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Abstract

The primary sensory neurons of the olfactory system are chronically exposed to the ambient environment and may therefore be
susceptible to damage from occupational exposure to many volatile chemicals. To investigate whether occupational exposure to
styrene was associated with olfactory impairment, we examined olfactory function in 2 groups: workers in a German reinforced-
plastics boat-manufacturing facility having a minimum of 2 years of styrene exposure (15-25 ppm as calculated from urinary
metabolite concentrations, with historical exposures up to 85 ppm) and a group of age-matched workers from the same facility
with lower styrene exposures. The results were also compared with normative data previously collected from healthy, unexposed
individuals. Multiple measures of olfactory function were evaluated using a standardized battery of clinical assessments from the
Monell-Jefferson Chemosensory Clinical Research Center that included tests of threshold sensitivity for phenylethyl alcohol (PEA)
and odor identification ability. Thresholds for styrene were also obtained as a measure of occupational olfactory adaptation.
Styrene exposure history was calculated through the use of past biological monitoring results for urinary metabolites of styrene
(mandelic acid [MA], phenylglyoxylic acid [PGA]); current exposure was determined for each individual using passive air sampling
for styrene and biological monitoring for styrene urinary metabolites. Current mean effective styrene exposure during the day of
olfactory testing for the group of workers who worked directly with styrene resins was 18 ppm styrene (standard deviation [SD] =
14), 371 g/g creatinine MA + PGA (SD = 289) and that of the group of workers with lower exposures was 4.8 ppm (SD = 5.2),
93 g/g creatinine MA+PGA (SD = 100). Historic annual average exposures for all workers were greater by a factor of up to 6x. No
differences unequivocally attributable to exposure status were observed between the Exposed and Comparison groups or be-
tween performance of either group and normative population values on thresholds for PEA or odor identification. Although odor
identification performance was lower among workers with higher ongoing exposures, performance on this test is not a pure
measure of olfactory ability and is influenced by familiarity with the stimuli and their sources. Consistent with exposure-induced
sensory adaptation, however, elevated styrene thresholds were significantly associated with higher occupational exposures to
styrene. In summary, the present study found no evidence among a cross-section of reinforced-plastics workers that current or
historical exposure to styrene was associated with a general impairment of olfactory function. When taken together with prior
studies of styrene-exposed workers, these results suggest that styrene is not a significant olfactory toxicant in humans at current
exposure levels.
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Introduction

The potential for olfactory impairment from occupational
exposure to volatile chemicals results from the chronic expo-
sure of the olfactory receptor neurons to the external ambi-
ent environment. Although the olfactory system exhibits
remarkable regenerative capacity, some types of exposures
may exceed this capacity and lead to sensitivity loss or other
dysfunction. Although not directly life threatening, olfactory

dysfunction may reduce the impact of many warning signals
(e.g., smoke, spoiled food, and gas leaks) (Cowart et al. 1997;
Doty and Hastings 2001; Santos et al. 2004; Dalton and
Opiekun 2006) and may affect nutritional status, eating
satisfaction, and many other issues related to quality of life
(Hummel and Nordin 2005). Among individuals occupa-
tionally exposed to chemicals, however, loss of olfaction
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may lead to greater risk from exposure-related injuries due to
the loss of an early warning system for chemical exposure
(Bramerson et al. 2007).

The goal of this study was to evaluate the impact of occu-
pational exposure to styrene on olfactory function. Styrene
is a clear colorless liquid with a characteristic pungent odor
that is primarily used in the production of polymers and
copolymers, including polystyrene, styrene-butadiene rub-
ber, 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 many
fiberglass-reinforced plastic products including boats, as was
the case in this study. Because inhalation of styrene vapor is
the major route of occupational exposure (Brooks et al.
1980) with the nasal epithelium as the point of entry, there
is significant potential for damage to nasal mucosa and ol-
factory function from occupational styrene exposure.

Animal studies have found that exposure to airborne con-
centrations of styrene at 20-50 ppm produced nonneoplastic,
histopathological changes in the olfactory epithelium of
rodents (Cruzan et al. 1997, 1998). Although a recent study
evaluating olfactory function in workers exposed to styrene
in the reinforced-plastics industry did not find an association
between occupational exposure to styrene and olfactory dys-
function (Dalton et al. 2003), the majority of workers tested
in that cohort were exposed to styrene at concentrations fall-
ing in the lower end of the range that elicited olfactory lesions
in rodents (e.g., ~20-30 ppm). Hence, we sought to replicate
this investigation in a cohort of workers with historical ex-
posure to higher concentrations of styrene vapor. Workers
exposed to styrene vapor in the process of laminating the
decks and hulls of reinforced-plastic (fiberglass) boats have
been documented to have historic styrene exposures at the
higher end of the range of interest (Triebig et al. 1989).
An additional advantage of evaluating this cohort was the
presence of a long and well-documented medical and occu-
pational exposure history for individual workers, based on
biological monitoring (Triebig et al.1989), thereby allowing
us to develop individual effective exposure histories, cor-
rected for respirator use, for each worker whose olfactory
function was evaluated. Thus, the goal of the present study
was to use biomonitoring data to evaluate whether workers
employed at a boat-manufacturing plant with current and
historic occupational exposure to airborne styrene vapor
exhibited any functional impairment in olfaction, relative
to unexposed workers or normative controls.

