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Abstract

Background—Health risks of using styrene to manufacture windblades for the green energy
sector are unknown.

Methods—Using data collected from 355 (73%) current windblade workers and regression
analysis, we investigated associations between health outcomes and styrene exposure estimates
derived from urinary styrene metabolites.

Results—The median current styrene exposure was 53.6 mg/g creatinine (interquartile range:
19.5-94.4). Color blindness in men and women (standardized morbidity ratios 2.3 and 16.6,
respectively) was not associated with exposure estimates, but was the type previously reported
with styrene. Visual contrast sensitivity decreased and chest tightness increased (odds ratio 2.9)
with increasing current exposure. Decreases in spirometric parameters and FeNO, and increases in
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the odds of wheeze and asthma-like symptoms (odds ratios 1.3 and 1.2, respectively) occurred
with increasing cumulative exposure.
Conclusions—Despite styrene exposures below the recommended 400 mg/g creatinine, visual

and respiratory effects indicate the need for additional preventative measures in this industry.
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styrene; occupational exposure; color vision defects; contrast sensitivity; spirometry

INTRODUCTION

The manufacture of power-generating wind turbines, complex machines that include
composite material windblades, is a relatively new industry that employed 30,000 workers
in the United States in 2011 and is expanding rapidly with the increased focus on renewable
energy sources [Platzer, 2012]. A previous investigation at the windblade manufacturing
facility that is the subject of this study documented high inhalational exposures to styrene
[Hammond et al., 2011]. Styrene, an aromatic hydrocarbon derived from benzene, is a
colorless, volatile liquid with a sweet smell. It is used widely in the synthesis and
manufacture of polystyrene, hundreds of different copolymers, and other industrial resins
[NTP, 2014]. The highest potential exposures to styrene occur in the production of
reinforced plastics [ATSDR, 2010], in which fibers of glass or other materials are used to
enhance the strength and resistance of plastics. Fiberglass-reinforced plastics (often called
simply “fiberglass” materials) are made with styrene as a cross-linking agent in polyester
resins used in gel-coating and laminating operations; the resins generally contain between
30% and 50% styrene by weight [NTP, 2014]. Fiberglass products traditionally have
included boats, bathtubs, shower stalls, tanks, and drums [NTP, 2014] and, more recently,
some windblades [Platzer, 2012].

Styrene is associated with neurotoxic effects and respiratory effects [Chmielewski and
Renke, 1975; Brigham and Landrigan, 1985; Moscato et al., 1987; Kolstad et al., 1995].
Notably, there are recent case reports of obliterative bronchiolitis in England and Taiwan in
the fiberglass boat and water tank industries, which share similar exposures with fiberglass
windblade manufacture [Chen et al., 2013; Cullinan et al., 2013].

A recent effort to decrease styrene exposures at this windblade manufacturing facility had
been prompted by the documentation of high peak exposures (>100 part per million [ppm])
during task-based sampling [Hammond et al., 2011]. The facility had eliminated the highest
exposure tasks, increased exhaust ventilation, increased respiratory protection, and changed
from a gelcoat with 36—-42% styrene [Hammond et al., 2011] to one with a lower percentage
of styrene. In follow-up, the company requested that the National Institute for Occupational
Safety and Health (NIOSH) conduct a health hazard evaluation of current workplace
exposures and health effects. Prior to the medical survey, we evaluated airborne styrene
concentrations at the plant. On 3 consecutive days, we collected 74 full-shift air samples for
styrene in the breathing zone of production workers. The styrene concentrations ranged from
<1 ppm to 51 ppm, with a median of 7 ppm. Only one of five departments that used styrene
had concentrations above the NIOSH recommended exposure limit of 50 ppm for up to a 10-
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hr time weighted average, or the American Conference of Governmental Industrial
Hygienists (ACGIH®) Threshold Limit VValue® of 20 ppm averaged over an 8-hr workday,
during a 40-hr workweek [ACGIH, 2011]. In this department, employees manually
reinforced and patched the blades, both interior and exterior, using sheets of styrene resin-
containing fiberglass.

Styrene is rapidly absorbed and eliminated, appearing in the blood immediately after the
start of exposure and declining precipitously after the end of exposure [ACGIH, 2011]. The
vast majority (90-97%) of absorbed styrene is eliminated as urinary metabolites, primarily
mandelic acid and phenylglyoxylic acid [ACGIH, 2011]. Urinary elimination of these
metabolites is biphasic, with half-times up to 10 and 40 hr [ACGIH, 2011]. Thus, the
biologic exposure estimate for assessing urinary metabolites of styrene reflects acute, rather
than chronic, exposure. Biological monitoring has advantages over air monitoring in
understanding dose when multiple routes of exposure exist and respiratory and skin
protection are used. To protect styrene-exposed workers from neurotoxic effects and ocular
and respiratory irritation (not respiratory disease), the ACGIH has recommended an end-of-
shift biologic exposure index (BEI®) maximum of 400 mg of styrene metabolites (mandelic
acid + phenylglyoxylic acid) per gram (mg/g) of creatinine in the urine [ACGIH, 2011].
ACGIH estimates this BEI corresponds to an inhalation exposure at the TLV for styrene of
20 ppm averaged over an 8 hr workday, during a 40-hr workweek [ACGIH, 2011].

