aberration and exposures to other genotoxic

4

workplace chemicals, the sensitivity of this biomarker for the effects of styrene is probably not adequate

5

(DeJong et al. 1988). The role of hepatic glutathione in the toxicity of styrene has been proposed as

6

inhibiting the covalent binding of styrene. This has been confmned in animal studies by decreased

7

glutathione in styrene-exposed animals (parkki 1978). However, its use as a biomarker of effect in

8

humans remains to be demonstrated since data on the adverse effects of styrene on the human liver are

9

insufficient.

-----

10

d

II

Levels of styrene oxide may also be a useful biomarker of effect, since this metabolic intermediate may ..

12

be responsible for many of styrene's toxic effects. However, no data were located regarding a correlation ~

13

bet ween styrene oxide and any adverse health effect.

,.

1lr~

..............

~

14

15

3.9

INTERACTIONS WITH OTHER CHEMICALS

1 "B~'<.n.c.- i' ""'.,,~

• ~\Ol\.·. ~\c. i). ,.,...: So 'St~

16

17

Styrene metabolism is known to be inhibited by the presence of other chemicals such as toluene,

18

trichloromethylene, and ethyl benzene. The biotransformation of styrene in rats to PGA, MA, and

19

hippuric acid was suppressed by co-administration of toluene (Ikeda et al. 1972). This may be due to

20

competitive inhibition of oxidative mechanisms. Similar results were reported by Ikeda and Hirayama

21

(1978) in rats when styrene metabolism was inhibited by the administration of trichloroethylene. Urinary

22

metabolites of styrene may be markedly reduced when humans or animals are concurrently exposed to

23

organic solvents that inhibit styrene metabolism.

24

25

; iBT

3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

26

27

A susceptible population wiU exhibit a different or enhanced response to styrene than will most

28

persons exposed to the same level of styrene in the environment. Reasons may include genetic

29

makeup, age, health and nutritional status, and exposure to other toxic substances(e.g., cigarette

30

smoke). These parameters result in reduced detoxification or excretion of styrcne,"or compromised

31

function of organs affected by styrene. Populations who are at greater risk due to their unusually

32

high cxposure to styrene are discussed in Section 6.7, Populations with Potentially High Exposurcs.

33
34

Styrene is a hazardous substance found in the workplace with much lower levels found in the

35

environment. Therefore, the populations at risk are workers in industries making polystyrene plastics,
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emetics, but recommend administration of water for dilution of gastric lavage (Bronstein and Currance
'HII'''

i~.!:

2

1988; Haddad and Winchester 1990). Others suggest administration of syrup of ipecac to induce ..

3

vomiting, but consider the usefulness of activated charcoal to bind the styrene and cathartics to speed

4

fecal excretion as questionable (Ellenbom and Barceloux 1988). Following acute inhalation exposure, ~

5

administration of oxygen and use of mechanical ventilation to support respiration have been suggested ";::::'

6

(Bronstein and Currance 1988; Ellenhom and Barceloux 1988; Haddad and Winchester 1990).

7

Administration of aminophylline and inbaled bronchodilators may be required to treat bronchospasm ""~"""",......

8

(Ellenbom and Barceloux 1988). Furthcnnore, cardiac monitoring has been suggested. Supportive

9

treatment may be needed for neurological effects of styrene exposure (Haddad and Winchester 1990).

t:'=

·1......,l<.~
hf,re.
(

10

II

3.11.2 Reducing Body Burden

12

13

Styrene is metabolized by the body, and most styrene that is absorbed is excreted in the urine as

14

metabolites of the parent compound. Styrene is cleared rapidly from the human body. Its half-life is

15

several hours in the blood and about 2-4 days in subcutaneous adipose tissue (see Section 3.4). No

16

method is commonly used to enhance the elimination of the absorbed dose of styrene.

17

18

3.11.3 Interfering with the Mechanism of Action for Toxic Effects

19

20

In humans, central nervous system depression and upper respiratory tract irritation were reported

21

following acute exposure to higher styrene concentrations (see Section 3.2). Studies in animals indicate

22

that chronic styrene exposure causes liver and kidney effects and may induce cancer. Styrene oxide was

23

found to be the active mutagenic metabolite of styrene in several studies (de Raat 1978; Donner et al.

24

1979; Norppa et a1. 1979, 1980a, 1980b, 1981, 1984, 1988; Pohlova et al. 1985; Vainio et a1. 1976).

25

Based on these studies, it can be concluded that styrene is a typical indirect mutagen that needs metabolic

26

activation to be able to bind covalently to macromolecules (e.g., nucleic acids). In one of the possible

27

metabolic pathways, styrene oxide is further metabolized to hydroxyphenylethyl mercapturic acid. The

28

reaction utilizes glutathione (Bond 1989).

29

oxide was decreased in the presence of glutathione in S. typhimurium TAI00 (Yoshikawa et al. 1980).

30

This experiment, therefore, suggests that glutathione may reduce the mutagenic effects of styrene oxide.

"!'hL

:u Has sew dCiIlOllStJ atcd thal.t.mutagenic activity of styrene

31

32

The formation of styrene oxide may also contribute to other effects following styrene cxposure. It is weU

33

6sta13liskcd tbal glutathione decreases the cytotoxicity of many reactive chemicals by acting as a

34

scavenger oftoxic metabolites.

35

depletion of glutathione content in the liver cells of these animals (Das et a1. 1983; Vainio et al. 1979) . ..ft.,.

~

JJ~II"V\

"k-I!-o-,~.a~s~.ftononn~dHL~bmat

exposure of rodents to high levels of styrene caused

=
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h:4 be..:..... S ......: :;iU.fe.J

weg sl:1ggesteei that .¥lutathione d;'reasithe hepatoxicity by preventing styrene oxide reaction with other

2

endogenous macromolecules. Similarly, depletion of glutathione was found in all regions of rat brain

)

following exposure to styrene oxide (Dixit et al. 1982; Trenga et a1. 1991). The authors speculated that

4

the depletion of brain glutathione may lead to an increased concentration of free styrene oxide with

5

increased binding to cellular nucleophiles. This process would contribute to oxidative injury to neuronal

6

and glial cells and may be a part of styrene-induced neurotoxicity. It sIlOaM be iIOted, however,,tbar'"

7

styrene itself, being a lipophilic compound, may disrupt the nerve membrane function in a manner similar

8

to anesthetic agents.

=

9
10

Although results from in vitro studies in bacteria and in vivo animal studies dcmonstrate that exogenous

II

glutathione precursors may decrease the effects of styrene toxicity, it is Hat Iffie..."n .. hether this treatment

12

weald be oClleneiei in humans~ For low-level exposure cases, it is wrlilcely the:t endogenous glutathione

13

levels~

14

precursors such as N-acetylcystcine ~ be effective in mitigating the toxic effects of styrene.

15

Exogenous doses of reducing agents may be useful following acute high dose exposure to styrene. In this

16

case, a significant depletion of glutatruone may occur as a result of the presence of high levels of styrene

17

oxide. However, there are no clinical data available to date that support the use of this treatment

I.....

joS",-'"

-+I"C.~J..

\vI._.... .

~

++'w..

Q.Ic.. ......... I~-

be decreased to a significant e.xtent. Therefore, it is anlikely that exogenous glutathione
Q,ft,,,.\ li:1c.c..l'1.

-+0

18
19

3.12 ADEQUACY OF THE DATABASE

20

l=.\' f""o",d.o..-..h ~

~04D5~CERCLA, as amended, directs the Administrator of ATSDR in consultation with

21

Section

22

the Administrator of EPA and agencics and programs of the Public Health

23

whether adequate information on the health effects of styrene is available. Where adequate

24

information is not available, ATSDR, in conjunction with the National Toxicology Program~TP),

25

is requircd to assure the initiation of a program of research designed to d,ermine the health effects

26

and techniques for developing methods to determine such health effect?"f styrene.

Servi~O assess

27

28

The following categories ofpossiblc data needs have been identified by a joint team of scientists

29

from ATSDR, NTP, and EPA. They are defincd as substance-specific informational needs that if

30

mct would reduce the uncertainties of human health asscssment. This definition should not be

31

interpreted to mean that all data necds discussed in this section must be filled. In thc future, the

32

identified data needs will be evaluated and prioritized, and a substance-spccific research agenda

3)

,viII be proposcd.

34
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3.12.1

Existing Information on Health Effects of Styrene

2

3

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals

4

to styrene are summarized in Figure 3-5. The purpose of this figure is to illustrate the existing

5

information concerning the health effects of styrene. Each dot in the figure indicates that one or

6

more studies provide information associated with that particular effect. The dot does not

7

necessarily imply anything about the quality of the study or studies, nor should missing information

8

in this figure be interpreted as a "data need", A data need, as defined in ATSDR's Decision Guide

9

for Identifying Substallce-Specijic Data Needs Related to Toxicological Profiles Agency for Toxic

10

Substances and Disease Registry 1989), is substance-specific information necessary to conduct

11

comprehensive public health assessments. Generally, ATSDR defines a data gap

12

any substance-specific information missing from the scientific literature.

~ore

broadly as

13

14

There is information on most categories of human toxicity via the inhalation route from occupational

15

studies. However, there are limlled data on humans exposed to styrene by the oral or dermal routes. Data

16

from animal studies are more extensive, with studies available for most areas of toxicity resulting from

17

exposure via the oral and inhalation routes. LitlIe is known about the effects of dcnnal exposure to

18

styrene in animals.

19

20

3.12.2 Identification of Data Needs

21

22

Acute-Duration Exposure.

23

styrene exists in occupational settings, and might also exist near major spills. Exposure of the general

24

public to episodic high concentrations of styrene at hazardous waste sites, in the home, or in the general

2S

environment is unlikely. The respiratory tract and central nervous system are the likely target organ

26

systems for inhaled styrene (Alarie 1973; Carpenter et al. 1944; DeCeaurriz et al. 1983; Kankaanpaa et al.

2.7

1980; Murray et a1. 1978; Seeber et al. 2004; Spencer et al. 1942; Stewart et al. 1968). Animal studies

28

have reported hepatic (Cruzan et al. 1997,2001; Morgan et al. 1993a, 1993b, 1993c; Vaino et al. 1979)

29

and nasal (Cruzan et a1. 2001) effects and hearing impainnents (Campo et al. 2001; Crofton et al. 1994;

30

Lataye et a1. 2003). Available toxicokinetic data suggest that the mouse may be more sensitive to the

31

hepatic and nasal toxicity of styrene than humans; thus, these data are not suitable for derivation of an

32

acute-duration inhalation:MRL. Studies have also examined potential reproductive (Salomaa et al. 1985)

33

and developmental (Kankaapaa et al. 1980; Murray et al. 1978) effects; the highest doses tested in these

34

studies were NOAELs. The data are not considered sufficient to establish an inhalation acute-duration

35

The possibility for brief human exposure to high concentrations of

MRL. Episodic high-level exposures to styrene from contaminated food or water are unlikely. Few

-n...

~

A.~ ~

f"la L. .(1,....
; ....\-1.........."""
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studies have examined the toxicity of styrene following exposure to an acute oral dose. Abdominal
2

discomfort was observed in residents exposed to high levels of styrene in drinking water (Amedo-Pena et

3

al. 2003); concomitant inhalation exposure to styrene limits the utilization of this study for MRL

4

derivation. A study in rats identified a LOAEL for neurotoxicity (Husain et al. 1985) and another rat

5

study examined potential developmental effects, but found no adverse effects (Daston et al. 1991). The

6

animal data are not considered sufficient to derive an oral aCllle-dJ![atjoD MEL. Thus, additional

7

single-dose oral and inhalation studies are needed to better define toxicity -thresholds. However, the vJ~.I~

8
9

"of.~OI'\l

'1>-

potential carcinogenicity of styrene prevents the design of controlled laboratory exposures in humans. "" pn .
PI"",
Dermal exposure to styrene at significant levels is unlikely except in the case of workplace spills and

10

dennal absorptioD is probably low based on limited human studies. However, the almost complete lack

II

of dermal toxicity data in animals and humans creates a degree of uncertainty on this issue. Therefore,

12

single-dose dennal studies would be useful in determining target organs and thresholds for dermal

13

exposure. In designing these types of studies, precautions should be taken to avoid concomitant

14

inhalation exposure.

C""....~

15

16

Intermediate~Duration

17

limited to a study examining potential reproductive effects in workers (Lindbolm et al. 1985); exposure

18

information was not provided. Inhalation studies in animals have reported damage to the nasal olfactory

19

epithelium in rats (Cruzan et a1. 1997, 2005a, 2005b; Ohashi et al. 1986) and mice (Cruzan et a!. 1997,

20

2001), liver damage in mice (Cruzan et aL 1997), eye irritation in rats (Cruzan et a1. 1997) and guinea

21

pigs (Spencer et al. 1942), ototoxicity in rats (Campo et a1. 2001; Lataye et a!. 2000; Loquet et al. 1999,

22

.2000; Makitie et al. 2002; Pouyatos et al. 2002; Pryor et al. 1987; Yano ct a1. 1992), and impaired nerve

23

conduction velocity (Yamamoto et a1. 1997). A two-generation study in rats did not find reproductive,

24

developmental, or neurodevelopmental effects (Cruzan et al. 2005a, 2005b), but another study did find

25

neurodevelopmental effects (Katakura et al. 1999,2001). However, additional studies are needed, as the

26

data are not considered sufficient to derive an intermediate-duration inhalation MRL. Oral exposure

27

studies of intermediate-duration are limited. Animal studies indicate that respiratory, hepatic,

28

neurological, and neurodevelopmenlal end points need further evaluation. There are limited animal data

29

and no human data on the toxicity of styrene following intermediate-duration oral exposure. Studies by

30

Srivastava et al. (1982), Ponmarkov and Tomatis (1978), and Wolf et al. (1956) have examined a limited

31

number of systemic end points. Other studies have identified adverse effect levels for neurological effects

32

(Agrawal et al. .1982; Bushnell 1994; Husain et a1. 1980), impaired development of the reproductive

33

system (Srivastava et al. 1992a, 1992b), orneurodevelopmental effects (Zaidi et al. 1985); no

34

reproductive effects were observed in a three-generation reproduction study (Beliles et al. 1985). The

Exposure.