Materials and methods

Subjects

Workers employed in a boat-manufacturing facility, and
whose occupational exposures had been documented for
a number of years, were recruited to participate in this study.
Styrene-exposed workers were individually identified and

recruited following a review of 1) historic air and biological
monitoring surveys that established the relevant styrene con-
centrations for each individual/job title, 2) personnel records
identifying individual work histories, and 3) medical records
confirming eligibility for the study. All workers provided in-
formed consent for their participation in the study using
a form that had been approved by the Institutional Review
Board at the University of Pennsylvania. They were advised
and they stated that they understood they were free to with-
draw from the study at any time. All participants continued
to receive full wages during the 1-2 h of data collection.

Individual workers were divided into 2 groups. Fifteen
workers whose jobs directly exposed them to the highest
concentrations of styrene vapor in this facility were assigned
to the “Exposed” group, whereas a matched group of 16
workers whose jobs exposed them to lower concentrations
(or no) styrene were assigned to the “Comparison” group.
The majority of workers in the Exposed group were directly
involved in laminating the decks or hulls of boats with fiber-
glass resin, whereas workers in the Comparison group were
employed in the warehouse or as finishers, electricians, or
metalworkers and thus had indirect and substantially lower
exposure to styrene. Workers in the Exposed group had a
mean age of 39.6 years (range 29-51) and an average of
8.7 years (standard deviation [SD] = 4.1) of employment
in the facility. Workers in the Comparison group had a mean
age of 41 years (range 30-53) and an average of 3.7 years
(SD = 4.6) of employment in the facility. The data from
one comparison subject was excluded because of an inability
to follow instructions and perform the required tasks, thus
leaving 15 subjects in each group.

Procedures

Olfactory testing took place in a styrene-free environment
(<0.1 ppm) on the premises and was conducted for each sub-
ject in a single session that lasted approximately 1-2 h. The
odor evaluation consisted of 2 parts, based on the protocol
for evaluating olfactory dysfunction established by the
Monell-Jefferson Chemosensory Clinical Research Center
(MJCCRC): 1) detection thresholds for 2 compounds, sty-
rene and phenylethyl alcohol (PEA) and 2) an 18-item odor
identification test. To ensure uniformity in directions, all
instructions for each part of the study were recorded on au-
diotape and then played for each of the subjects immediately
prior to each phase of the experimental session.

Odor detection thresholds

Styrene monomer and PEA were used as the stimuli. Styrene
(Sigma-Aldrich, St Louis, MO) was diluted in filtered
mineral oil (Sigma-Aldrich) and placed into glass bottles
in an 18-step binary dilution series, starting with a concentra-
tion of 20% v/v liquid (headspace concentration = ~11 000
ppm). PEA (Sigma-Aldrich) was diluted into glycerol
(Sigma-Aldrich) and placed into glass bottles in a 19-step
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semilog dilution series, starting with a concentration of
100% v/v liquid. Each bottle contained 10 ml of a stimulus
(or the diluent alone). When volunteers inhaled from the
sniffing ports, they sampled from the ~270 ml headspace in-
side each of the 2 bottles (one sniffing port per nostril). Vapor
concentrations were verified by analyzing headspace above
each stimulus concentration with a gas chromatograph (Agi-
lent Technologies 6890, Santa Clara, CA). Ten-point calibra-
tion curves for styrene and for PEA were generated from
injection of known amounts and their associated chromato-
graphic readings and were used to convert the readings from
the dilution steps into concentration units (ppm by volume).
The coefficient of determination (+*) for each calibration
curve was greater than 0.99.

Olfactory detection thresholds were obtained using an objec-
tive, 2-alternative, forced-choice, up—down, staircase method
with a 5-reversal criterion (Wetherill and Levitt 1965).