At the time of our study, this windblade manufacturing plant employed about 500 people
who worked in shifts ranging from 8 hr to 12 hr. The number of people employed varied in
recent years from 300 to 900, depending on market fluctuations. Many employees had been
laid off and rehired, leading to gaps in their employment history.

Employees sprayed styrene-containing gelcoat into a clamshell-like mold, and then laid
down balsa wood and fiberglass to form the blade structure. Employees bound the layers
together with a styrene-based resin, infused in a closed process. The two halves of the blade
were then closed together with styrene-containing glue and transported to another
department for further refinements and repairs. There employees sanded the blade and
placed pieces of fiberglass over errors and weak areas, both inside and outside the blade, and
coated the repairs with styrene-based resin. Finally, each blade was painted with styrene-
based paint, balanced, and finished. Workers with the same job title often performed
different tasks, or changed primary tasks on a regular basis, leading to varying exposures
from day-to-day or week-to-week.

To explore the visual and respiratory effects of styrene, and understand the current risk to
workers at this facility, we conducted a cross-sectional study. We aimed to understand
exposures using styrene biomarkers and compare these to health outcomes including color
and contrast vision, respiratory symptoms, and lung function.
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MATERIALS AND METHODS

Data Collection

The study was conducted in accordance with the NIOSH Institutional Review Board’s
policies for health hazard evaluations. Every worker currently employed was invited to
participate in testing during the week of the study in July 2013. After providing written
informed consent, each participant was interviewed with a computer-based questionnaire
addressing respiratory symptoms, medical diagnoses, smoking history, work history,
personal protective equipment (PPE) use, and demographic information. The respiratory
health questions were adapted from validated survey instruments [Ferris, 1978; DHHS,
1996; Grassi et al., 2003].

We assessed visual acuity using a Rosenbaum pocket vision screener. The Lanthony
desaturated D-15 (Gulden Ophthamalics, Elkins Park, PA), a color arrangement test
recommended for detecting acquired vision loss [Fox and Boyes, 2001], was administered
binocularly with daylight filtering glasses. The caps were randomly clustered on the test
surface; workers were asked to arrange the caps in color order by finding the cap closest in
color to the reference cap and placing it nearby. They then continued for all 15 caps. Visual
contrast sensitivity was tested monocularly with the functional acuity contrast test (FACT;
Stereo Optical Company, Inc.; Chicago, IL), under conditions specified in the manual
[Ginsburg, 1993].

Fraction of exhaled nitric oxide (FeNO) and lung function were assessed following
American Thoracic Society (ATS) guidelines [Miller et al., 2005; Dweik et al., 2011] using
the NIOX Mino®© device for exhaled nitric oxide (Aerocrine; Solna, Sweden), and a dry
rolling-seal spirometer. Repeat spirometry after administration of a bronchodilator was
offered to any participant with an abnormal test. FeNO is associated with eosinophilic
airway inflammation as often occurs with asthma and FeNO levels rise with exposure to
allergens or other asthma triggers [Dweik et al., 2011]. Before FeNO was measured,
participants were asked about potential confounders, including food and drink intake,
smoking, recent illness, exercise, and steroid use. They were allowed six tries, and the first
acceptable trial was used.

End-of-shift urine samples were assayed for mandelic acid (MA), phenylglyoxylic acid
(PGA), and a third styrene metabolite, N-acetyl-S-(1-phenyl-2-hydroxyethyl)-.-cysteine + N-
acetyl-S-(2-phenyl-2-hydroxyethyl)-.-cysteine (PHEMA) using ultra high performance
liquid chromatography (Waters, Inc., Milford, MA) coupled with an electrospray ionization
triple quadrupole mass spectrometry (Sciex API 5500 Triple Quad, Applied Biosystems,
Foster City, CA) [Alwis et al., 2012]. Together, MA, PGA, and PHEMA represent the major
products of styrene metabolism in humans. The limits of detection were 12 ng/ml for MA,
12 ng/ml for PGA, and 0.7 ng/ml for PHEMA. Urine creatinine was measured using the
enzyme colorimetric method with the automated Roche/Hitachi Modular Analytics system,
allowing us to normalize results to individual kidney function. More detailed information
about the analyses of urine samples is available in the Online Supplement.
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Statistical Methods

Statistical analyses were conducted using SAS software version 9.3 and JMP software
version 10.0.1 (SAS Institute, Inc., Cary, NC). We chose a P-value of <0.05 for statistical
significance, and P < 0.1 for borderline statistical significance.

For comparison to the BEI, we calculated a biologic exposure measurement for current
styrene exposure for each individual by summing milligrams of MA and PGA, and dividing
by grams of creatinine. To reduce the effect of outlier variables, we log-transformed (using
the natural log) the current styrene exposure to compare it to our health outcomes using
linear and logistic regression models. We compared the odds of symptoms and health
outcomes in workers with a current styrene exposure above or equal to the median to those
with exposure below the median.

To estimate workers’ styrene exposure over the course of their work history at this plant, an
average current styrene exposure was assigned to each department/job title combination
based on those workers who participated in the study. For those job titles without an average
current styrene exposure, we assigned one from another job in the same or a nearby
department. These average current styrene exposures were then multiplied by the number of
months a worker had spent in that job and summed to give a relative indicator of cumulative
styrene exposure.