Intermediate-duration inhalation exposure studies in humans is
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current information is not sufficient to develop an oral MRL. One study examined the dermal toxicity of
2

styrene in rabbits (Spencer et a1. 1942); basic information on the adverse effects of intermediate-duration

)

dermal.exposure to styrene in animals is also needed due to the sparsity of available data.

4

5

ChronicMDuration Exposure and Cancer.

6

examined the chronic toxicity of styrene. Systemic toxicity studies have examined endocrine

7

(Bergamaschi et al. 1997; Mutti et a1. 1984b), hematological (Checkoway and Williams 1982; Thiess and

8

Friedheim 1978), hepatic (Hotz et a!. 1980; Lorimer et a1. 1978), or renal (VerpJank:e et al. 1998; Viau et

9

a1. 1987; Vyskocil et a!. 1989) end points; most studies relied on biomarkers of toxicity. The most widely

A large nwnber of occupational exposure studies have

10

examined end point is neurotoxicity(nd the available data suggest that this is the most sensitive end

11

point. Examined neurological end points included color vision (Campagna et a!. 1995, 1996; Chia et a1.

12

1994; Eguchi et a1. 1995; Fallas el al. 1992; Gobba et al. 1991; Gong et a1. 2002; Kishi et al. 2001; Multi

13

et a1. 1984a), vestibular effects (Calabrese et a1. 1996; Moller et a1. 1990), hearing impairment (Morata et

14

a1. 2002; Morioka et al. 1999; Muijser et a1. 1988; Sliwinska-Kowalska et a1. 2003), symptoms of

15

neurotoxicity (Checkoway et al. 1992; Cherry et a1. 1980; Edling et a1. 1993; Viaene et al. 1998,2001),

16

performance on neurobehavioraltests (Cherry et al. 1980; Edling et al. 1993; Gamberale et a1. 1976;

17

Jegaden et a1. 1993; Lindstrom et al. 1976; Mutti et a1. 1984a; Tsai and Chen 1996; Viaene et a1. 1998,

18

2001), nerve conduction velocity (Behari et a1. 1986; Murata et al. 1991; Rosen et a1. 1978), olfactory

19

alterations (Dalton et a1. 2003), and EEG alterations (Harkonen et a1. 1984; Seppalainen and Harkonen

20

1976). Other human studies have examined reproductive (Harkonen and Holmberg 1982; Hemminki et

21

a1. 1980) and developmental (Ahlborg et al. 1987; Lemasters et a!. 1989) end points. The chronic toxicity

22

of styrene has also been examined in rat (Cruzan et al. 1998; Jersey et a1. 1978) and mouse (Cruzan ct a1.

23

2001) studies. The occupational exposure studies were considered adequate for derivation of a chronic

24

duration inhalation MRL for styrene. Further research to define the dose-response curve more fully and

25

to identify a chronic inhalation NOAEL for neurological effects would be valuable and would hetp to

26

reduce uncertainty in the MRL. Data on chronic oral exposure to styrene is only available through animal

27

studies (Bcliles et a1. 1985; Conti et a1. 1988; NCI 1979b; Quast et al. 1979). In these studies, the most

28

sensitive indicator of toxicity appears to be Heinz body formation in red blood cells (Quast et a1. 1979),

29

and the EPA has calculated a chronic oral Rill based on this study (IRIS 2007). However, there is some

30

doubt regarding the chronic oral NOAEL, and whether hematological effects are really more sensitive

3J

than neurological effects. Moreover, decreased survival has been noted in rats at exposure levels only

32

slightly higher than the no-effect level for hematological effects (Conti et a!. 1988). Therefore, no

33

chronic oral MRL has been derived. Further studies on the effects of oral exposure, with special

34

emphasis on neurological or neurobehavioral effects, would be valuablc. Although chronic dermal
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have been reported for spontaneous abortions with some studies reporting significant increases (Harkonen
2

and Holmberg 1982; Hemminki et al. 1980; McDonald el a1. 1988) and others reporting no effect

3

(Harkonen and Holmberg 1982; Hemminki et a1. 1980, 1984; Lindbohm et a1. 1985). Oligomenorhhea

4

was observed in one study of workers eCho et al. 2001), but not in another study (Lemasters et al. 1985).

5

Studies in male workers have found alterations in spenn parameters (Kolstad et al. 1999a), but no

6

alterations in time-to-pregnancy (Kolstad et a1. 2000; Sallmen et al. 1998) or fertility rates (Kolstad et a1.

7

1999c). A two-generation inhalation study (Cruzan el a1. 2005b) and three-generation oral study (Beliles

8

el al. 1985) in rats showed no styrene-related reproductive effects. However, testicular effects have been

9

observed in an oral exposure study (Srivastava et al. 1989), but not in an inhalation study (Salomaa et a1.

10

1985). Additional reproductive dala on occupationally-exposed males would be useful in evaluating the

11

existing animal data that indicates altered testicular function and studies in females would be useful in

12

evaluating the inconsistent findings in the existing studies.

IJ

14

Developmental Toxicity.

15

available in humans and arumals. Occupational exposure studies (Ahlborg et al. 1987; Harkonen et al.

16

1984; Lemasters et a!. 1989) have not found increases in the occurrence of birth defects or birth weight.

17

However, interpretation of the results are complicated by exposure to other chemicals and lack of

18

information on exposure levels. Additional occupational studies are needed to adequately assess this end

19

point. Developmental studies in animals via inhalation (Cruzan et a1. 2005b; Kankaapaa et al. 1980;

20

Murray et a1. 1978) or oral (Beliles et al. 1985) exposure have not found effects on fetal outcome, birth

21

weight, or incidence of abnormalities. However, several studies have reported neurodevelopmental

22

(Katakura et al. 1999,2001; Zaidi et a1. 1985) or reproductive (Srivastava et al. 1992a, 1992b) effects.

23

Additional studies are needed to examine the potential effects on the nervous and reproductive systems of

24

developing organisms. No studies examined the developmental toxicity of styrene following dermal

25

exposure.

Data on the developmental effects of inhalation exposure to styrene are

"'"'-..t 1

26
27

Immunotoxicity.

28

(Bergamaschi et al. 1995b; Bir6 et al. 2002), which may be indicative of reduced cell-mediated immunity

29

and an impaired immune response to concanavalin (Tulinska et a1. 2000); another study found no

30

alterations in immunoglobulin levels (Chmielewski et al. 1977). Limited data in animals indicate that

31

inhalalion (Ban et a1. 2006) and oral (Sinitskij 1969) exposure can also result in impaired immune

32

response. No dermal exposure studies examining immunotoxicity were identified. Human and animal

33

studies provide suggestive evidence that the immune system is a target; addilional stUdies would be useful

34

to further investigate the effect of styrene on immune function.

Occupational exposure studies have found alterations in lymphocyte subsets
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characterization of exposure levels and possible exposure to other chemicals. Some studies provided no
2

data on styrene exposure levels and other studies provide current exposure levels with limited. or no data

3

on past exposure levels. Occupational exposure and experimental studies also provide suggestive

4

evidence of acute upper respiratory tract irritation and eye irritation (Carpenter et a1. 1944; NIOSH 1983)

5

Stewart et a1. 1968) and possible endocrine effects (elevated levels of serum prolactin) (Arnni et a1. 1987;

6

Bergamasehi ct a1. 1996, 1997; Luderer et al. 2004; Mutti et al. 1984b); additional studics are needed to

7

confinn the results of these studies and to establish dose-response relationships. Additionally, there are

8

suggestive findings that styrene has the potential to induce reproductive effects (Cho et al. 2001;

9

Harkonen and Holmberg 1982; Hemminki et a1. 1980; Kolstad et al. 1999c; McDonald ct al. 1988);

10

however, poor characterization of styrene exposure and the low statistical power of the studies limit the

II

usefulness of the studies; studies of males and female styrene workers that examined a variety of

12

reproductive end points and adequately characterized exposure would be useful.

13
14

Biomarkers of Exposure and Effect.

~

.....,

15

~~

16

Exposu,," Available studies indicate that there are good quantitative relationships between styrene \

17

metabolites (MA and PGA) in the urine and styrene exposure lcvels in humans (Bartolucci et al. 1986; \

18

Chua et al. 1992; Elia et a1. 1980; Engstrom et at. 1976; Harkonen et al. 1978; Ong et a1. 1994; Sedivec et '\

19

al. 1984; Sollenberg et a1. 1988; Symanski et a1. 2001). Levels of styrene in blood have also been used as

20

a biomarker of exposure (Antoine et a1. 1986; Baseh et al. 1988a; Ramsey et a1. 1980).

""M

r,;n.l:i • I

21

·22

Effect. There are currently no biomarkers specific for the effects of styrene that are not also typical of

23

other qentral nervous system depressants. Further research is needed to evaluate potential biomarkers of

24

effect in the areas of chromosome aberrations, psychomotor decrement, hepatic glutathione depletion, and

25

adipose tissue retention of styrene. These potential biomarkers should be evaluated in terms of long-term

26

or chronic exposure periods, and their specificity for exposure to styrene.

27

28

Absorption, Distribution, Metabolism, and Excretion.

29

identified as an intermediate metabolite of styrene (Drummond ct al. 1989; Engstrom ct al. 1976; Korn ct

30

al. 1984, 1987; Leibman 1975; Lofet a1. 1983; Withey and Collins 1979; Young et al. ]979). However,

31

styrene oxide has only been found in minute amounts in human studies (Lof et a1. 1986a). The presence

32

of styrene oxide, a mutagen and carcinogen, may account for some conflicting results and/or intcrspecies

33

variation in mutagenicity tests and cancer bioassays. The role, if any, of styrene oxide in the overall

34

toxicity of styrene needs to be evaluated by additional metabolism studies to confirm its presence, level,

Styrene oxide (styrene epoxide) has been
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and duration in human tissues. The toxicokinetics of styrene exposure via inhalation are reasonably well
2

defined. However, oral and dermal exposure data are needed to better characterize absorption rates and

3

the elimination ratios of the metabolites (MA and PGA).

4

S

Comparative Toxicokinetics_

6

by noting. for example, different ratios ofMA and PGA in different species (Mendrala et a1. 1991;

7

Ramsey et a1. 1980; Ramsey and Young 1978; Young et a1. 1979) reported species differences in the ill

8

vitro metabolism of styrene and styrene oxide, which indicated that mice and rats had a higher capacity to

9

produce styrene oxide from than humans. Efforts should continue to identify which animal model best

Interspecies variations in styrene metabolism have been established

10

approximates human metabolism of styrene. Although urinary metabolites of styrene in humans are

11

known, the occurrence and significance of styrene oxide needs to be evaluated.

'

,

12

13

Methods for Reducing Toxic Effects.

14

of styrene intoxication include mechanical ventilatory support, administration of oxygen; and drug

15

therapy for bronchospasm, if exposure is by inhalation (Bronstein and Currance 1988; Ellenbom and

16

Barceloux 1988). Thorough washing or flushing with water is recommended for dermal/ocular exposure.

Recommended methods for the mitigation of acute effects

•

17

1U" ;s..k
There is disagreement concerning the use of emetics to prevent absorption of styrene following ingestion"" 3'\tC..

18

due to potential of aspiration into the lung (Bronstein and Currance 1988; Ellenhom and Barceloux 1988; r-

19

Haddad and Winchester 1990). Supportive treatment is indicated for neurological effects of styrene

20

exposure (Haddad and Winchester 1990). No information was located concerning mitigation of effects of

21

lower-level or longer-tenn exposure to styrene. Further information on techniqucs to mitigate such

22

effects would be useful in determining the safety and effectiveness of possible methods for treating

23

styrene-exposed popUlations in the vicinity of hazardous waste sites. This includes further studies on the

24

mechanism(s) of styrene toxicity, so that methods may be developed lo interfere with or block styrene's

2S

toxic actions in the body.

..

",..;..0\"1

~

26

27

Children's Susceptibility_

28

developmental effects expressed either prenatally or during childhood, are discussed in detail in the

29

Developmental Toxicity subsection above.

Data needs relating to both prenatal and childhood exposures, and

30
31

No studies were identified that examined the toxicity of styrene in children or young la.boratory animals.

32

No consistently observed developmental effects have been reported in occupational exposure studies

33

(Ahlborg et al. 1987; Hark6nen et al. 1984; Lemasters et al. 1989) or in animal studies (Cruzan et al.

34

2005b; Daston et al. 1991; Kankaanpaa et al. 1980; Murray et al. 1978). The nervous system is the most
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2

3

5.1

PRODUCTION

4

5

In the United States, styrene is produced principally by thc catalytic dehydrogenation of ethylbenzene.