Odor identification

The odor identification assessment consisted of 18 odorants
that were presented in cleaned, boiled, 250-ml polypropylene
squeeze bottles with flip caps (Wheaton Plastics, Millville,
NJ). The test was modified from the original version admin-
istered in the MJCCRC in 2 ways: 1) by eliminating 2 odorants
(root beer and wintergreen) that were infrequently encoun-
tered, and thus unfamiliar, among this population and 2)
by providing both the name and a picture of the test item
to facilitate identification of each odorant. Each bottle con-
tained a total of 5 ml of odorant and diluent combined (for
dilutions and concentrations see [Dalton et al. 2003]). Table 1
identifies the chemical and the correct label for the odor.
Each odor presentation was associated with a choice of 4
word identification labels, and each word label was coupled
with a picture of the odor source on a 20 x 30 cm answer card.
Following the presentation of each odor, the subject was
shown the appropriate answer card and asked to identify
which of the 4 choices on the card best corresponded to
the presented odor. For example, the odor of amyl acetate

Table 1 Odorants and labels used in odor identification test

Identification Chemical/odorant  Identification ~ Chemical/odorant
Menthol Menthol Vanilla Vanillin

Rye Bread p-Carvone Cloves Eugenol
Turpentine Terpinolene Licorice Anethol

Banana Amyl acetate Spearmint -Carvone
Almond Benzaldehyde Smoke Guaiaicol

Strong cheese  Butyric acid Cinnamon Cinnamaldehyde
Fish Trimethylamine Coconut Octalactone
Peanut butter Ethylpyrazine Rose PEA

Vinegar Acetic acid Strawberry C-16 aldehyde
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(banana odor) would be presented with the following word
labels and illustrations: banana (correct), cloves (far miss),
strawberry (near miss), and smoke (far miss).

Due to the inherent difficulty in the identification task, sub-
jects were permitted to take more than one sniff prior to
choosing an answer. Each odor stimulus was presented in
2 separate trials, resulting in a 36-six item test in which each
odorant label/picture appeared twice as a correct response,
twice as a near miss and 4 times as a far miss.

Assessment of current and historic occupational
exposure to styrene

Each worker’s current styrene exposure was determined
through the use of air sampling and biological monitoring
of styrene metabolites in urine. Historic exposure profiles
were constructed for each of the styrene-exposed workers
who participated in this study based on individual air and
biological sampling data collected over the course of their
employment at the facility.

Because the historic record of exposures as measured by
urinary metabolites was far more extensive than the air
sampling data, urinary markers were used as the primary
measure of current and historical exposure. These urinary
biological indicators of exposure to styrene (mandelic acid
[MA] and phenylglyoxylic acid [PGA]) have been shown
to correlate well with styrene concentrations measured in
air, blood, and breath (Gotell et al. 1972); a quantitative re-
lationship between air styrene concentration and urinary
metabolite concentrations in similar reinforced-plastic fabri-
cation operations has been developed previously by the
authors (Lees et al. 2003). The use of biological monitoring
has the advantage over traditional air sampling in this cir-
cumstance as it allows direct comparison of biological up-
take, that is, “effective’” exposures for those workers who
wore respirators with those who did not wear respirators.
The ability to link internal styrene dose with olfactory per-
formance measures is also an important feature of this study
because styrene may impact the olfactory epithelium either
through direct airborne exposure or through blood-borne
circulation in the olfactory cleft.

Samples to assess current airborne exposures were col-
lected using passive organic vapor monitors (Model 3500,
3M Corp., St Paul, MN) and analyzed in conformance with
the National Institute for Occupational Safety and Health
(1994) Method 1501. After collection, samples were sealed
and stored in a cool environment prior to shipping. The
samples were shipped and analyzed as a single batch using
gas chromatography with a flame ionization detector by
Clayton Environmental Consultants (Novi, MI). This com-
mercial laboratory is fully accredited under the American
Industrial Hygiene Association’s Industrial Hygiene Labo-
ratory Accreditation Program for the gas chromatographic
method used for analysis of these styrene samples.

Current styrene exposures were also evaluated on the day
prior to each participant’s olfactory assessment through
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end-of-shift collection of urine samples and analysis of uri-
nary MA and PGA concentrations. These metabolites were
also measured in urine samples collected at the time of the
olfactory exam. Because olfactory exams were scattered
throughout the workday, workers were exposed from ap-
proximately 3—7 h prior to the collection of their urine sam-
ple. Once collected, all samples were immediately frozen and
at the end of data collection shipped on dry ice to the ana-
lytical laboratory (National Medical Services, Willow
Grove, PA) where they were maintained at —10 °C until an-
alyzed. Urinary MA and PGA were analyzed by a method
employing anion exchange chromatography with suppressed
conductivity detection derived from Murer et al. (1994);
creatinine was analyzed by a standard test kit based on a
colorimetric spectroscopic method (IL Test creatinine; In-
strumentation Laboratory Company, Lexington, MA).
Measured MA and PGA concentrations were normalized
to measured creatinine levels to compensate for variations
in hydration, that is, urinary dilution. Following the recom-
mendation of the German Commission for the Investigation
of Health Hazards of Chemical Compounds in the Work
Area (Deutsche Forschungsgemeinschaft Commission for
the Investigation of Health Hazards of Chemical Com-
pounds in the Work Area 2004), the sum of creatinine-
corrected urinary MA and PGA concentrations (MA +
PGA) was used as the surrogate of styrene exposure.