Asthma-like symptoms were defined as any of the following: current use of asthma
medicine, wheezing or whistling in the chest in the past 12months, awakening with a feeling
of chest tightness in the past 12 months, or attack of asthma in the past 12 months [Grassi et
al., 2003]. For all symptoms (including those mentioned above, eye irritation, nasal
irritation, shortness of breath, usual cough, and usual phlegm), we calculated standardized
morbidity ratios (SMRs) and 95% confidence intervals (Cl) through comparisons with data
obtained from the US population from the Third National Health and Nutrition Examination
Survey (NHANES I11) [DHHS, 1996], using indirect standardization for race (white or
black), sex, age (17-39 or =40 years) and cigarette smoking (ever/never). We compared
symptoms to styrene exposure (the natural log of our current and cumulative exposure
markers) using logistic regression to calculate odds ratios (OR) and corresponding 95%Cl,
and controlled for smoking (current, former, never), gender, race, and age.

For color vision, using the published guidelines each participant was assigned a color
confusion index (CCI) and a color angle [Geller, 2001; Toruk, 2014]. A CCI >1.65 was
considered abnormal color vision, and the color angle then determined the type of color
vision deficit (protan [red—green], deutan [red—green], tritan [blue—yellow], or other
[unknown type]). We calculated SMRs comparing the prevalence of color vision
abnormalities with those expected in a western population [Kalloniatis and Luu, 2007]. We
used linear and logistic regression models to assess associations between exposure variables
and both CCI and type of color blindness. We also evaluated grouped color vision categories
(protan/deutan, tritan/unknown, and normal color vision), given that protan and deutan color
vision deficits are typically congenital, tritan is more commonly acquired, and unknown
could represent the combination of a congenital and an acquired deficit or more than one
acquired deficit. Some literature suggests that occupational color blindness may be
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progressive, beginning with blue—yellow, and developing through combined blue—yellow
and red—green color blindness to complete color vision loss [Geller and Hudnell, 1997; Fox
and Boyes, 2001].

For visual contrast sensitivity, we created a score at each frequency (1.5, 3, 6, 12, and 18
cycles/degree [CPD]) for each participant by averaging the left and right eye scores
[Ginsburg, 1993]. Using linear regression models, we looked for an association between
visual contrast sensitivity and the exposure variables. All vision models were controlled for
visual acuity, diabetes, glaucoma, macular degeneration, cataracts, age, alcohol consumption
in the last 24 hr (as a surrogate for overall alcohol consumption), and smoking; for
consistency with prior literature, we report the fully adjusted results. The B-estimate is a
slope relating the contrast score and log of exposure (current styrene exposure or cumulative
styrene exposure) given by the linear regression model; it was converted to an effect for the
un-logged variables by multiplying the B-estimate by In (101/100), giving our effect
estimate for a 1% increase in the current styrene exposure or cumulative styrene exposure.
To give a better sense of the impact of such a change, we calculated the absolute change in
visual contrast with an increase in exposure from the 2.5th to 97.5th percentile [Cornell
Statistical Consulting Unit, 2012].

FeNO results above 50 parts per billion (ppb) were considered abnormal and those between
25 ppb and 50 ppb were considered intermediate, according to the ATS guidelines [Dweik et
al., 2011]. FeNO values below the limit of detection (LOD) were estimated using the
formula LOD/(v2). We used the FeNO value as a continuous outcome variable in linear
models to assess the relationship with exposure variables. We adjusted the models for age,
smoking status, respiratory illness in the last 7 days, and ingestion of nitrate-rich foods. As
described above, we also calculated an effect estimate and an absolute change in FeNO with
a change in exposure from 2.5th to 97.5th percentile.

Spirometry was interpreted based on prediction equations to define normal values for forced
expiratory volume in 1 s (FEV1), forced vital capacity (FVC), and the ratio of the two
(FEV1/FVC) [Hankinson et al., 1999]. We defined obstruction as a value of FEV1/FVC
below the lower limit of normal, restriction as FVC below the lower limit of normal, and the
combination of both low values to define a mixed pattern of obstruction and restriction
[Pellegrino et al., 2005]. The prevalence of workers with obstruction, restriction, or a mixed
pattern on spirometry was compared to population values from NHANES Il with SMRs.
Associations between the biologic exposure measures and spirometry outcomes were
investigated using linear regression models adjusted for smoking, body mass index (BMI),
and in the case of FEV1/FVC, age. As with the visual contrast scores and FeNO outcomes,
we converted the B-estimate to an effect estimate, and then calculated the absolute change in
outcome with a change in exposure from the 2.5th to 97.5th percentile.

In this paper, we present results of analyses using current and cumulative styrene exposure
metrics that were based on the biological exposure measurement (sum of MA and PGA). We
also developed models using current and cumulative styrene exposure metrics that were
based on the individual urinary metabolites (MA, PGA, and PHEMA alone). These single-
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metabolite models generally had similar estimates to those of the biological exposure
measurement, so are not reported.

Overall, 355 (73%) of 486 eligible workers participated in at least one component of the
study. Most participants completed most of the testing offered, including the questionnaire
(n = 354; >99%) vision testing (n = 352; 99%), FeNO measurement (n = 341; 96%),
spirometry (n = 343; 97%), and urine styrene metabolite analysis (n = 322; 91%).
Bronchodilator was administered to 24 participants with obstruction on spirometry testing.
The workforce was largely young, white and male, with short tenures, and a high proportion
of current and former smokers (Table ).