6

Hence, ethylbenzene is a common contaminant. Styrene is also produced by oxidation of ethylbenzene to

7

ethyl benzene hydroperoxide, which is then reacted with propylene to produce propylene oxide and

8

a-methylphenyl carbinol. The carbinol is then further dehydrated to produce styrene (Dickson et al. 1983;

9

HSDB 2007; IARC 1979). The first route of manufacture (dehydrogenation of ethylbenzcne) represents

]0

90% of styrene production. The other described method is the second most conunonly used route of

11

styrene synthesis. Other methods of styrene production are rarely used.

12
13

Styrene has been manufactured in the United States since 1938, with production increasing dramatieall

14

over the last 30 years. Production increased 16% in the decade between 1977 and 1987, but production

15

increased >32% between 1987 and 1999, and rose again by another 28% between the years 1999 and

16

2006 (HSDB 2007; SRl2006). Specifically, U.S. production of styrene in 1978 was 6.8 billion pounds,

17

and then in 1987, production was approximately 8 billion pounds. In 1999, U.S. styrene production was

18

over 10 billion pounds, and in 2006, the United States produced> 13 billion pounds (Dickson et al. 1983;

19

Heylin 1989; HSDB 2007; SRI 1988a. 1989.2006; usrrc 1987. 1988).

20

styrene production has more than doubled)

~Since 1977. U.S. total

21
22

Information regarding the locations of the numerous styrene production facilities and the amounts of

23

styrene that may be present on-site is presented in Table 5-1. Current domestic producers of styrene

24

include Chevron Phillips Chemical Company LP (Aromatics and Styrenics Business Unit), St. James,

25

Louisiana; Cos-Mar Company, Carville, Louisiana; the Dow Chemical Company, Freeport, Texas;

26

INEOS Americas, LLC, Texas City, Texas; Lyondell Chemical Company, Channelview, Texas; NOVA

27

Chemicals Corp, Bayport, Texas; Sterling Chemicals, Inc., Texas City, Texas; and Westlake Styrene

28

Corporation, Sulphur, Louisiana (SRl2006). The production of styrene at these facilities is directed

29

primarily for captive processes (on-site conversion to other materials) or for merchant sales to other

30

entities (these include export). The information presented in Table 5-1 reflects the locations of these

31

production plants, where it can be noted that the greatest production capacity occurs primarily in Texas

32

and Louisiana.

33
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5.2

IMPORT/EXPORT

2

3

Imports of styrene have generally been <1 % of U.S. domestic production volumes, with imported styrene

4

amounts decreasing over the last decades, and exported amounts increasing during the same time period.

5

Styrene imports were reported to be 26.4 million pounds for 1976, 320 million pounds in 1986, (Dickson

6

et a1. 1983; !ARC 1979), but only 1 million pounds in 1999 (HSDB 2007). These trends indicate a higher

7

capacity for domestic producers to meet industry needs. Styrene exports were <1 billion pounds in 1978,

8

but had exceeded 1 billion pounds by 1983. Exports have slowly increased such that recent export data

9

(2000) indicate that the U.S. exports >2 billion pounds of styrene annually (HSDB 2007), also indicating

10

that domestic production is more than capable to serve domestic needs.

II

12

5.3

USE

13
I'

Styrene is used predominantly (65% of total product) in the production of polystyrene plastics and resins

15

(James and Castor 2005). Some of these resins are used for construction purposes such as in insulation or

16

in the fabrication of fiberglass boats. Styrene is also used as an intermediate in the synthesis of materials

17

used for ion exchange resins and to produce copolymers such as styrene-acrylonitrile (SAN) and

18

acrylonitrile-butadiene-styrene (ABS), both representing approximately 9% of styrene use, and styrene

19

butadiene rubber (SBR), representing approximately 6% of styrene use. SBR is used for such products as

20

car tires, hoses used for industrial applications, and shoes. A related polymer, styrene-butadiene latex

21
22

(approximately 7%), is used in making carpet, coatings for paper, and as part of latex paints.
""II""~ li:»fc4.
Appl=oxjrnately fiI% soes iAtQSAbT ~8~elYFRsr lAd pol~~r5 sfABS. SAN and ABS are used for

23

materials such as piping, automotive components, refrigerator liners, plastic drinking glasses, and car

2'

battery enclosures. An additional 7%·is formulated with unsaturated polyester resins in such lhings as

25

boat hulls (fiberglass reinforcement materials). The remaining amounts of styrene produced are used for

26

several types of applications, including less common thermoplaslics and even for laboratory and water

27

purification uses (ion-exchange resins) and glues and adhesives (James and Castor 2005). Styrene

28

copolymers are also frequently used in liquid loner for photocopiers and printers (I-ISDB 2007).

., ~ "'~ytro.c..

29
30

The Food and Drug Administration (FDA) pennits styrene to be used as a direct additive for synthetic

31

flavoring and an indirect additive in polyester resins, ion-exchange membranes, and in rubber articles (5%

32

by weight maximum) intended for use with foods (HSDB 2007; IARC 1979; NIOSH 1983).

33
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5.4

DISPOSAL

2

3

Typical means of styrene disposal include absorption on vermiculite or similar material, followed. by

4

disposal in an EPA-permitted landfill. Incineration is also a useful disposal method, but this must be

5

carefully controlled since pure styrene is highly flammable (HSDB 2007). No data were located

6

regarding the quantities of styrene disposed by these means on a national level, but the state of

7

Massachusetts reported that most styrene disposal occurred via incineration (95.5%), followed by smaller

8

amounts being disposed of in landfills (0.5%), a slightly greater amount being sUbjected to solvent

9

recovery (0.7%), and slightly more being transferred to waste/energy brokers (3.3%) (Keenan and

10

Harriman 1993). The total amounts represented were -250,000 pounds. It is HtHB!6Wfl if the data

11

reported for Massachusetts are representative of the proportions disposed of by these means in other

12

statesi~

W~~r"""
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I

2

3

6.1

OVERVIEW

4

5

Styrene has been identified in at least 31 of the 1,689 hazardous waste sites that have been proposed

6

for inclusion on the EPA National Priorities List (NPL) (HazDat 2007). However, the number of

7

sites evaluated for styrene is not known. The frequency of these sites can be seen in Figure 6-1. Of

8

these sites, 30 are located within the United States and one is located in the Commonwealth of

9

Puerto Rico (not shown).
.. ~

10

.L..""'"

II

Styrene is a widely used industrial chemical with reported atmospheric emissions 0£>54 million poun~s

12

annually in the United States (TRI05 2007).

13

ranging between 7 and 16 hours (which are !he degradation half-lives catalyzed by reactions with

14

hydroxyl radical and ozone, respectively). Styrene is moderately mobile in soil and volatilizes from water

15

to the atmosphere. Styrene will undergo biodegradation in most top soils and aquatic environments, but

16

degradation will be much slower in environments that are anaerobic. Bioconcentration does not appear to

17

be significant.

Styrenephotodegr~des

in the atmosphere, with a half-life

18

19

The principal route of styrene exposure for the general population is probably by inhalation of

20

contaminated indoor air. Mean indoor air levels of styrene have been reported in the range of 0.1

21

50 )lg/m3, and can be attributed to emissions from building materials, consumer products, and tobacco

22

smoke. It should be pointed out that the workplace or home office may have substantially higher levels of

23

airborne styrene, due to emissions from laser printers and photocopiers. General workplace styrene

24

concentrations ranged from,89 to 1.5xl 0 6 Ilg!~. The most significant exposure route in these settings is

25

also likely by inhalation. The industries with the highest potential exposure are probably the reinforced

26

plastics factories, boatbuilding facilities, and polystyrene factorics. Exposure may also be high in areas

27

near major spills. Exposure to styrene from hazardous waste sites is potentially important, but the

28

magnilude of the problcm is unknown. The potential for outdoor exposure to styrene is lower than indoor

29

exposure, with reported mean air levels ranging from 0.28 to 20 Jlg/m3 .

Qj,~ ~il1.. ~~ \ ... opp....

-

30

..

I

ro~

w.. fPt¥<o·

31
32

6.2

RELEASES TO THE ENVIRONMENT

33

The Taxies Release Inventory (TRl) data should be used with caution because only certain types of

34

facilities are required to report (EPA 200S). This is not an exhaustive list. Manufacturing and

35

processing facilities are required to report information to the TRI only if they employ 10 or more
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full-time employees; if their facility is included in Standard Industrial Classification (SIC) Codes
2

10 (except 1011, 1081, and 1094), 12 (except 1241), 20-39, 4911 (1imited to facilities that combust

3

coal andlor oil for the purpose of generating electricity for distribution in commerce), 4931 (limited

4

to facilities that combust coal andlor oil for the purpose of generating electricity for distribution in

5

commerce), 4939 (limited to facilities that combust coal andlor oil for the purpose of generating

6

electricity for distribution in commerce), 4953 (1imited to facilities regulated under ReRA Subtitle

7

C, 42 U.S.C. section 6921 et seq.), 5169, 5171, and 7389 (limited S.C. section 6921 et seq.), 5169,

8

5171, and 7389 (limited to facilities primarily engaged in solvents recovery services on a contract or

9

fee basis); and if their facility produces, imports, or processes :::25,000 pounds of any TRI chemical

10

or othenvise uses >10,000 pounds of a TRl chemical in a calendar year (EPA 2005).

11
12

6.2.1

Air

13

14

Estimated releases of more than 51 million pounds (>23 thousand metric tons) of styrene to the

15

atmosphere from 1,563 domestic manuracturing and processing facilities in 2005, accounted for

16

>93% ofthe estimated total environmental releases from facilities required to report to the TRI

17

(TRIOS 2007). These releases are summarized in Table 6-1.

18

19

Styrene may be emitted to the atmosphere from industrial production and usage processes, motor vehicle

20

operation, combustion processes, building materials, and consumer products. Estimated atmospheric

21

industrial styrene emissions reported to EPA for the 2005 TRI totaled >51 million pounds, with

22

>41 million pounds released from point sources and >10 million pounds released as fugitive emissions

23

(EPA 2007). Styrene ranked 16th among air emissions for reported chemicals and chemical group

24

compounds in the United States in 2005. Since EPA regulations that require reporting oftoxic chemical

2S

emissions apply only to selected facilities producing and/or using substantial quantities of the chemical

26

(EPA 1988a), the total air emissions of styrene are probably greater than those reported. Typical sources

27

of industrial styrene emissions are those facilities producing styrene, polystyrene, other plastics, synthetic

28

rubber, and resins (EPA 1975, 1987d; Graedel1978; !ARC 1979; NIOSH 1983). The number of facilities

29

reporting styrene emissions to the TRI are listed in Table 6-1, along with number of reporting facilities in

30

each state and Puerto Rico, and the primary routes of styrene release from those facilities.

31

32

Styrene has been identified as a component of motor vehicle emissions from both gasolinc- and diesel

33

powered engines (Hampton et al. 1982, 1983). Styrene emission rates ranging from 6·.2 to 7.0 mglkm

34

distance for gasoline-powered vehicles and 1.4-2.1 mglkm for diesel trucks have been reported (Hampton
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et a1. 1983). Styrene may also be emitled into the air by other combustion processes. Styrene has been
2

identified in the stack emissions from waste incineration (Junk and Ford 1980), and Kleindienst et al.

3

(1986) reported the presence of styrene in wood smoke emissions, but no quantitative data were reported.

4

5

Emissions of styrene from building materials (carpets, floor tiles, insulation), office copiers, and

6

consumer products (disinfectants, plastics, paint, cigarettes) may contribute significantly to indoor air

7

pollution (Crump 1995). A styrene emission rate from glued carpet of98 nglminutelm2 was calculated by

8

Wallace et a1. (1987b), and Ginnan et al. (1986) identified styrene as a major emittant from adhesives

9

used in the constructing and finishing of buildings. Hodgson et al. (1993) detennined an average styrene

10

emission rate from new carpets of 41 0 nglminutelm 2 over a 24-hour time period, but this was reduced to

11

30 nglminutelm2 when emissions were measured over 168 hours. Carpet cushioning material showed

12

higher styrene emission rates of2,300 nglminuteJm2 when measured over 6 hours, but this material also

13

showed significantly lower ~mission rates of 83 nglminutelm2 when measured over a longer span of

14

96 hours (Schaeffer et al. 1996). Polystyrene products such as packaging materials, toys, housewares, and

15

appliances that may contain small amounts of the monomer also contribute to air levels. The workplace

16

or home office may have substantial levels of airborne styrene due to emissions from laser printers and

17

photocopiers. In the case of laser printers, styrene concentrations measured in test chambers during

18

printer operation were reported to be as high as 380

1lg/ID3

(Kagi et a1. 2007). For photocopiers, emission

... I~

I\~\.,r"

19

rates from four different copiers averaged 3,300 ).1glhour, but one copier had an emission rate of

20

12,000 Ilg!hour (Leovic et al. 1996). General workplace styrene concentrations ranged from 89 to

21

1.5xl0 6 ).1g1m3 • Styrene has also been detected in sidestream smoke emitted from cigarettes but

22

23

24

-

~oncentrations were not reported (lARe 1979).
...\ . ".,..f. fir,..
6.2.2

Water

25
(~2.2

26

Estimated releases of 4,858 pounds

metric tons) of styrene to surface water from

27

1,563 domestic manufacturing and processing facilities in 2005, accounted for about 0.01 % of the

28

estimated total environmental releases from facilities required to report to the TRI (TRIOS 2007).