Exposure histories were reconstructed for each worker par-
ticipating in the study from the extensive historical record of
urinary metabolite measurements at this facility. Exposure
reconstruction was done on an individual basis, that is,
for each worker, only his own historic urinary metabolite
values were used to reconstruct exposure history. As with
current exposures, exposure was calculated as the sum of
MA and PGA. When there were multiple urinary metabolite
measurements in a calendar year, the annual average (MA +
PGA) value was used. If a measurement was missing for
a given year, a value was imputed using a linear interpolation
between the values for the years preceding and following the
missing year.

For both current and historic exposures, the results of the
biological monitoring were entered into a previously devel-
oped regression model (Lees et al. 2003) to calculate the
corresponding airborne (respiratory) exposure:

log (urinary MA + PGA, mg/g creatinine)
= 1.0513 log (air styrene, ppm) + 1.2490.

This calculated airborne styrene concentration does not cor-
respond to measured airborne concentrations as it takes the
protective capacities of respirator use into account. In effect,
it represents the airborne styrene concentration inside of the
respirator and is a measure of the actual biological exposure.
A comparison of measured airborne styrene concentrations
and metabolite-derived effective exposures suggests that the
powered air-purifying respirators used by the laminators and

sprayers provided a protection factor of approximately 3—6x.
Given the known capabilities of this type of respirator and
the observed usage patterns by this population, this is a rea-
sonable value.

Criteria for clinical abnormality

The classification of olfactory dysfunction or loss among the
workers tested was based upon previously established clin-
ical criteria for the diagnosis of olfactory disorders (Cowart
et al. 1997). Threshold and odor identification test scores
were used as the basis for a diagnosis of hyposmia (a de-
creased sensitivity to odors), anosmia (a loss of ability to
detect odors), or dysosmia (a distortion in odor quality). Al-
though Feinstein (Feinstein 1985) has identified the upper
(or lower) 2.5th percentile as the cutoff point for chemosen-
sory abnormality, most chemosensory clinical research cen-
ters (Doty et al. 1984; Cowart et al. 1997; Kobal et al. 2000)
regard the 10th percentile as the cutoff for hyposmia, which
we also do here. Due to age-related declines in olfactory sen-
sitivity observed among normative subjects beginning in the
sixth or seventh decade, these criteria are based on scores
obtained from subjects under 50 years of age; to avoid the
necessity of age-adjusting scores in this study, the majority
of our study group was comprised of individuals between
21 and 50 years old with only 3 individuals who were between
50 and 53 years of age.

Each of the odor threshold measures and the identification
tests were examined separately and in combination. A pri-
mary diagnosis of dysosmia is typically assigned 1) when
the subject complains of odor quality distortions, 2) the
PEA threshold falls within normal limits (<0.01% v/v),
and 3) the odor identification score falls below criterion per-
formance (<77.5% correct for males). A primary diagnosis of
hyposmia is assigned when PEA threshold falls above the
concentration step of 0.01% v/v (Step 7) and the odor iden-
tification score falls below 77.5%. Elevation of the styrene
threshold following exposure when the PEA threshold and
odor identification tests fall within normal limits is regarded
as a measure of occupational olfactory adaptation to sty-
rene, but not a clinical abnormality.

Data analysis

Thresholds for PEA and styrene were determined by calcu-
lating the mean of the dilution steps representing the last
4 reversals in each test. If the subject was able to smell
the stimulus at the weakest concentration available, they
were assigned the next dilution step (e.g., Step 19 for styrene
and Step 20 for PEA). The odor identification test was scored
by assigning one full point for every correct answer and one
half point for every near-miss response.

To evaluate differences between the Exposed and Com-
parison groups on the threshold scores, separate, nonpara-
metric Mann-Whitney U tests were performed (as is typical
for sensory thresholds, scores are not normally distributed).
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Potentially confounding variables were identified on the
basis of prior research and included age, years of education,
and smoking status (pack years); these were then used as
covariates in the analysis. To evaluate differences between
the groups on odor identification performance, a f-test
was performed. Multiple regression analysis was used to
explore differences, if any, between groups on any of the ol-
factory measures as a function of current and historical (life-
time) exposure to styrene. Urinary metabolite values were
used as measures of exposure in all analyses.

