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HIGHLIGHTS OF THE
NIOSH HEeALTH
HAZARD EVALUATION

The National Institute for
Occupational Safety and
Health (NIOSH) received
a confidential request to
conduct a Health Hazard
Evaluation (HHE) at

the Solae Company in
Memphis, TN. Workers
reported breathing
difficulty and asthma
that they attributed to
workplace exposures,
including soy and mold.

What NIOSH Did:

Observed workers during routine activities.

Measured dust and soy antigen concentrations in the air
throughout the plant.

Interviewed 147 current workers about their health and job
histories.

Assessed 140 current workers’ lung function using several
breathing tests.

Conducted skin allergy testing for 132 workers and blood
allergy testing for 135 workers.

Provided information for reducing workers’ exposures to
potentially hazardous materials.

What NIOSH Found:

Some dust concentrations in the air exceeded current
occupational exposure standards.

Curd operators and unloading workers had the highest soy
antigen exposures and office and warehouse workers had the
lowest soy antigen exposures.

Solae workers had a higher than expected prevalence
of physician-diagnosed asthma, sinusitis, and wheeze (a
symptom of asthma) compared to the U.S. adult population.

Among workers with adult-onset asthma, the rate of
diagnosis was five times higher after employment at the Solae
plant than before employment.

Asthma and asthma-like symptoms were more common in
workers who responded to soy on the blood test but not
more common in workers who responded to soy on the skin
test.

Sinusitis, nasal allergies, and rash were more common in
workers who reported having seen or smelled mold in the
workplace in the previous 12 months.

Production workers were more likely to report work-related
asthmar-like symptoms than non-production workers.

Airways obstruction on spirometry and reports of work-
related asthma-like symptoms were associated with peak dust
concentrations.

Some workers with respiratory exposures, including
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HIGHUGHTS OF THE
NIOSH HEeALTH

HAZARD EVALUTION
(CONTINUED)

NIOSH investigators found
that respiratory problems
among workers at Solae
were more common

than expected and were
associated with: immune
response to soy; working
in production jobs; peak
dust concentrations; and
workplace mold. Based
on these findings, the
NIOSH investigators
recommend: (1) reducing
worker exposures to

soy and other dusts by
engineering controls

and personal protective
equipment; and (2)
encouraging workers

to promptly report
symptoms to their
supervisor and their
personal physician or
other healthcare provider.

temporary and contract workers, were not included in the
company’s respiratory protection program.

What Solae Company Managers Can Do:

Examine opportunities for further use of engineering
controls, versus personal respiratory protection, to reduce
worker exposures to dusts.

Enforce the use of respiratory protection in plant areas,
sub-areas, and jobs identified as having higher dust
concentrations (measured as peaks and time-weighted
averages).

Include in the plant’s respiratory protection program all
workers (permanent, temporary, and contract workers) who
have respiratory exposures.

Encourage workers to report new or worsening respiratory
symptoms to their supervisor and to their personal physician
or other healthcare provider.

Provide personal respiratory protection for all workers with
work-related asthma; if ineffective, relocate these workers
to lower exposure areas such as the warehouse or office
locations.

What Solae Workers Can Do:

e Wear appropriate respiratory protection where and when

instructed.

Report any new or worsening respiratory symptoms to your
supervisor and your personal physician or other healthcare
provider.

o Workers with symptoms should provide their personal

physician or other healthcare provider with a copy of this
Highlights section of the HHE report.
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SUMMARY

NIOSH investigators
conducted industrial
hygiene and medical
evaluations at the Solae
plant in Memphis, TN. Some
dust concentrations in

the air exceeded current
occupational exposure
standards. Solae workers
had higher than expected
prevalences of physician-
diagnosed asthma, sinusitis,
and wheeze (a symptom

of asthma) compared to
the U.S. adult population.
Among workers with adult-
onset asthma, the rate of
diagnosis was five times
higher after employment at
the Solae plant than before
employment at the plant.
All asthma outcomes were
significantly associated
with immune response to
soy, as measured by soy-
specific IgE. Sinusitis,
nasal allergies, and rash
were more common in
workers who reported
having seen or smelled
mold in the workplace.
Airways obstruction on
spirometry and increased
reports of work-related
asthma-like symptoms
were associated with peak
concentrations of dust.
Worker exposures to soy
and other dusts should be
reduced using engineering
controls and personal
protective equipment, and
workers should promptly
report symptoms to their
supervisor and personal
physician or other
healthcare provider.