29

No styrene was reported to have been released to publicly owned treatment works (POTWs)

30

(TRIOS 2007). These releases are summarized in Table 6-1.

31

]2

The principal sources of styrene releascs to water are industrial effluents. Styrene has bcen detected in

33

effluents from chemical, textile, latex, and coal gasification plants (EPA 1976; Pellizzari et al. 1979).

]4

Styrene was also identified in one of 63 industrial effluents at a concentration of <1 0 ).1gIL (EPA 1979b).
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Styrene occurred at concentrations up to 83 Jlg/L in coal gasification effluents (pellizzari et al. 1979), and
~lg/L

2

King and Sherbin (1986) reported styrene concentrations up to 970

3

daily styrene loading from a single chemical plant into the S1. Clair River (just south of Lake Huron on

4

the Michigan/Ontario border) was estimated at 133 kg (King and Sherbin 1986). Styrene was detected

5

(but not quantified) in the leachate from an industrial landfill in a study of 58 municipal and industrial

6

landfillieachates (Brown and Donnelly 1988). Styrene has also been detected at trace concentrations in

7

the River Elbe at two different sampling locations, with concentrations ranging from 6.1 to 46 ngIL (Gotz

8

et aJ. 1998).

in chemical plant effluents. The

9

10

6.2.3

Soil

11

12

Estimated releases of more than two million pounds (-1,000 metric tons) of styrene to soils from

13

1,563 domestic manufacturing and processing facilities in 2005, accounted for about 4.1 % of the

14

estimated total environmental releases from facilities required to report to the TRI (TRIOS 2007).

15

An additional 0.980 million pounds (--444 metric tons), constituting about 1.8% of the total

16

environmental emissions, were released via underground injection (TRIOS 2007). These releases

17

are summarized in Table 6-1.

18

19

Soil and sediments may become contaminated with styrene by chemical spills, landfill disposal of

20

styrene-containing wastes, or discharge of styrene-contaminated water. A small amount of styrene is

21

produced naturally through the activities of microorganisms, and some plants also produce styrene that

22

may be released to soil. The amounts released to soil through these processes, however, are not expected

23

to be significant in comparison to human activities that generate and release styrene to soil.

24
25

6.3

ENVIRONMENTAL FATE

26

27
28

6.3.1

Transport and Partitioning

29

Should styrene be released to the environment, its high vapor pressure would lead to its rapid partitioning

30

to the atmosphere. In the atmosphere, styrene exists as a vapor. Styrene is an oily liquid that is slightly

31

volatile; its vapor pressure has been determined to be approximately 5 nunHg at 20 °C (Verschueren

32

2001). A small fraction of the styrene released to the atmosphere may dissolve into condensed water

II ;-i-~ ...
...,ct"- """'-

33

vapor such as clouds and raindrops. A Henry's law constant (H) is a measure of the tendency of a

.+ ;, ""if)

34

chemical to partition between its gas phase and water. A value for H has not been experimentally

\~.,.c.'"

35

measured for styrene, but it may be estimated by dividing the vapor pressure of styrene by its solubility in

s··,.....
,~

......"""J.
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6.4

LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

2

3

Reliable evaluation of the potential for human exposure to styrene depends in part on the reliability

4

of supporting analytical data from environmental samples and biological specimens.

5

Concentrations of styrene in unpolluted atmospheres and in pristine surface waters are often so low

6

as to be near the limits of current analytical methods. In reviewing data on styrene levels

7

monitored or estimated in the environment, it should also be noted that the amount of chemical

8

identified analytically is not necessarily equivalent to the amount that is bioavailable. The

9

analytical methods available for monitoring styrene in a variety of environmental media are

10

detailed in Chapter 7.

II

12

6.4.1

Air

13

14

Styrene is a common contaminant of ambient urban air. Concentrations of styrene greater than rural air

15

concentrations have been identified in urban and industrial source areas, near hazardous waste sites. in

16

motor vehicle tunnels, in indoor air, and in workplace environments. A summary of monitoring data for

17

these locations is presented in Table 6·2. The data suggest that indoor air concentrations of styrene can

18

be considerably higher than outdoor concentrations. Cigarette smoke has also been implicated as a

19

significant source of styrene in indoor air (EPA 1987e; Wallace et a1. 1986a), as has the operation of

20

photocopying machinery (Stefaniak et a1. 2000; Lcovic et a1. 1996; Leovic et al. 1998) and laser printers

21

(Kagi et al. 2007).

22

23

Monitoring studies in Minnesota detected styrene in over 1,400 air samples collected from a total of

24

2,507 samples (there were 1,004 samples where styrene was below the detection limits) over an 8-year

25

period. The average concentration detected was 0.1 flglmJ ; the median concentration detected was

26

0.08 flglm 3; and the maximum detected amount was 1.49 flglm 3 (pratt et a1. 2000). Styrene mOnitoring in

27

ambient air conducted in Chiba City, Japan over an 8-week period showed slightly higher mean

28

concentrations, ranging from 0.11 to 0.36 flglm3 (Uchiyama and Hasegawa 2000).

29

30

6.4.2

Water

31

32

Styrene is not frequently found in U.S. water supplies. Styrene was not detected in any of the

33

> 1,000 samples of drinking water analyzed during three federal surveys (EPA 1988b), but had been

34

reported occasionally in drinking water supplies in several states (Coleman et al. 1984; EPA 1975, 1976;

35

Kleopfer and Fairless 1972; Kool et a1. 1982; Sanjivamurthy 1978;) well water (EPA 1985; Krill and
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Sonzogni 1986), river water (EPA 1976; Sheldon and Hites 1978), and Lake Erie (Konasewich el a1.
2

1978). Quantitative data were not available in these reports. A more recent survey provided by the EPA

3

National Contaminant Occurrence Database (EPA 2006) noted that styrene was detected rarely in

4

groundwater, where it was detected only 295 times out of over 174,000 analyses «0.2% of the samples);

5

detected concentrations ranged from <10 to 40 IlgIL. Styrene concentrations in raw and treated waters

6

ranged from 0.1 to ~1.O IlgIL in an evaluation of organic compounds in Canadian water supplies at nine

7

municipalities along the Great Lakes (Otson 1987). A survey conducted on 455 NFL and non-NFL

8

hazardous waste sites documented the presence of styrene in 2.2% of the groundwater sites (n=405) and

9

1.6% of the surface water sites (n=383). The styrene concentrations measured in these samples were

10

approximately an order of magnitude lower thanlhe concentrations measured in the sediment and soils,

II

with a styrene concentration of 5.3 flgIL (geometric mean) in the groundwater and 9.3 flgIL in the surface

12

waters at these sites (CLPSD 1986). Styrene was rarely detectcd in aquifer materials in a large evaluation

J3

of U.S. groundwater and wells conducted by the U.S. Geological Survey (USGS). For >3,400 test

14

cvaluations of aquifer materials, there was a very low frcquency of detections, with the median

15

concentration being 0.0 15 flg{L. It was detected less frequently and also at low concentrations in

16

domestic wells (0.014 flgIL), and at slightly higher concentrations in public wells (median=O.13 flglL)

17

(USGS 2006).

18

19

Other bodies of water-those potentially highly contaminated and those that are used for direct

20

ingestion-likewise do not usually contain styrene. Styrene is not commonly dctected in groundwater

21

even near superfund sites, and was not found in a drinking water evaluation of public water sources in

22

Torino, Italy (Carter and Sabatini 1994; Zelano et al. 1998). In a study of wells near a superfund site in

23

Florida, styrene was detected at a very low concentration (the maximum detected concentration was

24

6.3 IlglL) near the site, but it was not detected in any treated water effluents (Canter and Sabatini 1994).

25

Squillance et a1. (1999) surveyed a vast number of drinking water wells in the United States over a

26

1O-year period. Styrene was detected in <1 % of the 2,900 surveyed urban and suburban wells betwccn

27

1985 and 1995, and the concentrations dctected were >2 orders of magnitude lower than the health

28

advisory level. it is efnotc tlla[ styrene was only detected in rural wells, not in urban ones. Finally,

29

Zelano et al. (1998) did not report the detection of any styIene in an evaluation of21 public drinking

30

water fountains in Torino, Italy.

:f.,.,..K~~I'").

31
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6.4.3

Sediment and Soil

2

3

Limited data were located regarding estimation of styrene in sediments and soils (see Section 6.2.3).

4

Water and sediment samples from the Lower Tennessee River were evaluated for styrene, and low

5

concentrations (4.2 ppb) were fOWld (Goodley et al. 1976). Asoil survey conducted on 455 NPL and

6

non-:t.."PL hazardous waste sites documented the presence of styrene in either sediments or soils at 3.5% of

7

the sites; the geometric mean concentration of styrene in those samples was 530 J.Lglkg (CLPSD 1986).

8

9

6.4.4

Other Environmental Media

10

ofthes~ ~.J.

11

Styrene has been detected as a component of many foods, where it occurs as a natural component

12

foods at low levels or slightly higher levels, but most styrene associated with food is the result of

13

packaging of the food material in polystyrene containers. Styrene has been found as a natural component

14

of roasted filberts, dried legumes, fried chicken, cooked pork, roasted beef, mussels, clams, eggs,

15

nectarines, and Beaufort cheese (Dumont and Adela 1978; Kinlin et a1. 1972; Lovegren et al. 1979;

16

Takeoko et al. 1988; Tang et a1. 1983,2000), but detected concentrations were often very low (Tang et al.

17

2000), except for turkey sausage, where detected levels were 100 ppb, and in some cheeses, where

18

concentrations detected were up to 5 ppm (Tang et al. 2000). In contrast, styrene is a natural componen~

19

of cinnamon, with concentrations up to 40 ppm (Tang et a1. 2000).

20

J

~ N"\- t..luor ...t• .&ir1oJ- ~
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21

ut... .....&L""'"'.\ pp......
Styrene may enter packaged foods by migration from polystyrene food containers and packaging

22

materials, with concentrations ranging from <100 to >3,000 ppm, but common levels being much lower

23

(5-30 ppb) (EPA 1988b; Tang et a1. 2000). Concentrations of styrene measured in yogurt packaged in

24

polystyrene containers ranged from 5.5 to 150

25

packaged in plastic in the United Kingdom ranged from <1 to 180

26

Similar concentrations of styrene were detected in other dairy products packaged in polystyrene

27

containers (lARC 1979). The rate of styrene migration into food is mainly a function of the diffusion

28

coefficient of the monomer in the polymer and of the lipophilicity of the food (Till et at. 1987). For

29

example, 4-6% of the frce monomer in polystyrene packaging migrated into corn oil or sunflower oil

30

within 10 days, while only 0.3-0.6% migrated into milk, beef, or water. Similarly, migration of styrene

31

32

from foam cups into liquids such as water, tea, or coffee was about 8 ng/cm 2, while migration into 8%
ethanol (as might be encountered in wine or other alcoholic drinks) was 36 ng/cmz (Varner and Breder

33

1981). However, Withey and Collins (1978) found no clear relationship between the styrene monomer

34

content of packaging material (which varied widely) and the amount leached into food after comparable

~ (Withey 1976).

Mean levels of styrene in foods

~ (Gilbert and Startin 1983).
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residence times. Styrene was detected, but not quantified, in samples of mother's milk from four urban
2

areas (Pellizzari et al. 1982).

3

,

Styrene has been identified as a component of cigarette smoke (EPA 1984b) and has been detected in

5

concentrations of 18 fig/cigarette in the smoke of cigarettes made in the United States (rARe 1979).

6

Indoor air concentrations of styrene may be significantly higher in homes of smokers than nonsmokers

7

(EPA 1987e).

8

9

6.5

GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

10
11

Exposure to styrene may occur by inhalation, ingestion, or dennal absorption. The most likely mode of

12

exposure ofthe general population to styrene is by inhalation of indoor air (EPA 1988b). Based on the

13

EPA (l98ge) estimate that the

"

during that time based on an air inhalation rate 0[20 m 3/day) and the range of mean indoor air

15

concentrations presented in Table 6-2, typical indoor exposure levels to styrene mflY range from 1.7 to

16

850 Ilglday. Additional exposures may occur from inhalation of outdoor air and ingestion of food that

17

was stored in polystyrene containers. Based on estimated food consumption rates, Tang et al. (2000)

18

reported an estimated annual general population exposure to styrene ranging from 0.8 to 4.5 mg/person

19

from food. Outdoor air concentrations are likely to be lower in rural than urban areas and are likely to be

20

small compared to indoor air concentrations. Exposure from municipal drinking water is probably

21

insignificant. However, groundwater at hazardous waste sites where styrene has been detected may

22

provide significant exposure to styrene if used as a local water supply.

averag};~~s~n spends 20A hourslday indoors (inhaling about 17 m3 of air

23

24

The exposure of the population to styrene varies significantly from the typical to the worst-case scenario.

25

The daily general population exposure to styrene via food has been estimated at 0.2-1.2 Ilg/person and the

26

exposure via inhalation has been estimated at 18-54 Ilglperson, with a total estimated exposure ranging

27

from 18.2 to 55.2 Ilglday. This is equivalent to 6.7-20.2 mg/year. It BaiR be seep that the primary route of

28

exposure for the general population is via inhalation (Tang et al. 2000). Worst-case exposure estimates,

29

on the other hand, are 0-0.5 Ilglday from drinldng water, 30 Ilg/day from food, and 65,000 fig/day [rom

30

air (EPA 1988b). These estimates are based on the highest levels estimated or monitored and, therefore,

31

reflect the highest potential exposure rather than typical exposure for the general popUlation.