Results

Current workplace environmental exposures

The results of the biological monitoring and the calculated
equivalent concentration of styrene in air during the work
shift on the day of the olfactory function testing are pre-
sented in Table 2.

These results indicate that the directly exposed laminator
and sprayer populations are currently exposed to effective
styrene concentrations in the range of 10-25 ppm. Measured
airborne styrene concentrations (not shown) for this group
were in the range of 70-80 ppm. The wider range of equiv-
alent airborne exposures is thought to be a function of the
wide range of respirator-use practices between individuals.
Workers in the other job categories did not work directly
with styrene resins but worked in the vicinity of spraying
and laminating operations or conducted their work in or
on the recently completed boat shell. As expected, levels
of urinary metabolites in this group indicated minimal to
very moderate levels of exposure to styrene during the day
of the olfactory assessment. The mean values presented in
Table 2 for these indirectly exposed workers are skewed
by single unexpectedly high metabolite values in each of

Table 2 Summary of current styrene exposures, mean metabolite
concentrations, and calculated effective mean concentration of styrene in
air by job title

Job title N Respirator Mean £ SD  Mean + SD
use (MA + PGA, equivalent airborne
mag/g styrene concentration

creatinine) (ppm)

Hull laminator 6 Yes 277 £194 14 £10
Deck laminator 7 Yes 463 £363 22 +18
Sprayer 2 Intermittent 220 + 14 11 £1
Deck mounter 1 No 55 2.9
Woodworker 3 No 736 38x03
Metalworker 1 No 10 0.6
Finisher 3 No 80 = 56 42 £3.0
Electrician 4 No 141 £ 182 7.1£92
Warehouseman 3 No 78 + 98 4.1 £5.1
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the electrician, finisher, and warehouseman job categories.
The reason for these high values was not readily apparent.
Overall, the exposure data do not indicate an “exposed”
and an “unexposed” population, but rather a range of expo-
sures varying by a factor of almost 50x.

Historic workplace environmental exposures

Individual historic exposure profiles were developed for
every study participant using annual average (MA + PGA)
concentrations for each year of employment. An estimate
of cumulative lifetime styrene dose was derived for each
worker from the historic exposure profiles. Both mean an-
nual exposure and cumulative dose metrics were then used
to analyze current olfactory acuity as a function of histor-
ical styrene exposure.

A summary of annual mean exposure levels as measured by
urinary biomarkers and the derived effective airborne con-
centrations is presented in Table 3. Mean exposures are
grouped by job title for 5-year intervals. Examination of
the data for the most recent period (1995-1999) shows that
the directly exposed population of laminators and sprayers
are exposed at a level approximately 2x that of the current
measured exposure (collected at the end of 1999). It further
appears that the average level of effective exposure for the
laminator and sprayer population ranged from approxi-
mately 30-50 ppm over the decade preceding this study. An-
nual average effective exposures for this group were
considerably higher, in the range of 50-85 ppm during the
earliest years of their work history. Although the historic ex-
posure data for the indirectly exposed population are consid-
erably sparser, the same general pattern of exposures is
exhibited relative to the current measures. Overall, the his-
toric exposure data do not indicate an exposed and an un-
exposed population, but rather a range of exposures varying
by a factor of almost 100x.

Evaluation of olfactory sensitivity: Exposed versus
Comparison groups

The group means, SDs, and ranges of scores for the clinical
tests of olfactory function are presented in Table 4. There
was no significant difference in odor detection threshold con-
centrations for PEA between the 2 groups of workers, U =
92, P = 0.57. In marked contrast, however, odor detection
thresholds for styrene were significantly different between
the Exposed and Comparison groups, U = 56, P = 0.01.
On average, the styrene odor detection threshold for the
Exposed group was almost 10 times higher than that of
the Comparison group (56 vs. 6 ppm, respectively). Interest-
ingly, regression analysis on both groups combined revealed
that styrene thresholds were only predicted by styrene expo-
sure concentration on the day of the olfactory test (+* = 0.45,
P < 0.01). For the group with the highest historical expo-
sures, neither the exposures measured on the previous day
(r* =0.12, P > 0. 10; * = 0.33, P > 0.10) nor their lifetime

2T0Z ‘s J8qo1nQ uo 1enb Aq /Blo'sfeulnolployxo-aswayo//:dny woiy papeojumoq


http://chemse.oxfordjournals.org/

744 P. Dalton et al.

Table 3 Summary of historic styrene exposures, mean metabolite concentrations, and calculated effective mean concentration of styrene in air by

job title and year

Job title 1984-1989 1990-1994 1995-1999

n person- MA + PGA Air n person- MA + PGA Air n person- MA + PGA Air

years (mg/g creatinine) equivalent years (mg/g creatinine) equivalent years (mg/g creatinine) equivalent
(ppm) (ppm) (ppm)