Page vi

On December 12, 2006, the National Institute for Occupational
Safety and Health (NIOSH) received a confidential Health Hazard
Evaluation (HHE) request from workers at the Solae Company’s
plant in Memphis, TN. The requesters described respiratory
symptoms and diagnoses, including sinus congestion and asthma,
which they attributed to the workplace. They noted exposure to
soy materials, lime (calcium oxide (CaQ)), microbial contaminants
such as mold, and insects.

NIOSH investigators conducted telephone interviews with
workers, a union representative, treating physicians, and company
management and safety officials. On March 6, 2007, NIOSH
investigators visited the plant to observe the process, measure
concentrations of airborne dust, collect bulk samples of soy
materials, and interview workers about their symptoms and
exposures. They later conducted an industrial hygiene survey
(July 9-13 and July 30-August 3, 2007). NIOSH investigators
collected personal and area air samples from different plant areas,
sub-areas, and jobs during the survey. They collected: personal
(breathing-zone) air samples for inhalable dust and inhalable soy
antigen; personal (breathing-zone) and area air measurements for
airborne dust of respirable and thoracic size fractions using a real-
time sampler; and area air samples for inhalable dust, inhalable soy
antigen, total dust, total endotoxin, selected metals, and particle
size distributions. They also collected bulk samples of soy materials
from different sub-areas of the plant. From July 23-August 2,
2007, NIOSH investigators also conducted a medical survey

of current workers at the plant; it consisted of an interviewer-
administered questionnaire; lung function testing, including
spirometry, bronchodilator, and methacholine challenge testing;
and skin and blood allergy testing.

Inhalable dust exposures were highest for the autopack operator,
unloading switch operator, and sanitation job categories.

Some of the samples from these job categories, as well as from
starch dumping, exceeded the Occupational Safety and Health
Administration (OSHA) permissible exposure limit (PEL) for
total dust as particulate not otherwise regulated (PNOR) and the
American Conference of Governmental Industrial Hygienists
(ACGIH) threshold limit values (TLV®) for inhalable dust.

The task of starch dumping, which produced the highest dust
concentrations measured (21.7 mg/m’), was typically done by
workers from several different job categories outside their normal
shift work, using respiratory protection.

Health Hazard Evaluation Report 2007-0073-3089



SUMMARY (CONTINUED)

Detectable soy antigen air concentrations were measured in all
plant areas and sub-areas; the highest geometric mean inhalable
soy antigen area concentration was in the flake processing room
(308,000 ng/m’). Job categories with the highest geometric
mean soy antigen concentration as measured by personal samples
included the unloading switch operator (27,540 ng/m’), curd
operator (25,960 ng/m’), and unloading lead (14,360 ng/m’).
Currently, there are no occupational exposure standards or
guidelines specifically for soybean dusts, though the more general
PNOR standard does apply to soybean dusts.

The highest endotoxin concentration, 217 EU/m’, was measured
in the flake processing room; all other endotoxin concentrations
were below 50 EU/m’. Calcium was detected in 5 of 67 total

dust air samples; if the calcium in these samples was all present as
lime (CaQ), the highest corresponding lime concentration in air
would have been approximately 0.52 mg/m’, a level well below the
existing OSHA standard for lime dust.

Of the 281 workers currently employed at the plant by the Solae
Company, 147(52%) consented to participate in the medical survey
and completed the questionnaire. Participation rates varied by
worker classification, ranging from 66 of 94 (70%) production
workers to 42 of 114 (37%) non-production workers. NIOSH staff
conducted lung function testing for 140 of these workers, skin
allergy testing for 132, and blood allergy testing for 135.