Symptom frequencies are shown in Table 11. Eye symptoms, shortness of breath, usual
cough, and usual phlegm were less common than expected from adjusted comparisons with
the US adult population, while other symptoms and self-reported lifetime asthma diagnosis
(n = 26; 7.3%) were about as common as expected (data not shown). The average percent of
predicted FEV1 and FVVC were within the normal range (Table I1), and the prevalences of
spirometric abnormalities were not elevated compared to the reference population (data not
shown). Among participants with obstruction, 13 (46%) were current smokers and 7 (25%)
were former smokers, with mean age of 42 years (range 29-63) and mean pack-years of 18.5
(range <1-47). Twenty-four workers with obstruction were given a bronchodilator. Five
(21%) of these had reversible obstruction; 14 (74%) of those with fixed obstruction were
current or former smokers. Just three participants had a FeNO result which was classified as
abnormal (>50 ppb), while over half (n = 184; 52%) had abnormal visual contrast
sensitivity; 8% (n = 7) of female workers and 18% (n = 49) of male workers had abnormal
color vision. Fifteen men reported a history of doctor-diagnosed color blindness; 11 (73%)
of these had abnormal color vision on our testing. Thus, most of those identified as having
abnormal color vision did not report a history of doctor-diagnosed color blindness.

Styrene exposure (assessed through urine biomarkers) varied widely throughout the plant.
The mean current styrene exposure was 69.5 mg/g creatinine, with a range of 0.7-941.0
mg/g creatinine (Table I). The median was 53.6 mg/g creatinine, and the interquartile range
was 19.5-94.4 mg/g creatinine. Only one participant exceeded the ACGIH recommended
BEI of 400 mg/g creatinine. The mean cumulative styrene exposure was 3,945 mg-month/g
creatinine (Table I).

The prevalence of some symptoms differed by styrene exposure (Table I1). Participants with
a current styrene exposure greater than or equal to the median had higher odds of chest
tightness than participants with a current styrene exposure below the median (OR 2.9, CI
1.2-6.7). Cumulative styrene exposure was associated with greater odds of wheeze (OR 1.3,
Cl 1.1-1.5), nasal symptoms (OR 1.2, Cl 1.1-1.4), eye symptoms (OR 1.2, Cl 1.1-1.4), and
asthma-like symptoms (OR 1.2, Cl 1.0-1.4). Since the models were run using the natural log
of the cumulative exposure estimate, these ORs represent the change in odds of each
symptom with a 2.7-fold change in the untransformed cumulative exposure.
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The prevalences of both deutan and protan color deficiencies (red—green color blindness) in
the workforce were similar to expected levels (Table I11). Tritan color blindness (blue—
yellow) is rare, and the prevalence of tritan color blindness in this workforce was elevated
compared to the prevalence in the reference population (Table I11). Because there is no
information on expected prevalence of unknown abnormalities, SMRs could not be
calculated for this outcome. The prevalence of color blindness overall was significantly
elevated in both men and women at the plant (Table I11). None of the color vision outcomes
was associated with the markers of styrene exposure (not shown).

Visual contrast outcomes at 1.5, 3, 6, and 12 CPD were significantly related to the natural
log of current styrene exposure in adjusted models (Table 1V). This effect was strongest at 6
cycles/degree (Table 1V). Visual contrast scores fell an estimated 8.8-22.1 points from the
2.5th to 97.5th percentile of untransformed current styrene exposure, that is, from 2.8 mg/g
to 242.0 mg/g creatinine (Table IV).

The prevalence of obstruction on spirometry was significantly higher and the FEV1/FVC
ratio significantly lower in participants with cumulative styrene exposure greater than or
equal to the median (Table I1). In regression models, cumulative styrene exposure was
inversely associated with spirometric parameters (Table V). The reductions in both percent
of predicted maximal mid-expiratory flow (MMEF) and FEV1/FVC were significant (Table
V), while the reduction in percent of predicted FEV1 was borderline significant. The percent
of predicted FVVC was not associated with cumulative styrene exposure (Table V).

Cumulative styrene exposure was also inversely associated with FeNO in an adjusted model
(Table V). We repeated the analysis looking at non-smokers only and found a similar trend
(data not shown).

Certain health outcomes were correlated with each other, including decreased FEV1/FVC
and the presence of asthma-like symptoms (P < 0.0001), and CCI and visual contrast
sensitivity at 6 CPD (P = 0.02). The CCI was not associated with FEV1/FVC, the percent of
predicted MMEF, or FeNO, and tritan color blindness was not associated with spirometry
interpretation, or percent of predicted FEV1 or MMEF. Visual contrast sensitivity at 6 CPD
(the frequency affected most by styrene) was not associated with FeNO, FEV1/FVC, percent
of predicted MMEF, or spirometry interpretation.

DISCUSSION

In a windblade manufacturing workforce without excess symptoms or spirometric
abnormalities overall, we found associations between estimates of current and cumulative
styrene exposure based on urine styrene metabolites and adverse vision and respiratory
outcomes. We also found an excess of color vision abnormalities in the workforce that was
not associated with exposure estimates.