Hull laminator 3 13 1876 84 6 24 720 34 6 30 729 34
Deck laminator 1 5 1240 57 5 13 732 34 7 35 694 33
Sprayer 0 O NA NA 0 O NA NA 2 8 1015 47
Deck mounter 0 O NA NA 0 O NA NA 1 3 110 6
Woodworker 1 6 326 16 2 6 328 16 3N 174 9
Metalworker 0 O NA NA 1 5 299 15 1 5 315 15
Finisher 0 O NA NA 1 3 27 1 3 7 113 6
Electrician 0 O NA NA 0 O NA NA 4 4 71 4
Warehouseman 0 0 NA NA 1 5 11 0.6 3 1 12 0.7

NA, not applicable.

Table 4 Group threshold means and SDs (in parentheses) for PEA (in ppb
air) and for styrene (in ppm air); odor identification task (no. correct out of
36 possible)

Group PEA Styrene Odor identification
(ppb) (ppm) (no. correct)

Exposed 4.1 (6.4) 56.8 (10.4) 28.2 (4.2)

Comparison 2.4 (8.8) 6.2 (9.5) 31.1(2.7)

exposures (r2 =0.17, P>0.10; * = 0.67, P > 0.10) were pre-
dictive of olfactory sensitivity to either PEA or styrene, re-
spectively. In light of 1) our failure to observe an association
between lifetime exposure and styrene sensitivity among the
group with the highest exposures and 2) no significant differ-
ences in PEA sensitivity between the 2 worker groups, the
most likely explanation for the decreased sensitivity to
styrene among workers with higher exposure is olfactory
adaptation. Olfactory adaptation is a well-documented and
typically reversible decrease in sensitivity to a stimulus resul-
ting from recent prior exposure to that stimulus (Ahlstrom
et al. 1986; Dalton et al. 1997; Wysocki et al. 1997).

When the PEA thresholds for the 2 groups in this study
were compared with those of styrene-exposed workers and
matched unexposed controls in the United States (Dalton
et al. 2003), the results were highly consistent (2.75 ppb
and 3.1 ppb for exposed workers and controls in the United
States vs. 2.45 ppb and 4.1 ppb for the 2 groups in this study).
Despite differences in both the concentration and length of
exposure to styrene in the 2 studies, elevations of styrene
thresholds among workers with regular exposure were also
quite comparable.

In contrast with this earlier study, however, a r-test per-
formed on the odor identification test scores revealed signif-
icant differences in response between the 2 groups of workers

(#(28) = 4.80, P = 0.03). As a group, those workers with
higher exposures to styrene had lower scores on the test
of olfactory identification than did workers in the other
group. However, among the workers with lower scores on
odor identification, multiple regression analysis showed no
relationship between current styrene exposure levels (i.e.,
on the day of olfactory testing or on the preceding day)
or historical exposures and performance on the odor identi-
fication test (P = 0.90 and P = 0.78, respectively). Although
not definitive, this outcome suggest that the difference in per-
formance observed may arise from factors other than current
or cumulative styrene exposure.

Evaluation of olfactory function: incidence of
clinical abnormality

To evaluate the incidence of clinical dysfunction (hyposmia,
dysosmia, or anosmia), we compared each subject’s threshold
for PEA and their score on the odor identification test with the
cutoff scores for olfactory function as determined by the nor-
mative sample obtained from the MJCCRC database.