ThOf"~',

32

33

Exposure of the general popUlation to styrene is confirmed by human monitoring data. Styrene has been

34

identified in adipose tissue at concentrations of 8-350 nglg (EPA 1986d), in blood at a mean
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relatives smoke. Children may be also be exposed to higher levels of styrene indoors at home during
2

painting of indoor rooms, especiaJ!y during winter months (such as over winter school vacations) when

3

the child stays indoors morc and during which lime, windows may not be opened.

4

5

From a food-based exposure perspective, infants may be exposed to styrene from nursing. In a study on

6

chemicals in mother's milk, styrene was a common contaminant (found in 8112 samples; no concentration

7

g
9

WNo) .......
&n..... ~
",.",

(VoIo.I"$~

i.s
Iovt~"\~·
findings, while lacking concentration value, indicate that styrene exposure may occur to nursing children. ~'" ~AW.tt
... ~o..;.~
Food-based exposure of older children is not expected to be significant, except in cases of very high
data provided) in mother's milk samples collected from mothers living in four U.S. urban areas. The

-,"' .
o.v-c. bioi,,!!

10

consumption of cinnamon-containing foods or sweets. Typical intake rates of cinnamon, however, are

"12

not expected to lead to high levels of styrene ingestion (BFR 2006).

13

Aside from food-related intake, children's exposure to styrene may also differ from exposures to adults,

14

especially during 'school, home, or play activities that may expose the children to styrene sources. For

15

example, for elementary aged children (grades 2, 3, 4, and 5) attending inner city schools in Minneapolis,

16

it was found that the lowest exposure to styrene occurred either outdoors or in school, and the highest

17

exposure occurred at home. The latter can be substantially influenced (increased) if smoking occurs in

18

the home. Exposures to styrene while outside, in either winter or spring, were very low (winter:

19

0.0 Ilglml; spring: 0.1 llg/m3), whereas exposures were much higher at school (winter: 31.3 Ilglm3;

20

spring: 39.7 Jlg/mJ ), but were almost three times higher at home (winter: 91.9 Jlgfm); spring: 91.9 Jlgfml )

21

(Ad gate et aL 2004). These exposures led to blood level concentrations of styrene that were generally

22

twice as high as the general population (Sexton et al. 2005).

23
24
25

6.7

POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

26

People working in various styrene industries are likely to have the highest exposures to styrene. Lower

27

levels may be encountered near industrial facilities or hazardous waste sites emitting styrene to outdoor

28

air. High indoor styrene concentrations in the home may be due to emissions from building materials,

29

consumer products, tobacco smoke, photocopiers and laser printers. Smokers and those eating a high

30

proportion of foods packaged in polystyrene may also have above average exposure to styrene, with the

31

amounts estimated by smoking (l00 Jlg from 20 cigarettes) more than doubling the nonnal estimated

32

exposure to styrene (Tang et al. 2000). In addition, workers with long-term employment at photocopy

33

centers may also be exposed to high concentrations of styrene.

34
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6.8

ADEQUACY OF THE DATABASE

2

3

Section 104(i)(S) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation

4

with the Administrator of EPA and agencies and programs of the Public Health Service) to assess

5

whether adequate information on the health effects of styrene i:; availahle. Where adequate

6

information is not available, ATSDR, in conjunction with NTP, is required to assure the initiation

7

of a program of research designed to determine

8

methods to determine such health effects) of styrene.

t~e

health effects (and techniques for developing

9

10

The fOllowing categories of possible data needs have been identified by a joint team of scientists

11

from ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if

12

met would reduce the uncertainties of human health assessment. This definition should not be

13

interpreted to mean that all data needs discussed in this section must be filled. In the future, the

14

identified data needs will be evaluated and prioritized, and a substance-specific research agenda

15

will be proposed.

16
17
18

6.8.1

Identification of Data Needs

19

Physical and Chemical Properties.

20

of how that chemical will partition between water, soil, and organisms (Banerjee et al. 1980; Hassett et al.

21

1983; Valvani et a1. 1981). Clarification of the exact solubility of styrene in water would be helpful

22

because a range of values is currently reported (Table 4-2). The Henry's law constant and Koc value for

23

styrene need to be verified experimentally to provide more accurate predictions of air-water and soil

24

water partitioning.

The solubility of an organic compound in water is indicative

25

26

Production, Import/Export, Use, Release, and Disposal.

According to the Emergency

27

Planning and Community Right-to-Know Act or 1986, 42 V.S.c. Section 11023, industries are

28

rcquired to submit SUbstance release and off-site transfer information to the EPA. The TRl, which

29

contains this information for 2005, became available in May of2007. This dntabase is updated

30

yearly and should provide a list of industrial production facilities and emissions.

31
32

Substantial quantities of styrene are currently produced and used in the United States (Beylin 1989;

33

HSDB 1989;_ SRI 1989; USITC 1988). Production and import quantities, producers, and uses are weI

34

documented, with 4.7xl012 g produced in 2000 (HSDB 2007), representing a slight increase in
U.S. production since 1997 (3.l2xl0 12 g). The United States has imported (ess styrene over the last·

35
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several decades, with amounts decreasing more than an order of magnitude, from l.4x10 10 g imported in
2

1978 to S.7xl0s g being imported in 2001 (HSDB 2007). Interestingly, styrene exports increased from

3

3.6xlOw g in 1978 (representing 1% oftota! U.S. production) to >1.2xl0 12 g exported in

4

2001 (representing >26% of total U.S. production) (HSDB 2007).

5

6

Quantities of styrene disposed of by various disposal methods, other than those reported to the TRI, are

7

not known. Styrene releases into water are regulated by EPA, but styrene is not listed as a hazardous

8

waste constituent and, therefore, land disposal restrictions do not apply to this compound. Additional

9

information on disposal methods used for styrene and styrene-containing products and the quantities

10

disposed of by each method would help to better characterize the potential for human exposure to this

.11

compound from disposal at waste sites or other locations.

12

13

Environmental Fate.

14

volatilize from water to air and to adsorb to soils (EPA 1984b; Roberts et al. 1980; Sato and Nakajima

IS

1978). However, data on styrene volatilization from water and confirmation of the estimated Ko.: value by

16

adsorption/desorption data would be useful to estimate more accurately the tendency of styrene to

17

partition to air and soil. Confirmation of the Koc would also provide a more reliable basis for estimating

18

the mobility of styrene in the variolls types of soil.

Styrene will partition among the environmental media, with a tendency to

19

20

Although the reaction mechanisms of styrene transformations in the atmosphere are fairly weU

21

understood (Atkinson et a1. 1982; Bignozzi et al. 1981; EPA 1979a; Sloane and Brudzynski 1979), more

22

information regarding the environmental fates of the transformation products would allow a more

23

accurate prediction of the atmospheric fate of this compound. Biodegradation data are available for

24

styrene under both aerobic and anaerobic conditions (Bridie et a1. 1979; Grbic-Galic et al. 1990).

25

26

Bioavailability from Environmental Media.

27

oral, and dermal contact (Dutkiewicz and Tyras 1968; Engstrom et al. 1978a, 1978b; Ramsey and

28

Andersen 1984; Ramsey and Young 1978; Withey 1976; Withey and Collins 1979). Absorption rates via

29
30

inhalation are mown (Withey and Collins 1978). Additional data are needed to evaluate absorption rates
bt.\"ol'lt60 «I R...
following oral and dermal exposure. It is helim'89 IMt absorption of styrene from the gut is generally

31

rapid and therefore, contact with styrene contaminated food, soil, or water will probably also result in

32

significant absorption. However, this may depend on the medium in which it is contained.

Styrene is known to be absorbed following inhalation,

33
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2003), and NIaSH (1984). As shown by the data in Table 7-2, relatively low detection limits can be
2

achieved for the determination of styrene in environmental samples and the accuracy appears to be

3

acceptable for those limited cases in which accuracy data are available. For example, the most sensitive

4

for styrene detection limits were 0.002 trg/L in water, 4 trglkg in soil, and 500 flglkg in solid waste. No

5

significant reports were found pertaining to styrene degradation products in environmental samples.

6

Additional information for methods for the determination of styrene in environmental samples are

7

summarized in Table 7-2.

8

9

7.3

ADEQUACY OF THE DATABASE

10

11

Section l04(i)(S) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation

12

with the Administrator of EPA and agencies and programs oftbe Public Health Senice) to assess

13

whether adequate information on the health effects of styrene is available. Where adequate

\4

information is not available, ATSDR, in conjunction with NTP, is required to assure the initiation

15

of a program of research designed to determine the health effects (and techniques for developing

16

methods to determine such health effects) of styrene.

17

18

The following categories of possible data needs have been identified by a joint team of scientists

19

from ATSDR, N,{P, and EPA. They are defined as substance-specific informational needs that if

20

met would reduce the uncertainties of human health assessment. This definition should not be

21

lnterprcted to mean that all data needs discussed in this section must be filled. In the future, the

22

identified data needs will be evaluated and prioritized, and a substance-specific research agenda

23

will be proposed.

24
25
26

7.3.1

27

Methods for Determining Biomarkers of Exposure and Effect.

28

metabolites, MA and PGA, can be detected in several human tissues (blood, urine, adipose tissue, and in

29

several organs [Table 7-1]), as well as in exhaled breath. The detection limits range in the parts per

N·~

30

billion to parts per trillion range (Ashley et a1. 1992). Approaches have been developed to provide more

.w.J...

31

efficient and rapid assessment of exposure, such as where the subject breathes for short periods of time

Identification of Data Needs
Styrene and its primary

•.w...
Srt ..... ~
• ....j

32

into different types of sample collectors (tedlar bags, evacuated canisters, even directly into a mass

33

spectrometer interface [Wallace et al. 1996]), allowing samples to be collected efficiently for subsequent

34

or immediate analysis. Personal monitoring badges containing charcoal have also been developed for
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However, the design of studies involving controlled inhalation exposures in humans is precluded by the
2

potential carcinogenicity of styrene.

3
4

Methods for Determining Parent Compounds and Degradation Products in Environmental

5

Media.

6

air, although at Superfund sites, contaminated groundwater may pose a danger. Methods are well

7

developed for the determination of styrene in water and air with excellent selectivity and sensitivity

8

(AS1M 1989a; EPA 1989f, 1989g, 1989i, 1995, 1996; NIOSH 1984; USGS 1998). Methods fo' the

9

determination of styrene in soil and waste samples are not as well developed and may require additional

10

In an occupational setting, the medium that is of most concern for human exposure to styrene is

testing and validation (EPA 1986b, 1986c, 2001).

II

12

The detection limits for styrene in environmental media cited in Table 7-2 (0.01 mg/sample, typically

13

10 L, NIOSH 1984; 0.002 Ilg/L in water, Miermans et a1. 2000; and 41lg/kg in soil, EPA 1986c) are low

14

enough to enable the determination of styrene in any environmental medium likely to pose a hazard to

15

health based upon information currently available in the literature. These detection limits are probably

16

below most ambient background levels of styrene.

t7
18

Sampling methodologies for compounds such as styrene pose typical collection problems that include the

19

collection of samples that are nonrepresentative, may be of insufficient sample volume, may contain

20

interfering materials that result in low sample recovery, or may contain interfering contaminating

21

chemicals. Other sampling methods may be labor-intensive, or require tedious extraction and purification

22

procedures (Green and Le Pape 1987; Mierrnans et al. 2000). It is sesitable ts flH:'t'e melhods~ measure

23

organic compounds such as styrene in situ in water and other environmental roedia without the need for

24

sampling and extraction procedures to isolate the analyte prior to analysis. One such method has been

25

patented, but no commercial products have been identified (see below).

.......

.,....lUJl~.

26
27

In regard to methods for determining parent styrene and degradation products in environmental media, the

28

following conclusions may be drawn: Because styrene can be detected instrumentally and determined in

29

air and normal water samples with totally adequate selectivity and sensitivity, no additional data are

30

needed at this time. A moderate need exists to improve methodologies to determine styrene in soil,

31

sludges, and solid wastes. Styrene degradalion products are a different matter in that little information is

32

available on their detennination in environmental samples. In air, these compounds should consist

33

predominantly of photOChemical oxidation products, whereas in water and soil samples, they are expected

34

to be biodegradation products. Additional research is needed on the detennination of these materials.
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Figure 3-1 Levels of Significant Exposure to Styrene - Inhalation
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There are no reports of cancer resulting from styrene exposure by the oral or dermal routes in humans.
2

Species differences in styrene carcinogenicity have been detected in animal studies. Inhalation (Conti el

3

al. 1988; Cruzan et a1. 1998; Jersey et al. 1978; Maltoni et at. 1982) and oral exposure (Beliles et al. 1985;

4

Conti et aJ. 1988; Maltoni et a1. 1982; NCI 1979b) studies in rats have not found significant increases in

5

neoplastic lesions. However, increases in lung tumors have been found in mice following inhalation

6

(Cruzan el al. 2001) and oral exposure (NCI 1979b). The increased production of styrene 7,8-oxide in

7

lung Clara cells and the higher ratio of styrene oxide R- to S-enantiomers likely resulted in the increased

8

sensitivity of mice. Overall, human and animal studies suggest that styrene may be a weak human

9

carcinogen. The International Agency for Research on Cancer (1ARC) has assigned styrene to Group 2B,

10

possibly carcinogenic to humans (IARC 2006).