The excess of color vision abnormalities in this workforce is striking and is likely related to
occupational exposure, despite the lack of association with exposure variables in this study.
Animal and human studies have linked the pathophysiology of acquired color blindness to
styrene exposure, reporting that solvents such as styrene lead to blue-yellow (or tritan) color
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blindness, with red—green color blindness additionally occurring after further exposure
[Geller and Hudnell, 1997; Vettori et al., 2000; Fox and Boyes, 2001; Kishi et al., 2001;
Iregen et al., 2004]. The impact on blue-yellow color vision comes from outer retinal
changes caused by the solvents, while red—green is secondary to optic nerve and central
pathway damage [Fox and Boyes, 2001; ACGIH, 2011]. The prevalence of all types of color
blindness in the plant was more than twice as high as expected, and the excess was mostly
found in the tritan group and the unknown group (which may represent a combination of two
or more abnormalities, as might be seen in progressive occupational color blindness). The
majority of prior studies found blue—yellow color abnormalities in workers with exposures
higher than those in our study, some of whom did not wear any respiratory protection
[Eguchi et al., 1992; Campagna et al., 1995; Castillo et al., 2001; Kishi et al., 2001; Iregen et
al., 2004]. If the color vision abnormalities reflect current styrene exposures, our study
suggests that the effect threshold may be lower than previously thought and that current
respirator use in this plant may not protect against color vision loss; furthermore, the high
prevalence of unknown abnormalities may reflect complex color vision loss that deserves
further study.

There are several reasons why our study may not have shown an association between color
blindness and exposure estimates. The correlation of color blindness and visual contrast
suggests that the same mechanism may be impacting both, but that there is something
complicating the relationship between color vision and styrene exposure. Past studies have
indicated that there may be some reversibility in color blindness when styrene exposure is
decreased [Castillo et al., 2001; Triebig et al., 2001; Seeber et al., 2009]. Because of the
changes at the plant and gaps in employees’ work histories, such reversibility may have
impacted our results. Furthermore, most exposures were clustered in a tight group well
below the BEI of 400 mg/g creatinine; despite log-transformation of exposure variables, this
clustering may have obscured our ability to see a dose—dependent relationship. Few workers
at this plant were unexposed to styrene; if the effect threshold is lower than initially thought,
it might be that we did not have a large enough sample of workers with minimal exposures
to see a relationship between exposure and color vision. The large number of recent hires in
high exposure areas may have impacted our results because such workers may not have been
working long enough to show color vision changes that were classified as abnormal. Lastly,
our use of binocular testing may have misclassified people with monocular acquired deficits
as normal and obscured associations with exposure.

Current styrene exposure was related to visual contrast sensitivity at intermediate and low
frequencies. The effect was strongest at the intermediate frequency of 6 cycles/degree,
which supports prior literature reporting contrast sensitivity loss at intermediate and high
frequencies due to neurologic injury from solvent exposure [Castillo et al., 2001; Waksman
and Brody, 2007]. Furthermore, contrary to some studies, our findings support an
association between contrast vision loss and current, rather than cumulative, exposure
[Castillo et al., 2001].

Chest tightness in the past 12 months was nearly three times more common in workers with
a current styrene exposure greater than or equal to the median than in those below. For
workers with higher cumulative exposure to styrene, symptom relationship to exposure was
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also noted, although effects were not as large; asthma-like symptoms reached statistical
significance, as did wheeze, nasal irritation, and eye irritation. These findings support prior
literature which indicates styrene may be a respiratory irritant and a cause of occupational
asthma [Moscato et al., 1987; Helal and Elshay, 2012], as such symptoms are consistent
with both asthma and other obstructive lung diseases such as obliterative bronchiolitis.
Furthermore, workers with asthma-like symptoms had decreased FEV1/FVC, which
indicates that workers with subjective symptoms also may have objective findings on
examination. Such exposure-related symptoms were seen despite the absence of excess
symptoms in the workforce overall (possibly secondary to the healthy worker effect),
indicating increased focus on protection from exposure may be warranted.

The possibility of styrene-associated lung disease was further reinforced by the association
between cumulative styrene exposure and spirometric parameters. FEV1/FVC below the
lower limit of normal indicates an obstructive lung problem; a decreased ratio that
nevertheless remains within the range of normal may represent an early change in the
development of obstruction. In this workforce with other evidence of the healthy-worker
effect, the lack of excess abnormal tests does not negate the importance of decreasing
FEV1/FVC associated with increasing cumulative styrene exposure. Furthermore, the
significant impact on percent of predicted MMEF suggests that the small airways are
involved [Burgel, 2011]. Almost 80% of workers with obstruction who were given a
bronchodilator had no significant change in their test parameters, which is consistent with
fixed obstructive lung disease, including obliterative bronchiolitis. In a cross-sectional study
of adults ages 40-79, 64% of those with obstruction did not respond to a bronchodilator
[Doney et al., 2014], suggesting that fixed obstruction in our younger study population was
higher than expected. The majority of participants with fixed obstruction were current or
former smokers. Nonetheless, the relatively young ages and limited smoking histories make
it difficult to attribute these abnormalities solely to smoking.