One individual among the group with higher styrene expo-
sures was diagnosed as hyposmic, as indicated by a relatively
high threshold for PEA and a below-average score on the
odor identification test. Six workers with higher styrene
exposures (40%) and 3 workers with lower exposures (20%)
had scores on the odor identification test at or just below
the criteria cutoff for males (<77.5%) as defined by the
normative database established at the MJCCRC. This
represents a higher proportion of abnormal responders in
both groups than would be expected to occur in the general
population (10%) (Doty et al. 1984; Cowart et al. 1997; Kobal
et al. 2000). When coupled with a normal PEA threshold
and clinical complaints of odor quality distortions, a subop-
timal score on odor identification performance is generally
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considered to reflect a diagnosis of olfactory dysosmia. How-
ever, results from the screening questionnaire indicated no
complaints of quality distortions reported in either group.
It should also be noted that, unlike detection thresholds, per-
formance on the odor identification test is not a pure measure
of olfactory ability but instead can be influenced by nonsen-
sory factors such as education level and cultural familiarity
with the odorant stimuli used (Doty et al. 1985). Notably,
the odor identification test was modified to exclude 2 odor-
ants that are not familiar among Germans, but many of
the eligible participants, especially those with higher expo-
sures, were recent immigrants from different cultural back-
grounds. Thus, it is possible that the relatively marginal
performance on this test by individuals in both groups is at-
tributable to differences in familiarity with the test stimuli and
their sources or labels, rather than deficits in olfactory acuity.
Evidence supporting this hypothesis comes from 1) a lack of
association between performance on this test and current or
historical styrene exposures and 2) a slightly higher preva-
lence of individuals who reported familiarity with the test
stimuli among the group with lower styrene exposures. In this
facility, however, both the airborne styrene concentrations
and metabolite levels were higher among some of the workers
than in a previous study where no differences in olfactory per-
formance between exposed and unexposed workers were ob-
served (Dalton et al. 2003). Although the average duration of
employment in this facility was less than the average duration
in the prior study (7.5 years vs. 10. 8 years), the possibility
exists that peak exposures, rather than chronic exposure,
to styrene at the concentrations experienced in this boat-
building facility may result in aberrations in the quality of
odor sensation. The occurrence of dysosmia, leading to
poorer performance on an odor identification task, has been
associated with acute, high exposures to solvents or other ol-
factory toxicants (Doty and Hastings 2001; Dalton and Opie-
kun 2006). Given that neither the current nor historic
exposure monitoring in this cohort would be capable of cap-
turing such an occurrence, the possibility that some workers
may have had previous or other chemical exposure-induced
olfactory impairment cannot be ruled out. Nonetheless, the
comparable performance on PEA sensitivity between these
workers, the prior workers tested, and the normative data-
base coupled with the lack of association between current
and historic exposure and odor identification ability suggest
that at current exposure levels in this facility, exposure to sty-
rene may not be associated with olfactory toxicity.

Discussion

In this cross-sectional analysis of workers in the reinforced-
plastics industry, historic effective exposures to styrene
vapors at concentrations in the range of <1-85 ppm did
not appear to be associated with adverse effects on general
olfactory function (e.g., PEA sensitivity and odor identifica-
tion). Performance on threshold tests of olfactory function
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(PEA threshold) revealed no significant differences between
the 2 groups. Performance on the odor identification test,
which is a measure of both olfactory and cognitive (naming,
identifying) ability, showed a significant difference between
the 2 groups, with individuals who were exposed to higher
concentrations of styrene having lower scores on odor iden-
tification than those exposed to lower concentrations. How-
ever, the possibility of alternative interpretations of this
marginal finding, such as cultural and educational differen-
ces between the 2 groups, raise significant questions about
whether this test can be viewed as a measure of olfactory def-
icits in a population for which we lack extensive normative
data on the test stimuli. Only one individual showed clear
evidence of hyposmia on objective olfactory evaluation,
and although this individual was in the group with higher
exposures, the frequency of this finding is not greater than
would be expected by chance alone.

A study by Chang et al. (2004) compared the olfactory per-
formance of a group of styrene-exposed, injection-molding
workers with a unexposed reference group using thresholds
for n-butanol and odor identification tests both prior to and
following a work shift. They found no difference from pre- to
postshift among the groups on the test of odor identification,
but they did observe a small, but significant, postshift eleva-
tion in butanol thresholds among the group with styrene ex-
posure. However, the similarity among the groups in their
preshift threshold for butanol suggests that any effect of sty-
rene exposure on butanol sensitivity may be quite transient.
Unfortunately, because neither air nor biological measures
of worker styrene exposure were obtained for the exposed
cohort in the Chang study, it is difficult to compare the
results from that study with those reported here.

Although the number of individuals evaluated in this study
was relatively few, the results of this study are consistent with
an earlier study of styrene-exposed workers and matched
controls conducted in facilities in the United States (Dalton
et al. 2003) where 56 workers were evaluated and compared
with matched controls and normative values. Although, on
average, participants in the current study had higher histor-
ical exposures to styrene than in the US cohort, no significant
differences were observed on measures of threshold sensitiv-
ity to PEA among any of the exposed workers and the non-
exposed controls, whereas similar elevations in threshold for
styrene were found among the directly exposed workers in
both studies. In the absence of any alterations on PEA sen-
sitivity, the most plausible explanation for the elevation in
styrene threshold is olfactory adaptation, a specific, expo-
sure-induced effect of repetitive exposure on olfactory sen-
sitivity (Ahlstrom et al. 1986; Dalton and Wysocki 1996;
Wysocki et al. 1997). Exposure-induced adaptation effects
appear to be attenuated or reversible following cessation
of exposure (Ahlstrom et al. 1986; Mergler and Beauvais
1992; Gagnon et al. 1994). Nevertheless, the pronounced
decrement in styrene sensitivity found among workers in
the Exposed group may need to be taken into account in
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any situations where early detection of the ambient chemical
is critical (i.e., detection of respirator failure).