II

l2

2.3

MINIMAL RISK LEVELS (MRLs)

13

14

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

J5

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be

16

without an appreciable risk of adverse effects (noncarcinogenic) over a specified duration of

17

exposure. MRLs are derived when reliable and sufficient data exist to identify the target organ(s)

18

of effect or the most sensitive health effect(s) for a specific duration within a given route of

19

exposure. MRLs are based on noncancerous health effects only and do not consider carcinogenic

20

effects. MRLs can be derived for acute, intermediate, and chronic duration exposures for

21

inhnlation and oral routes. Appropriate methodology does not exist to develop MRLs for dermal

22

exposure.

23

24

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

25

1990), uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges

26

additional uncertainties inherent in the application of the procedures to derive less than lifetime

27

MRLs. As an example, acute inhalation :t\1RLs may not be protective for health effects that are

28

delayed in development or are acquired following repeated acute insults, such as hypersensitivity

29

reactions, asthma, or chronic bronchitis. As these kinds of health effects data become available a d

30

methods to assess levels of significant human

exp~sure

improve, these MRLs will be revised.

31

32

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

33

1989d), uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges

34

additional uncertainties inherent in the application of the procedures to derive less than lifetime
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MRLs. As an example, acute inhalation MRLs may not be protective for health effects that are
2

delayed in development or are acquired following repeated acute insults, such as hypersensitivity

3

reactions, asthma, or chronic bronchitis. As these kinds of health effects data become available an

4

methods to assess levels of significant human exposure improve, these MRLs will be revised.

5

6

Inhalation MRLs

7

8
9

•

An MRL of 2 ppm has been derived for acule-duration inhalation exposure (14 days or less) to
styrene.

10

II

The acute-duration inhalation toxicity database for styrene consists of several human experimental studies

12

primarily examining neurotoxicity (Odkvist et a1. 1982; Seeber ct al. 2004; Stewart et al. 1968), systemic

13

toxicity studies in mice (Cruzan et a1. 1997,2001; Morgan et al. 19933, 1993b, 1993c), neurotoxicity

14

studies in rats (Campo et a1. 2001; Crofton et al. 1994; Lataye et a1. 2003), mice (DeCeaurriz et al. 1983),

15

and guinea pigs (Lataye et al. 2003), a reproductive toxicity study in mice (Salomaa et al. 1985), and

16

developmental toxicity studies in rats (Murray et al. 1978), mice (Kanlcaanpaa et al. 1980), hamsters

17

(Kanlcaanpaa et al. 1980), and rabbits (MillTay et a1. 1978). Exposure to 99 ppm for 7 hours or 376 ppm

18

for 1 hour (Stewart et al. 1968) resulted in eye irritation; nasal initation was also reported at 376 ppm. A

19

significant inhibition of the vestibular-oculomotor system was observed in subjects exposed to 87 ppm for

20

1 hour (Odkvist el al. 1982). Studies by (Stewart et a1. 1968) found alteratioru in tests of balance or

21

coordination in subjects exposed to 376 ppm for 1 hour, but not after exposure to 99 ppm for 7 hours or

-22

216 ppm for 1 hour; the test used in the Stewart et a1. (1968) studies is probablY less sensitive than those

23

used by Odkvist et al. (1982). No significant alterations in performance on tests of reaction time were

24

observed in subjects exposed to 20 ppm for 3 hours (Seeber et a1. 2004).

25

26

In mice, the most sensitive target of styrene toxicity appears to be the nasal olfactory epithelium; single

27

cell necrosis was observed following exposure to 80 ppm 6 hours/day for 3 days (Cruzan et a1. 2001). At

28

250 ppm, hepatocellular necrosis and degeneration have been observed (Cruzan et a1. 1997; Morgan et a1.

29

1993a, 1993b, 1993c). The severity oftrus Jesion appears to be inversely related to the duration of

30

exposure, with more severe damage observed in mice killed within 3 days of exposure (Morgan et al.

31

1993a, 1993b, 1993c) compared to animals killed after 2 weeks of exposure (Cruzan et a1. 1997; Morgan

32

et a1. 1993a). Exposure to 250 ppm 6 hourS/day,S days/week for 2 weeks also resulted in lethargy and

33

unsteady gait in mice (Cruzan et al. 1997). Impaired performance on a swimming test was observed in

34

mice exposed to 61 0 ppm for 4 hours, but not in animals exposed to 413 ppm (DeCeaurriz et al. 1983).

35

Exposure of rats to high concentrations (1,000 or 1,600 ppm) 6-,.8 hours/day for 5--14 days resulted in
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auditory threshold shifts (indicative of hearing loss) and loss of outer hair cells (OHC) in the organ of
2

Corti (Campo et a1. 2001; Crofton et a1. 1994; Lataye et al. 2003). No alterations in sperm morphology

3

were observed in mice exposed to 300 ppm styrene 5 hours/day for 5 days (Salomaa et a1. 1995) and no

4

developmental effects were observed in rats or rabbits exposed to 600 ppm 7 hours/day on gestational

5

days 6-15 or 6-18, respectively, (Murray et a1. 1978) or mice exposed to 250 ppm 6 hours/day on

6

gestational days 6-16 (Kankaanpaa et al. 1980). An increase in fetal deaths or resorptions was observed

7

in hamsters exposed to 1,000 ppm 6 hours/day on gestational days 6-18 (Kankaanpaa et a1. 1980).

8

9

These data suggest that the nervous system is the most sensitive target of styrene toxicity following acute
~7

10

duration inhalation exposure. The lowest LOAEL for a relevant end point in humans is

ppm for

II

vestibular impairment in subjects exposed to styrene for 1 hour (Odkvist et a1. 1982). A similar LOAEL

12

(80 ppm) was identified for nasal effects in mice exposed to styrene for 3 days (Cruzan ct a1. 2001); this

13

effect was not considered suitable as the basis of an MRL. As stated previously, mice appear to have a

14

greater capacity than humans to generate the reactive metabolite, styrene oxide, in the nasal cavity and a

15

lower capacity to detoxify styrene oxide (Green et a!. 2001a). The identification of the nervous system as

16

the critical target of toxicity for styrene is supported by a large number of occupational exposure studies.

17

Delays in reaction time have been observed in workers exposed to 21.9-92 ppm (Cherry et al. 1980;

18

FaUas et al. 1992; Gamberale et a1. 1976; Jegaden et a1. 1993; Mutti et a1. 1984a; Tsai and Chen 1996)

19

and vestibular effects have been observed at 18-36 ppm (Calabrese et a1. 1996; Moller et a1. 1990;

20

Toppila et aL 2006).

~

21

22

The Odkvist et a1. (I 982) study did not identify a NOAEL for vestibular effects; however, a NOAEL of

23

20 ppm for performance on several tests of reaction time and attention was identified by Seeber et a1.

24

(2004) in subjects exposed to styrene for 3 hours. Although there is some uncertainty whether deriving an

25

MRL based on a 3-hour exposure study would be protective of continuous exposure to styrene for

26

2 weeks, the Seeber et a1. (2004) study was selected as the basis on an acute duration inhalation MRL for

27

styrene.

28
29

Groups of eight volunteers (gender not reported) were exposed to 0.5 or 20 ppm styrene for 3 hours

]0

(Seeber et al. 2004). The subjects were tested for simple reaction time, choice reaction time, and attention

31

prior to exposure initiation, during the third hour of exposure, and 1.5 hours after exposure termination.

32

The subjects were also asked to complete a symptom questionnaire before, during, and after exposure.

33

The mean concentration of styrene in blood was 2.2 and 80 Jlg/L after 3 hours of exposure to 0.5 and

34

20 ppm, respectively. The blood levels of styrene were correlated with styrene levels in air (rxy=0.98).
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the absence of human neurotoxicity data, an intennediate-duration inhalation MRL is not recommended at
2

this time.

3

4
5

•

An MRL of 0.05 ppm has been derived for chronic-duration inhalation exposure (greater than
365 days) to styrene.

6

7

A large number of studies have examined the neurotoxicity of styrene in workers at reinforced plastic

8

manufacturing facilities. These studies reported a variety of neurological effects, including impaired

9

color vision, slowed reaction time, pennanent bearing threshold shifts, vestibular effects, and increases in

10

subjective symptoms. A surrunary of the results of studies for some of these neurological effects is

II

presented in Table 2-1. The LOAELs for these effects range from 6 to 93 ppm.

12

13

Chronic-duration studies in animals identify the nasal olfactory epithelium as the most sensitive end

14

point. Atrophic and/or degenerative changes were observed in rats exposed to 50 ppm styrene

15

6 hours/day, 5 days/week for 104 weeks (Cruzan et al. 1998) and respiratory metaplasia in the nasal

16

olfactory epithelium has been observed in mice exposed to 20 ppm 6 hours/day, 5 days/week for 98~

17

104 weeks (Cruzan et a1. 2001). As noted previously, mice do not appear to be a good model for potential

18

respiratory effects in humans.

19

20

Neuotoxicity observed in styrene workers was selected as the basis of the chronic-duration inhalation

21

MRL for styrene. Two approaches to deriving the MRL were considered. In the first approach, the NlRL

22

is based on a single study identifying a sen.sitive LOAEL. In the study by Kishi et a1. (2001), styrene

23

workers were divided into three groups based on urinary mandelic acid excretion levels. A significant

24

increase in color confusion index (CCI) was found in the workers exposed to equivalent styrene

25

concentrations of 10 or 46 ppm, as compared to age-matched controls. No significant alterations were

26

observed in workers exposed to 4 ppm. The second approach involves the use of a LOAEL estimated

27

from a meta-analysis of occupational exposure studies fmding effects on color vision and reaction lime

28

(Benignus et al. 2005). Benignus et al. (2005) used data color vislon impainnent data from the Campagna

29

et 01. (1996), Eguchi 01 01. (1995), Gobbo 01 01. (1991), Goog ot .1. (2002), and Kishi ot .1. (2001) stud;es

30

and choice reaction time data from the Jegaden et a1. (1993), Mutti et aJ. (1984a), T riebig et al. (1989),

31

and Tsai and Chen (1996) studies. Average styrene exposure concentrations were estimated from

32

individual data reported in the papers; for studies reporting individual data as urinary mandelic acid

I'.

33

See.f" T
levels, standardized methods for converting to styrene exposure levels were used. Cumulative styren

34

exposure was estimated by mUltiplying exposure level by length of employment. A common metric of

35

effect magnitude (percentage of baseline) was calculated for the different neurological effects. The
470
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2

exposure; cumulative exposure accounted for 91 % of the variance in reaction time. Similarly, a

3

significant relationship between eel and cumulative styrene exposure was found, with cumulative

4

exposure accounting for 35% ofthe variance in eel. Using the regression equations for these two

5

effects, Benignus et a1. (2005) estimated that exposure to 150 ppm for 8 work-years would result in a 500

6

increase in choice reaction time and a 17% increase in eCI score; exposure to 20 ppm for 8 work-years

7

would result in a 6.5% increase in choice reaction time and a 2.23% increase in Cel score. As discussed

8

in Berugnus et a1. (2005), a 7% decrease in reaction time would prevent 58,000-70,000 injuries per year

9

from automobile accidents. The investigators also noted that eel increases with age, the rate of increase

10

is about 10% per 13 years of age; thus, a 2.23% decrease in color perception would be roughly equivalent

11

to 1.7 additional years of age. Based on this analysis, 20 ppm is considered a LOAEL for neurological

12

effects.

13
14

The LOAEL of20 ppm is consistent with the LOAEL values identified in many of the individual studies.

15

However, using the LOAEL identified from the Benignus et al. (2005) meta-analysis has several

16

advantages over selecting a single study as the basis of the MRL. Because data were pooled from several

17

studies, the relationships between styrene exposure and effects were examined in a large number of

18

subjects (302 subjects for choice reaction time and 383 subjects for color vision). The use of standardized

19

methods for estimating styrene exposure levels from urinary biomarker levels is also an advantage.

20

Additionally, the biological relevance of the observed deficits in reaction time and color vision was

21

estimated. The LOAEL of20 ppm was adjusted for intennittent ,exposure (8 hours/day, 5 days/week)

22

resulting in an adjusted LOAEL of 5 ppm, which was divided by an uncertainty factor of 100 (10 for use

23

of a LOAEL and 10 for human vaxbility) resulting in a chronic-duration inhalation MRL of 0.05 ppm.
CI!)""t'I'\FA.t ~~ e~ o.~~

24

25

OralMRLs

26
27
28

•

An MRL 0[0.1 mglkglday has been derived for acute-duration oral exposure (14 days or less) to
styrene.

29

30

A limited number of studies have examined the acute toxicity of orally-administered styrene; these studies

3]

have examined potential neurotoxicity and developmental toxicity. No developmental effects were

32

observed in rats administered a single dose of 300 mglkg on gestational day 11 (Daston et a1. 1991) or

33

administered 300 mglkglday (administered as two daily doses of 150 mglkg) on gestational days 6

34

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

35

200 mglkglday for 14 days; increases in serotonin levels were observed in the hypothalamus,
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because it helps the users of the profiles to identify levels of exposure at which major health effects
2

start to appear. LOAELs or NOAELs should also help in determining whether or not the effects

3

vary with dose and/or duration, and place into perspective the possible significance of these effects

4

to human health.