A link between styrene and obliterative bronchiolitis was suggested recently by two case
series which described eight workers employed in the reinforced plastics industry (primarily
boatbuilding) who had obliterative bronchiolitis, a rare irreversible lung disease [Chen et al.,
2013; Cullinan et al., 2013]. Additionally, a large epidemiologic study described excess
mortality from obstructive lung disease in highly exposed, short-term reinforced-plastics
workers, which would be consistent with obliterative bronchiolitis [Collins et al., 2013;
Cummings et al., 2014]. Furthermore, an occupational study in an Egyptian reinforced
plastics factory found that styrene exposure correlated with decreased pulmonary function
tests, including FEV1/FVC and percent of predicted FEV1, FVC, and MMEF, indicating
that obstruction, especially mid-flow obstruction, might be a consequence of styrene
exposure [Helal and Elshafy, 2012]. Animal studies support such respiratory findings; they
have demonstrated that mice exposed to 40-160 ppm of styrene for 2 years had pathologic
changes, including respiratory metaplasia of olfactory epithelium, decreased olfactory fibers,
decreased eosinophilic staining of Clara cells in terminal bronchioles, and bronchiolar
epithelial hyperplasia in alveolar ducts [Cruzan et al., 2001].

FeNO is an indirect marker of eosinophilic airway inflammation that may be increased in
asthma [Pala et al., 2011; Quirce et al., 2012]. In patients with refractory asthma, low FeNO
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levels have been found to be associated with the presence of neutrophils in the sputum
[Tseliou et al., 2010]. In our study, FeNO correlated inversely with cumulative styrene
exposure, indicating that higher cumulative exposure (estimated through urine biomarkers
and job history) was associated with less eosinophilic inflammation. Past studies have
suggested that styrene could be associated with airway inflammation and asthma
[Chmielewski and Renke, 1975; Moscato et al., 1987; Helal and Elshay, 2012] but to our
knowledge, none have examined the type of inflammation. Thus, our finding of lower FeNO
with increasing cumulative styrene exposure may reflect the development of neutrophilic
(rather than eosinophilic) inflammation in the airways with styrene exposure, which could
be associated with asthma or other airways disease. It is notable that in a study of microwave
popcorns workers at risk for diacetyl-related obliterative bronchiolitis, participants with
higher flavoring exposures had lower FeNO levels [Akpinar-Elci et al., 2006]. Thus, it is
difficult to say whether there was a styrene-associated increase in asthma in this workforce,
though the predominance of fixed obstruction may indicate that asthma is not a primary
respiratory consequence of styrene exposure.

Limitations of this study include a potential under- or overestimation of current styrene
exposure. Though the current recommendation is to collect urine at the end of shifts, as this
correlates well with levels of styrene in the air [ACGIH, 2011], to our knowledge this has
not been explicitly studied in workplaces with periodic exposures, such as are seen in this
workplace. In addition, due to the changing nature of workers’ tasks, the measurements on
the day of the test may not have represented current exposure beyond the date of the test.
Finally, the BEI was established under the assumption of 8-hr shifts and a 40-hr workweek
[ACGIH, 2011]. Extended duration shifts and overtime hours may have occurred for some
participants during our study, but were not formally quantified, and their impact on styrene
exposure estimates is not known.

Some other important considerations include the significant changes in exposure over the
past several years at the plant, which may have led to an underestimation of cumulative
styrene exposure. Though we treated this variable as an indication of relative exposure
during work at the plant, this may have been misleading, as reductions were probably not
uniform across the plant. Furthermore, the common occurrence of layoffs and rehires could
have easily impacted some of our outcomes (such as color blindness), as such gaps may
leave time for employees to recover from exposures. For a small number of workers who
were English language learners, the language barrier may have been a problem. All
participants spoke English well enough to follow directions in the workplace and answer
simple questions, but some may have struggled with certain instructions. Additionally,
workers who were rehired might have been healthier or less susceptible to the effects of
styrene than workers who previously worked at the plant but were not rehired, reflecting
survivor bias.

Strengths of this study include the large workforce with styrene exposure, the participation
rate of 73%, and the use of biological markers to measure exposure. With this workforce’s
wide and varied use of PPE, air styrene measurements, while useful to target high-risk areas
and determine the need for PPE, are not as useful in trying to link health effects to
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exposures. Biologic exposure markers may be more efficient and accurate than air
monitoring estimates of exposure doses.

Our finding of associations between styrene biomarkers and health outcomes suggest that
styrene may have health effects below previously identified thresholds. Our review of
chemicals in use at the plant did not identify other potential causative exposures. Yet it is
possible that styrene may be a marker for another chemical source of health effects, or that
some of our effects are due to co-exposures to styrene and other workplace chemicals or
dust. However, when added to the evolving evidence of sentinel cases, mortality studies,
animal experiments, and cross-sectional workforce studies, this study certainly supports the
presence of health hazards in the reinforced plastics industry and a role for styrene as an
exposure of concern.