Although the presence of histopathologic lesions in the ol-
factory epithelium of rodents exposed to styrene at concentra-
tions similar to those experienced by workers in this study
raises the possibility of risks to human nasal function (Cruzan
et al. 1997, 1998), there was no clear evidence from this study
that exposure to styrene is associated with impairments in ol-
factory function. We did not biopsy or otherwise examine the
nasal or olfactory epithelium of the worker participants and
thus cannot determine from the present study whether ex-
posure to styrene in humans results in changes in the nasal
epithelium that are similar to those observed in animal toxi-
cological studies. However, if such changes are present, they
did not affect sensitivity to PEA and may not influence odor
identification if cultural factors can account for the differences
observed. This is especially likely given the lack of association
between odor identification performance and measures of
current or historic uptake of styrene vapor.

Comparative studies of nasal uptake and metabolism in
rodents and humans have identified several factors that sug-
gest that estimates of olfactory risks based on exposures to
rodents may not be relevant to humans. The first factor is the
presence of significant anatomical differences between the
nasal passages of rats, mice, and humans that result in alter-
ations in the volume and patterns of airflow. Thus, one ex-
planation for the discrepancy between animal histological
evaluations and the current functional assessment in humans
is that the inhaled styrene vapor may deposit in the nasal
passages of humans, but unlike in rodents, high levels of
deposition do not occur in areas containing olfactory neuro-
epithelium. Evidence for this possibility comes from exper-
imental data (Morgan and Monticello 1990) and transport
models of airflow that have been used to predict and model
the deposition of inhaled chemicals in the nasal cavities of
rodents (Kimbell et al. 1997) and humans (Keyhani et al.
1997). Based on anatomical casts of the upper airways in
both species, computer models reveal strikingly different pat-
terns of airflow through the nasal compartment that result
in substantial differences in the site of chemical absorption
and concentration in the olfactory regions (Morgan and
Monticello 1990). Taken together with the fact that rodents
are obligate nose breathers, these differences in structure and
airflow suggest that exposure to the same airborne concen-
tration of styrene could result in different doses and patterns
of nasal deposition for humans and rodents.

Differences in the biochemistry of the nasal tissue of
rodents and humans could also account for disparities be-
tween the olfactory damage seen in styrene-exposed rodents
and the lack of functional effects on humans exposed to sty-
rene vapor. In the case of styrene, the primary metabolic
pathway is the oxidation by cytochromes P-450 to 2 enantio-
meric forms of styrene oxide (Bond 1989). When this meta-
bolic process is prevented by preexposure to the cytochrome
P-450 enzyme inhibitor (5-phenyl-1-pentyne), the develop-

ment of olfactory lesions in rodents following exposure to
styrene does not occur (Green, Toghill, and Foster 2001).
This strongly suggests that the lesions found in rodent olfac-
tory tissue are induced by the primary metabolite of styrene,
styrene oxide, and not by styrene.

Evidence that this metabolite may not be present in human
nasal epithelium exposed to styrene comes from a study that
compared metabolic activity of styrene in rat, mouse, and hu-
man nasal respiratory tissue and found important differences
in the metabolic activity of styrene across these species
(Green, Lee et al. 2001). Specifically, rat and mouse nasal re-
spiratory fractions were found to contain high concentrations
of the 2 cytochrome P-450 isoforms necessary for the con-
version of styrene into styrene oxide, whereas human nasal
fractions did not. Species differences in the nasal metabolism
of other chemicals that produce rat nasal tumors have been
reported as well (Green et al. 2000), suggesting caution in
interpreting the relevance of nasal tumorigenesis studies in
rodents for human risk prediction. Both anatomical and met-
abolic differences could explain differences in the toxic effects
of styrene on the olfactory epithelium in man and rodents.

Animal studies have shown that exposure to styrene, at
or below concentrations experienced by our study group,
produces lesions in the olfactory epithelium of rodents.
The present study, however, found no robust associations
between duration or concentration of exposure to styrene va-
por and general olfactory ability (e.g., PEA sensitivity and
odor identification) in a cross-section of workers employed
in a boat-manufacturing facility. The evaluation of olfactory
function in the workplace is an important tool to protect the
health and safety of chemically exposed workers but is of
greatest value when coupled with ongoing, preferably bio-
logical, exposure monitoring to correlate any observed
effects with personal exposure history. Utilizing these meth-
ods, results from the current study, taken together with
a prior study showing no impairment of olfactory function
in styrene-exposed workers (Dalton et al. 2003), suggest that
at the concentrations studied here, styrene may not be asso-
ciated with olfactory toxicity in humans.
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