5

6

The significance of the exposure levels shown in the Levels of Significant Exposur~SE) tables and

7

figures may differ depending on the user's perspective. Public health officials and others concerned

8

with appropriate actions to take at hazardous waste sites may want information on levels of

9

exposure associated with more subtle effects in humans or animals~OAELs) Or exposure levels

10

below which no adverse effects NOAELs) have been observed. Estimates of levels posing minimal

II

risk to humans Minimal Risk Levels or MRLs) may be of interest to health professionals and

12

citizens alike.

13

14

A User's Guide has been provided at the end of this profile see ~ppendix B). This guide should aid

15

in the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

16
17
18

3.2.1

19

Most infonnation on

20

workers exposed to styrene vapors in the production and use of plastics and resins, especially polystyrene

21

resins. In most cases, the studies involve workplace exposures such as fiberglass boat building factories

22

where the actual levels of styrene are reported as a range of styrene air concentrations. However, there

23

are a few human clinical studies in which exposures are better quantified. Provided below are

24

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

Inhalation Exposure

the effects ofinhalalion exposure to styrene in humans comes from studies of

25

26

3.2.1.1

Death

27

28

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

29

workplace (EPA 1988b; Gosselin et al. 1984; NIOSH 1983).

30

31

In animals, inhalation studies indicate that the acute toxicity of styrene is low to moderate. An LCso of

32

2,770 ppm after 2 hours of exposure was reported in rats, and the LCso for mice after exposure for 4 hours

33

was 4,940 ppm (Shugaev 1969). All rats and guinea pigs survived after exposure to 1,300 ppm styrene

34

for 30 hours and 16 hours, respectively (Spencer et al. 1942). However, all animals dicd after 40 hours of

35

exposure. Gender differences in mortality were observed in repeated-exposure studies (Cruzan et al.
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2

In an international cohort of styrene workers, a significant association between mortality from central

3

nervous system disease and cumulative styrene exposure was found (\Velp et a1. 1996c). The rate ratio

4

was 3.29 (95% confidence interval [CI] of 0.48-22.65) for workers exposed to 25-49 ppm-years and

5

16.32 (95% CI 3.47-76.73) for those exposed for 200-349 ppm-years. A similar relationship was found

6

for shorter durations of styrene exposW'e. The rate ratio was 2.33 (95% CI 0040-13.56) for workers

7

exposed for 6-11 months and 8.80 (95% CI 1.87-41.33) for workers exposed for 7-9 months. A

8

significant association between mortality from epilepsy and duration of styrene exposure was found; the

9

rate ratio in workers exposed for ~10 years was 28.4 (95% CI 2.11-381.5). Time since first exposure was

to

also significantly associated with mortality from epilepsy. Significant associations between mental

II

disorders and duration of exposure and between suicide and duration of exposure were also found;

t2

however, for both of these causes of death, the rate ratio decreased with increasing duration of exposure

13

and the investigators noted that lifestyle factors, rather than a direct effect of styrene, appear to be the

14

most likely cause of the highe, mortality,

~.~~ ~~'j~ ~~
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16

A variety of neurological effects have been reported in workers chronically exposed to styrene including

17

altered vestibular function, impaired hearing, impaired color vision, impaired performance on

18

neurobehavioral tests, and increased in clinical symptoms. In general, these occupational exposure

19

studies have several limitations. In most cases, the exposure levels reflect current exposure conditions

20

and do not take into consideration past exposure to higher styrene levels that may have resulted in

21

permanent damage. Some workers, particularly laminators, wore respiratory masks with or without

22

canisters; many investigators estimated exposure based on biomarker levels, particularly urinary mandelic

23

acid levels, while others did not. Additionally, significant differences between workers and referents

24

were reported as LOAELs; however, the magnitude ofthe alteration may have been subclinical. A

25

sununary of the neurological effects observed in styrene workers is presented in Table 3-2.

26
27

Color vision appears to be one of the more sensitive targets of styrene toxicity, with many studies

28

reporting alterations. Color vision was typically measured using the Lanthony desaturated panel

29

D-15 test in which the subjects were asked to arrange 15 painted caps in a line with definite chromatic

30

sequence; the color confusion index (eCl) quantifies the number of types of mistake. A significant

31

correlation between CCI and urinary mandelic acid concentration (after correction for age) was observed

32

in workers at fiberglass reinforced plastic facilities (Kishi et al. 2001). When workers were divided into

33

three groups based on end-of-shift urinary mandelic acid levels, there were significant differences

34

between CCI in workers with a mean a mandelic acid level of 0.14 or 0.65 gIL and age-matched referents;
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no difference was found for the third group with a mean mandelic acid level of 0.05 gIL. The
2

investigators estimated that these urinary mandelic acid levels were equivalent to styrene exposure levels

3

of 4, 10, and 46 ppm. Thus, this study identifies a NOAEL of4 ppm and a LOAEL of 10 ppm for

4

impaired color vision. Similarly, Gong et al. (2002) found significantly higher CCI values in workers at a

5

fiberglass reinforced plastic boat facility with end-of-shift urinary mandelic acid and phenylglyoxylic acid

6

levels of:::'0.24 gig creatinine or <0.24 gig creatinine; a mandelic acid plus phenylglyoxylic acid urine

7

level of 0.24 gig creatinine is equivalent to a styrene exposure level of 10 ppm. A significant increase in

8

CCI was also observed in workers at fiberglass reinforced plastic facilities exposed to a geometric man

9

concentration of 16 ppm, as compared to age-matched controls (Gobba et al. 1991). In contrast to other

10

studies, Gobba et a1. (1991) did not find a significant relationship between end-of-shift urinary mandelic

11

acid levels and CCI; however, urinary styrene levcls correlatcd with CCI values. Significantly higher

12

CCI values were observed in fiberglass reinforced workers with a mcan urinary mandelic acid levels of

13

1.06 gIL, which is roughly equivalent to a styrene exposure level of93 ppm (Eguchi et a1. 1995). This

14

study did not find significant alteration in workers with a mean urinary mandelic acid level of 0.02 gIL,

IS

equivalent to 8 ppm. Another study of fiberglass reinforced plastic workers (some of this cohort was

16

examined by Gobba et al. 1991 and Campagna et a1. 1995) found a significant association between CCI

17

and styrene exposure levels (Campagna et a1. 1996). The investigators concluded that color vision

18

impairment could be detected at styrene levels of 4 ppm with a 95% upper confidence limit of 26 ppm.

19

Two other occupational exposure studies using different measures of color vision impairment also found

20

significant alterations. Chia et al. (1994) found significantly poorer color discrimination, after adjusting

21

for age, education, and alcohol consumption, in 21 workers at a fiber-reinforced plastic boat

22

manufacturing facility; the styrene exposure level of 6 ppm was estimated from a mean end~of-shift

23

urinary mandelic acid level of 84.0 mglg creatinine. No relationship between thc total color difference

24

score and the urinary mandelic acid level was found. In 60 workers in the shipbuilding industry with a

25

mean styrene exposure level of24.3 ppm, a significantly higher incidence of workers wilh er;ors in the

26

blue-yellow or red-green ranges, compared to a referent group, was found (Fallas et al. 1992). Total error

27

score was significantly different in workers, with a lifetime weighted average exposure level of22 ppm

28

styrene, as compared to workers in a low exposure group (9 ppm) (Iregren et al. 2005). Several studies

29

found improvements in color vision following an extended period of no styrene exposure or lower

30

exposure. Triebig et al. (2001) reported a significant improvement in Cel scores following a 4-week

31

period with no styrene exposure; in contrast, no improvement in eCI scores was found in another group

32

of styrene workers following a I-month period without styrene exposure (Gobba et a1. 1991). Two

33

studies found significant improvements in color vision (age-adjusted color confusion score or CCI score)

34

were observed in styrene workers following a decrease in styrene air level (Castillo el a1. 2001; Triebig et
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al. 2001). However, one study found no change in age-adjusted near visual contrast sensitivity following
2

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

3

4

A number of studies have found significant alterations in perfonnance on a variety of neurobehavioral

5

tests; among these studies, reaction time appears to be the most frequently examined end point.

6

Significant increases in simple reaction time have been observed in styrene :workers exposed \0

7

concentrations of21.9, 22.68, 47, or 92 ppm (Cherry et al. 1980; Gamberale et al. 1976; Jegaden et al.

8

1993; Tsai and Chen 1996); tests for reaction time were measured in the moming before the work shift,

9

suggesting that the effect was not due to acute exposure to styrene. The reaction times were 4-10%

.!'

3I
§1

10

slower

II

reaction lime were observed in workers exposed to 8.6 ppm (Edling et al. 1993) or 24.3 ppm (Fallas et a.

12

1992). Similarly, complex reaction time was significantly increased among styrene workers exposed to

13

21.9,22.68, or 25 ppm (Fallas et a1. 1992; Jegaden et a1. 1993; Mutli et al. 1984a); the variance from

I'

controls ranged from 7.5 to 20%. No alterations in complex reaction time were observed in workers

-.\ t

15

exposed to 8.6 ppm (Edling et al. 1993).

~ 'i

tn

the styrene workers as compared to the referent groups. No significant alterations in simple

r

~

16

1~6
1~

17

Impaired perfonnance on the digit span test, which measures attention/concentration, was observed in

18

workers exposed to 6 ppm Cehia et at. 1994), 22.68 ppm (Jegaden el a1. 1993), or 24.3 ppm (Fallas et a1.

19

1992). Other neurobehavioral performance tests that may be altered by chronic exposure to styrene

20

included digit symbol or symbol digit tests at 6 ppm (Chia et a1. 1994), visuomotor at 50 ppm (Mutti et a1

21

1984a) or 75 ppm (Lindstrom et al. 1976), and memory at 25 ppm (Mutti et aJ. 1984a). However, other

22

studies have not found slgnificant alterations in digit symbol at 8.6 ppm (Edling et al. 1993), 24.3 ppm

S::

23

(Fallas et 1992), or 25 ppm (Mutti et al. 1984a), or memory at 75 ppm (Lindstrom et al. 1976).

~

~

1

2'
25

A number of clinical symptoms of neurotoxicity have been reported by styrene workers; commonly

26

reported symptoms included headaches, dizziness, impaired memory, and feeling "drunk". At6 or

27

12 ppm, abnonnal tiredness and short memory were reported by most of the styrene workers examined by

28

Flodin et al. (1989); problems concentrating and irritation were also reported by most workers exposed. to

29

12 ppm. After a 7-month period without styrene exposure, there was a marked improvement in

30

symptoms and the mean number of symptoms reported was 1.9, compared to 5.3 reported 7 months

31

earlier. Fiberglass reinforced plastic industry workers exposed to 18.9 or 50.0 ppm reported a higher

32

prevalence of headaches, dizziness, light headedness, fatigue, irritability, feeling "drunk", and memory

33

loss (Checkoway et al. 1992); the prevalence of clinical signs was not significantly increased in workers

34

exposed to 10.8 ppm. Increases in the incidence of headache, memory disturbances, forgetfulness,
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these studies is the lack of exposure infurmation, including levels of styrene and confounding exposure to
2

other chemicals; thus, it is difficult to ascribe the increased cancer risks to styrene exposure. Loughlin et

3

a1. (1999) examined former students who attended a high school adjacent to synthetic styrene-butadiene

,

rubber production facilities between 1963 and 1993 and found no significant alterations in deaths from

5

lymphatic and hematopoietic cancer. Two studies have examined the possible association between

6

styrene exposure and breast cancer. A case-control srudy by Cantor et a1. (1995) found significant

7

elevations in the risk of breast cancer among women possibly exposed to styrene in the workplace. Coyle

8

et a1. (2005) found a significant highcr incidence of age-adjusted breast cancer rate in men and women,

9

women, and women ~50 years of age and living in counties with EPA toxics release inventory (TR!)

10

facililies with on-site releases of styrene. As with the other population-based studies, these studies did

II

not monitor styrene levels or exposure to other potentially carcinogenic chemicals and thus provided

12

limited information on the carcinogenic potential of styrene.

13
I'
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The carcinogenicity of styrene hal been examined in tmee studies in rats (Conti et a1. 1988; Cruzan et al.