In summary, the association of health outcomes including decreased visual contrast,
decreased lung function, and increased respiratory symptoms with styrene exposure below
the ACGIH recommended BEI indicates that the threshold of 400 mg/g creatinine may not
protect workers from the consequences of styrene exposure. Furthermore, the excess of
acquired color-blindness, though not associated with styrene biomarkers, suggests that
health effects may be a consequence of relatively low styrene exposures. The association of
cumulative exposure with certain outcomes indicates that there are effects, particularly on
respiratory health, that are not attributable to current styrene exposure only. Further studies
may help to determine an effect threshold for these health outcomes and provide guidance
toward targets for exposure reduction. Additionally, such studies could further elucidate the
relationship between airways disease, inflammation, and styrene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TABLE |

Demographic Characteristics and Styrene Exposure of Windblade Manufacturing Plant Workers

Demographic Characteristic (n = 354)2

Value

Age, years, mean (range)
Male, n (%)
Race, n (%)
White
Black
American Indian or Alaska Native
Other
More than one race
Missing
Smoking status, n (%)
Current
Former

Never

Tenure, years, mean, median (range)b

Styrene Exposure (n = 322)2

Current styrene exposure,® mg/g creatinine

Cumulative styrene exposure,d mg-months/g creatinine

37.5 (19-65)
269 (75.9)

263 (74.3)

46 (13.0)
20(5.7)
4(1.1)

14 (4.0)
7(2.0)

142 (40.1)

78 (22.0)

134 (37.9)

48,55 (<1-22.7)

Mean, median (range)
69.5, 53.6 (0.7-941.0)

3945, 2426 (10.7-69800)

a354 workers completed the questionnaire, providing demographic information; 322 workers provided a urine sample.

Page 15

bTenure was calculated by summing all time employed at the plant. Gaps in employment (such as due to layoffs and rehiring) were not included in

the tenure calculation.

CUrinary mandelic acid + phenylglyoxylic acid.

dCalculated for 354 participants using average current styrene exposure for a job
multipliedbyanindividual’sjobtenureinmonthsandsummingacrossthejobsheldby an individual, if applicable.

AmJ Ind Med. Author manuscript; available in PMC 2016 November 01.



Page 16

McCague et al.

'soljel Ul ae (T°0 S d > G0°0) SeouaJajdip Juedlyubls A|[eonsiels auljJapiog "plog Ul aJe (00 S d) Seouaiayip Jueoniubis Ajjeonsiels

‘uol|(1q Jad sued ‘qdd ‘mojy Alorelidxa-pIw [ewIXew ‘43NN BPIX0 JLIIU PajeyXa JO Uonaely ‘ONaS ‘Anoeded [elIA paoioy ‘DAL ‘STUI sWn|oA Alojesidxe padloy ‘TATH ‘aulunesld ‘1essd

(CPARE (0o1) LT (98)eT  (ve) gt (8'8) 0¢ qdd Gz< ON®d
8'cl VI 6°CT ST ger qdd ‘)nsal ONa4
ueawl Jo (%) U ‘ONa4

8L €08 8'6. 98L 76l % OAL/TAIA
16 1'86 1'86 8'G6 7'96 J3NIN parotpaid %
€201 G201 0'€0T 7’201 G201 A4 peripaid %
6'86 00T £°00T 166 666 TA34 pavoipaid o
(8's1) 82 (Lom) 6T (gom) Lt (e9moz  (Len) iy Anpewsouge Auy
— — — — (60) € PaXIN
(se)s (6'9) 0T (8€) 9 (59) 01 (Lv) ot uondLIsey
(LoT) 6T (196 (996  (ee)sT  (cv)8e uonINAISqO

gueaw Jo (%) u ‘Answounds

(e2€) 99 (Led) ey (ez€)es (roe)er  (S0€) 80T swordwAs 843
(z'89) €01 (9vv) 62 (8m)LL (es9)68 (4'15) 28T swoidwAs JeseN
(cze) 15 (cea) v (e2e)es (ssa)tr  (L'L2) 86

(58) 5T (0'6) 9T (oem1z (098 (6'8) 1€ ssauybn 18340
(T'22) 8¥ (sLm) 1€ (cvo)ee (L12)58  (e22) 6L aZadUM
(LoT) 6T (e'T1) 02 (8TT)6T (90T)2T  (TT)6E wbajyd rensn
(ren) ez (6'1T) 12 (wenoz (emoz  (Tenev u6noa fensn
(e7a1) 22 (96) LT (Len ez (8T1)6T  (P2T) ¥ ypealq 40 SSauLOYS

(%) U ‘wordwAs

A4S v'ocy'e> 9'€e< 9'€s> 1[e48nO

(32840 B/sypuow-bw) sanenwny  (yessd B/6w) usaand

ainsodxa auaJlAls ueipaw Ag

,2nsodx3
3U3IAIS aAIRINWIND puUR JULIND URIPAIN AQ PUB [[RISAQD ‘SISNJOAN 1UR|d BuLinloeinue|A apR|gPUIAA GGE JO SIINSaY 1591 uonoun4 BunT pue swoldwAs

Ir31avl

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

AmJ Ind Med. Author manuscript; available in PMC 2016 November 01.



Page 17

McCague et al.

"— YUM payJew ale s|1a2 Buipuodsaliod sy ‘ABojoisAyd siyy yum syuedidnded Jo Jaquuinu [ews ayi 03 anp ainsodxa aualAls ueipaw Aq paiilelis Jou a1am S19a48p PaxIiAl [ewlou

10 Jwl| JaMO] 8yl MOJ3g DAL PUB DAH/TATH Y10og Se paulyap paxiw ‘[ewiou Jo Jwl| JAMO] aYl MoJad D4 Se pauljap UOIIDLISa) ‘[ewlou JO Hwi| Jamo| 8yl mojag DA4/TAT Se paulyap :o_uo::mQOQ
'syjuow ZT Ised ayl Ul eWIYISE JO 3oeNe Jo ‘syiuowzTised ayy ul ssauiybil 1sayd Jo Buijaay e yum Buluasem

e ‘syluowizTised ayy Ui 1sayd ay ui Buijsiym Jo ‘Buizesym ‘auidipaw ewylSe Jo asn Jualind :Buimojjo) sy Jo Aue se pauljep alem swoldwAs ax1-ewyisy ‘syiuow T 1se| ay 1oj payodal alem (sake
Ayon ‘Aiarem) swordwiAs aka pue ‘(asou Auuni 1o ‘Ayoy ‘Apnis) swoldwAs eseu ‘ssauybi 1sayd ‘azaaymn ‘[11y bIs e dn Buijiem Jo punoif [aAs] uo BulAiny usym se paulyap Sem yieaiq Jo mmmctoﬁm

"sasAeur a11joqeIBW 8UBIAIS BULIN By} pue Juauodwod
JaWIssasse Yeay ay ui uonredionued uo Buipuadap ‘vGe 01 0TE Wouy pabues Joyeuriousp ays ‘pajuasald sinsal ayy Jo4 *Apnis ayp 40 JusUOdWOD 3Uo Ised) Te Ui paredionied SISI0M GGE 4O [e10)
M

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

AmJ Ind Med. Author manuscript; available in PMC 2016 November 01.



Page 18

McCague et al.

*Ajlfewsouqe UOISIA 10]09 UMOUXUN 1O ‘Ul ‘Ueinap ‘uejold e BuiAey se paulyep sem Ajjewlouqe Auy

q

‘[266T 118UpNH pue J3]|39] ainjelail] woJy sabeiusalad Umyomaxmm

1SIX3 J0U 0p sanjeA uonendod asneasq 81eINdJed 0) djqeun ‘g

:049Z SEM PAAIBSUO J3GLINU 3SNBIA 81[NDJEI 0} |gRUN “D ‘3|qe|IeAR 10U ‘B/U ‘[RAISIUI 30USPIIUOD ‘1D ‘(sabBeusalad uo paseq) onel Alpigiow pazipiepuels ‘*YINS

Author Manuscript

6'€€-99 99T (So)vo (e8)L v8 alewsa

0e-LT €z  (08)GTz (e8T)6y 89 e
nb__m::oc% Auy

g g e/u 8'Y) ¥ 8 a[ewoS

g g e/u (06) vz 892 8B
\ﬁ__mc.:orﬁm umouxun

1€0T-€. 09  (T00)T00 (9€) € v8 alewsa

9e6-50T 0.z (100)€00 (L2 L 892 aleN
uel ]

D D (roeo 0 78 alewad

TT-€0 90 (g9t (eor 892 8B
ueinag

D » (zo0)zo0 o 8 a[ewa

6290 GT (0cavs (0€)8 892 8B
uejold

10%56  HNS (%) u (%) u u
'ePa108dX3  popsesqo

(zse = u) 1ue|d BunaeNUBIN SPRIGPUIAA B 18 SIS3JOAA Ul SaII[eWIouqy UOISIA 10|00

3I3ngavie

Author Manuscript

Author Manuscript

Author Manuscript

AmJ Ind Med. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

McCague et al. Page 19

TABLE IV

Adjusted Models” of the Relationship Between Visual Contrast Sensitivity and Log-Transformed Current
Styrene Exposure Estimates Among Windblade Manufacturing Workers (n = 351)

Change in outcome
with current exposure

Effect change from 2.5th to
Frequency estimate™@  P-valueP 97.5th percentileb
1.5 cpd -0.020 0.04 -8.8
3cpd -0.034 0.03 -15.6
6 cpd -0.049 <0.01 -22.1
12 cpd -0.030 0.04 -13.2
18 cpd -0.015 0.06 -6.7

cpd, cycles per degree.

*
Models were adjusted for age, smoking status, glaucoma, cataracts, macular degeneration, alcoholic consumption during last 24 hr, and visual
acuity (of which only age and acuity were significant).

a .
Effect change per1% change in current styrene exposure.

b . - Lo
Bolded P-values and estimates are statistically significant.

AmJ Ind Med. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

McCague et al.

Page 20

TABLE V

Lung Function Parameters and the Natural Log of Cumulative Styrene Exposure Estimates in Workers at a

Windblade Manufacturing Plant

Change in outcome
with cumulative exposure

Lung function Effect change from 2.5th to
measure estimate®P  P-valueP  97.5th percentileb
FEV1/FVCC -0.006  0.015 -35

Percent of predicted FEV1d -0.008 0.079 -5.0

Percent of predicted MMEFd -0.026 0.011 -156

Percent of predicted Fvcd -0.002 0.7 -0.93

FeNO® -0.009 00013  -5.54

FEV1, forced expiratory volume in one second; FVC, forced vital capacity; MMEF, maximal mid-expiratory flow; FeNO, fraction of exhaled nitric

oxide; BMI, body mass index.

aEffect change per1% change in cumulative styrene exposure.
bBolded results are statistically significant.

CModel adjusted for age, smoking status, and BMI.

dModel adjusted for smoking status and BMI.

e . . . . . . .
Model adjusted for smoking status, respiratory illness, consumption of nitrate-rich foods, gender, and age.
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