15

1998; Jersey et a1. 1978; Maltoni et al. 1982) and one study in mice (Cruzan et a1. 2001). No significant

16

increases in the incidence neoplastic lesions were observed in rats exposed to styrene concentrations as

17

high as 1,000 ppm 6 hours/day,S days/week for 2 years (Cruzan et al. 1998). Similarly, exposure of

18

female r~ts to 600 or 1,000 ppm styrene 6 hours/day, 5 days/week for 21 months did not resull in styrene

19

related increases in the incidence neoplastic tumors (Jersey et a1. 1978); a high incidence of chronic

20

murine pneumonia in the control and 1,000 ppm male rats precludes the use of the male data for assessing

21

the carcinogenic potential of styrene.\A non-concentration-related increase in the incidence of malignant

22

mammary tumors were observed in female rats exposed Lo 100,200, or 300 ppm styrene 4 hours/day,

23

5 days/week for 52 weeks (C<:,nti et at. 1988); the incidences were 6/60, 6/30, 4/30, 9/30, 12/30, and

24

9/30 in the 0, 25, 50, 100, 200, and 300 ppm groups, respectively. No other significant increases in

25

specific tumors were observed in this study (Conti et a1. 1988; Maltoni et a1. 1982). The findings of the

26

Conti et al. (1988) study conflict wilh those of Cruzan et al. (1998), who found a concentration-related

27

decrease in mammary tumors in female rats exposed to similar or higher styrene concentrations for a

28

longer duration. In contrast to the results in rat studies, signHlcanl111creases in the incidence of

29

bronc~oalveolar

30

for approximately 2 years (Cruzan et al. 2001). Significant trends for increasing incidences of

31

bronchioalveolar ademona were also observed for the male and female mice.
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carcinoma were observed in female mice exposed to 160 ppm 6 hours/day, 5 days/week

32

33

As reviewed by IARC (2002) and Cruzan et al. (2002), loxicokinetic differences in the metabolism of

34

styrene in the lungs have been observed in humans, rats, and mice. In rats and mice, Clara cells have the
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ability to metabolize styrene to styrene 7,8-oxide in the lung; humans have limited ability to metabolize
2

styrene to styrene 7,8-oxide in the lung. A physiologically based pharrnacokinetic (PBPK) model

3

predicts that the total amount of styrene oxide in the tenninal bronchioles in mice is 10 times higher than

4

in rats and 100-fold higher than in humans. In addition to these quantitative differences in the generation

5

of styrene 7,S-oxide between rats and mice, there are qualitative differences in styrene metabolism. Mice

6

produce a higher levels of the R-enantiomer of styrene oxide, as compared to rats; the R-enantiomer has

7

been shown to be more potent pneumotaxic than the S-enantiomer. The ratio ofR- to S-enantiomers

8

ranges from 2.2 to 2.87 in mice exposed to 20--160 ppm styrene and from 0.7 to 0.73 in rats exposed to

9

50-1,000 ppm. Thus, mice appear to be very sensitive to the induction of lung t~~~ and the mechanism

10

of inducing lung tumors is not likely to be relevant to ·humans.
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11

12
13

3.2.2

Oral Exposure

14

No studies were located regarding health effects in humans after oral ingestion of styrene. Based on the

15

animal data that follow, the oral toxicity of styrene in humans would be expected to be low to moderate.

16

17
18

3.2.2.1

19

No deaths in humans from ingesting styrene have been reported in the evaluations of case studies (EPA

20

1989c; Gosselin et al. 1984; NIaSH 1983).

Death

21

22

The approximate reported oral LDso for male and female rats was 5,000 mg/kg (Wolf et al. 1956). A

23

100% survival rate and 100% mortality. rate were reported in rats exposed to single oral doses of styrene

24

(observation period 2 weeks) at 1,600 and 8,000 mg/kg, respectively (Spencer el a1. 1942). Death in this

25

study was mainly due to pronounced irritation of the esophagus and stomach. In anothe~ study, female

26

mice were given a single oral dose of 1,350 mglkg styrene on the 17th day of pregnancy (ponomarkov

27

and Tomatis 1978). After weaning, the progeny received the same dose once per week. The treatment

28

was suspended after 16 weeks due to high mortality among the progeny (including both males and

29

females). Fifty percent of the males and 20% of the females had died after 20 weeks, despite the

30

suspension of treatment at week 16. The cause of death was liver necrosis and lung congestion. A high

31

mortality rate was reported in 40 female rats exposed to 250 mg/kglday styrene for 52 weeks (Conti et al.

32

1988). ¥ortality was significantly elevated in male and female rats administered styrene by gavage at a

33

dosage level of2,000 mglkglday for 78 weeks (NCI 1979b). In this study, mortality was unaffected at

34

dosage levels of 500 and 1,000 mglkglday in male and female rats. Male mice administered styrene at
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3.2.3.2 Systemic Effects
2

3

No studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological,

4

musculoskeletal, hepatic, endocrine, or renal effects in hmnans or animals after dermal exposure to

5

styrene.

6

7

Dermal Effects.

Marked irritation with denaturation of the skin was noted when styrene was applied

B

in small amounts over a 4-week period to the shaved abdomen of rabbits at 20,000 mglkg total dose)

9

(Spencer et a1. 1942).

10

11

Ocu lar Effects.

Moderate conjunctival irritation and transient corneal injury of the eyes were

12

observed when undiluted styrene was tested in rabbit eyes ryvolf et al. 1956). The effects were produced

13

immediately (within 3 minutes) by a single administration of two drops (about 0.1 mL) and persisted

14

throughout the 7-day observation period.

15

16

No studies were located regarding the following health effects in hmnans or animals after dermal

17

exposme to styrene:

18

19

3.2.3.3 Immunological and Lymphoreticular Effects

20

3.2.3.4 Neurological Effects

21

3.2.3.5 Reproductive Effects

22

3.2.3.6 Developmental Effects

23

3.2.3.7 Cancer

24

~ ":1- -~ .!J. Sk.~ Ir ~ <u...Cu.u;

25
26

3.3

27

The genotoxicity of styrene has been examined in nmnerous in vivo studies of workers and laboratory

28

animals; these data are sununarized in Table 3-4. Chromosomal damage, DNA strand breaks, and

29

mutagenic effects have frequently been studied in workers exposed to styrene in the production of

30

reinforced plastic products and styrene/polystyrene production. In general, these studies are limited by

31

the fact that workers in these industries are often exposed to chemicals other than styrene, such as

32

methylene chloride and epoxide resins, and many studies did not control for potential confounding factors

33

such as age, sex, and smoking status. Chromosomal aberrations have been reported in nmnerous studies

34

of workers exposed to styrene for 1- 25 years in reinforced plastic operations (Anwar and Shamy 1995;

35

Artuso et al. 1995; Hogstedt et a1. 1979; Maki-Paakkanen et al. 1991; Meretoja et al. 1977, 1978;

GENOTOXICITY - ...........
(VY\

~~~.

478
"'DRAFT - DO NOT CITE OR QUOTE - July 12. 2007'"

Version 2.0

STYRENE

56
3. HEALTH EFFECTS

An oral dose of 20 mg/kg of 14C styrene was administered to male and female rats (plotnick and Weigel

2

] 979). Tissue levels peaked at 4 hours or earlier after dosing. Less than 10% of the administered dose

3

was found in the stomach, small intestine, and large intestine 8 hours after dosing. The kidney had the

4

highest concentration ofradioaclivity at aU time intelVals, with decreasing amounts in the liver and

5

pancreas. Fat tissue showed increased levels after 2 hours. All tissue levels were below 1 Ilg/g at

6

24 hours and at 48 and 72 hours were below the limit of detection. Excretion data from the Plotnick and

7

Weigel (1979) study are presented in Section 3.4.4.2.

8

9

3.4.2.3 Dermal Exposure

10

11

No studies were located regarding distribution in humans after dermal exposure to styrene.

12

t3

Immersion of rats' tails in pure liquid styrene for I hour resulted in styrene levels in the liver and brain

14

that were estimated to be between 50 and 70% of the concentrations found in the same organs after 4-hour

15

inhalation exposure to a vapor concentration of 11.8 g/m3 (Shugaev 1969). A skin:air partition coefficient

16

of 91.9 was calculated using rat skin (Mattie et al. 1994).

17

18

3.4.3

Metabolism

19

20

There have been numerous studies, conducted primarily via inhalation, that address the metabolism of

21

styrene in humans and animals (Drummond et al. 1989; Engstrom et a1. 1976; Korn ct a1. 1984, 1987;

22

Leibman 1975; Lof et al. 1983; Withey and Collins 1979; Young et a1. 1979). The proposed pathways of .

23

styrene metabolism are shown in Figure 3-3. Styrene is metabolized by the microsomal NADPII

24

cytochrome P-450 dependent mono-oxygenase to styrene oxide. The styrene oxide is then hydrated to

25

phenylethylene glycol (styrene glycol). This transformation is catalyzed by microsomal epoxide ~.u..f1R.t..

26

hydratase. The styrene glycol is then metabolized directly t2, MA or to benzoic acid and then

27

acid. Mandelic acid is also metabolized to PGA. The MA, hippuric acid, and PGA are excreted in the~

28

urine. In another pathway. styrene oxide is

29

mercapturic acids appearing in the urine as hydroxyphenylethyl mercapturic acid. A minor metabolic

30

pathway of styrene in rats involves the formation of 1- and 2-phenylethanol and ring hydroxlation to form

31

vinyl phenol as urinary metabolites. The presence of 4-vinylphenol has been reported in the urine of

32

workers exposed to styrene, but this may have been due to the contaminalion of the styrene to which the

33

subjects were exposed (Pfaffli et al. 1981). The urinary metabolites that predominate in humans are MA

34

and PGA. In rats, the predominant urinary metabolites are MA, PGA, hippuric acid, and glucuronide.

35

Metabolic conversion to styrene-7,8-epoxide (styrene oxide) by the microsomal mixed function oxidase

hipp~c ~

~lized by cystolic glutathione-S-transferase to

AMt'~
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Table 3·1 L.evels of Slgnlflcant Exposure to Styrene • Inhalalion

,
Koy to Species
Figura (Strain)

55

Exposure!
Durationl
Frequency
(Rollte)

Mouse
(CD·1)

6 hr/d

5 d/wk
98·104 wk

.
~

N

LOAEL.
NOAEL
Syslem

(ppm)

(ppm)

20

Resp

Cardio

160

Gaslro

160

Hemato

160

Hepatic

160

Renal

160

Ocular

160

BdWt

L.ess Serious

80M

(respiratory melaplasia in
nasalolfaclory
epilhelium, bronchiolar
epilhelial hyperplasia)

Sarlous
(ppm)

Reference
Chomlcal Form

Cruzan et ai, 2001
Styrene

160 M (11% decrease In body
weight gain)

Immunol Lymphoret
56

Human

7 Y'
(Occup)

"

Human

30

13 yr
(Occup)

26

7.6 yr
(Occup)

36

(alterations in lymphocyte
subsels)

(Impaired Immune
response 10 concanavalin
A)

Bergamaschi el al. 1995b
Slyrene

Tullnska el al. 2000
Slyrene

Neurological

58

Human

.9 ~~

A.02-1"~ ~-5

(altered performance
vestibular tesls)

Calabrese at al. 1996
Slyrene

~l.'OI"
e.,"".\~.,~ (l-oJjPl,.') ...... SeN."', """-\.. "Jess .AR-<.lous"
~. !l.fl'l.'!?s.l., ",it ..............,~~ ,..Ji I""'~.

&-

Comments

Table 8-1. Regulations and Guidelines Applicable to Styrene
Description

Information

Reference

IARC

Carcinogenicity classification

Group 28"

IARC 2006

WHO

Air quality guidelines

Agency
INTERNATIONAL
Guidelines:

WHO 2000

TWA based on effects other than
cancer or odor/annoyance using an
averaging lime of 1 week

0.26 mgim J

Based on sensory effects or
annoyance reactions, using an
averaging time of 30 minutes
Detection threshold
Recognition threshold

Guideline value
Drinking water quality guidelines

0.07 mg/m 3
0.21-0.28 mg/m 3
0.07 mg/m J
0.02 mg/L

b

WHO 2004

NATIONAL
Regulations and
Guidelines:
8.

Air
ACGIH

TLV (B-hourTWA)

AIHA

STEL (15-minute TWA)
ERPG_1 c
ERPG_2

85 mgfm J
170 mg/m J
213 mg/m

AIHA 1995

1,065 mg/m
4,260 mg/m J

AEGL_1 d
10 minutes
30 minutes
60 minutes

EPA 2007a

mglm

J

mg/m

3

mg/m

3

4 hours

85
85
85
85

mgfm

3

8 hours

85 mgfm

3

AEGL-2

J
J

c

ERPG-3c
EPA

ACGIH 2006

d

10 minutes

980 mgfm

3

30 minutes

682 mgfm

3

60 minutes

554 mgfm

3

4 hours

554 mgfm

3

8 hours

554 mgfm

3
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Table 8-1. Regulations and Guidelines Applicable to Styrene
Agency

Description

Information

Reference

NATIONAL (cont.)

EPA

AEGL-3 d

EPA 2007a
e

EPA
NIOSH

OSHA

3

10 minutes
30 minutese
60 minutesO
4 hours
8 hours
Level of distinct odor awareness

2.3 mg/m

Hazardous air pollutant

Yes

EPA 2007c

REL (1 O-hour TWA)

50 ppm

42 USC 7412
NIOSH 2005

STEL (15-minute TWA)

100 ppm

IDLH
PEL (B-hour TWA) for general industry

2,982 mg/m

8,094 mg/m

3

8,094 mg/m
4,686 mg/m 3
1,448 mg/m

3

1,448 mg/m

3

100 ppm

3

J

OSHA 20Q6c
29 CFR 1910.1000.

Table Z-2
Acceptable ceiling concentration

200 ppm

Acceptable maximum peak above

600 ppm

the acceptable ceiling concentration
for an a-hour shift for a maximum
duration of 5 minutes in any 3 hours
PEL (a-hour TWA) for shipyard industry 100 ppm

PEL (B-hour TWA) for construction
industry

100 ppm

OSHA 2006a
29 CFR 1915.1000
OSHA 2006b
29 CFR 1926.55.

Appendix A
b. Water

EPA

Designated as hazardous substances in Yes
accordance with Section 311 (b)(2)(A) of
the Clean Water Act

484

EPA 2007b
40 CFR 116.4

Figure 3-1 Levels of Significant Exposure to Styrene - Inhalation (Continued)
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Figure 3-3. Metabolic Pathways of Styrene
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