Participating workers at the Solae plant in Memphis had higher
than expected prevalences of physician-diagnosed asthma,

sinusitis, and wheeze (a symptom of asthma) compared to the

U.S. adult population. The prevalences of current and ever
physician-diagnosed asthma for participating males were higher
than expected based on a survey of the state of Tennessee, but
these differences did not reach statistical significance. Among
participants with adultonset, physician-diagnosed asthma, most
were diagnosed after hire at Solae. The incidence rate was five
times greater after hire than before hire, consistent with a temporal
relationship of occupational exposures preceding asthma diagnosis.
Compared to non-production workers, production workers were
more likely to report asthma-like symptoms that improve away from
work. Work-related asthma-like symptoms were also associated
with peak dust concentrations. Compared to workers exposed to
lower peak concentrations, participants exposed to higher peak
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SUMMARY (CONTINUED)

concentrations of dust were more likely to report work-related
asthma-like symptoms. Additionally, workers who reported seeing
or smelling mold in the workplace were more likely to report work-
related sinusitis, nasal allergies, and rash compared to workers not
reporting this exposure.

Fourteen participants (10%) had airways obstruction on spirometry
(six borderline and eight mild or worse severity). Eleven (8%) had
spirometry results indicating a restrictive pattern. One had both
airways obstruction and restriction. Two had a clinically significant
response to bronchodilator and 12, including eight without

airways obstruction on spirometry, had evidence of bronchial
hyperresponsiveness on methacholine challenge testing.

The prevalence of positive immunoglobulin E (IgE) to soy among
Solae workers was five times greater than the prevalence among

a group of comparison workers who were not occupationally
exposed to soy, suggesting that immune recognition of soy among
Solae workers resulted from occupational exposures. All asthma
outcomes were significantly associated with immune response to
soy, as measured by soy-specific IgE levels in the blood but not as
measured by the skin prick test for soybean allergy.

Concentrations of soy antigen and dust exposure were
process-related. Compared to workers exposed to lower

peak concentrations, those exposed to higher peak dust
concentrations (measured by real-time sampling) were more

likely to have spirometry indicating airways obstruction and to
report work-related asthma-like symptoms. In addition, level of
immunoglobulin G (IgG) to soy was associated with inhalable

soy antigen level and work classification. Time-weighted-average
inhalable soy antigen and dust concentrations were not associated
with asthma outcomes in analyses involving all participants.

Keywords: Occupational asthma, symptoms, airways obstruction,
soy protein, IgE
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INTRODUCTION
On December 12, 2006, the National Institute for Occupational
Safety and Health (NIOSH) received a confidential Health Hazard
Evaluation (HHE) request from workers at the Solae Company’s
plant in Memphis, TN. The requesters described respiratory
symptoms and diagnoses, including sinus congestion and asthma,
which they attributed to the workplace. They noted exposure to
soy materials, lime (calcium oxide (CaO)), microbial contaminants
such as mold, and insects.

Soy is a known cause of food allergy and is considered one of
eight major compounds responsible for 90% of IgE-mediated food
allergy in childhood [Allen et al. 2006; ’'Hocine and Boye 2007].
At least 16 soy proteins have been identified as food allergens,
some of which have immune cross-reactivity with proteins from
other members of the legume family, such as peanut. In addition,
recent studies have demonstrated cross-reactivity between a soy
food allergen and birch pollen allergens [Kleine-Tebbe et al. 2002;
Mittag et al. 2004].

Environmental exposure to soy also has been associated with
sensitization and respiratory illness in some community settings.

In the 1980s, epidemics of asthma occurred in the Spanish city

of Barcelona. Investigators identified the unloading of soybeans
from ships in the harbor as highly associated with asthma epidemic
days, on which visits to the emergency room for asthma were
unusually high and clustered on an hourly basis [Anto et al. 1989].
Furthermore, asthmatic patients presenting on epidemic days were
far more likely to have IgE antibodies to soybean dust than asthma
patients presenting on non-epidemic days [Sunyer et al. 1989].
Several low-molecular-weight proteins (7-8 kDa) concentrated in
the soybean hull were implicated [Gonzalez et al. 1994; Codina et
al. 1997]. Ultimately, the epidemics were halted after soybean silos
in the harbor were fitted with filters, providing further evidence of
a causal relationship [Picado 1992]. Soy has since been associated
with previously unexplained epidemics of asthma in New Orleans
in the 1950s and 1960s, via a retrospective study that found a
strong association between the presence of soy-containing vessels in
the harbor and visits to the emergency room for asthma [White et

al. 1997].

There is some evidence to suggest that occupational exposure

to soy also may lead to sensitization and respiratory illness. The
first report of work-related asthma associated with soy described
five soy mill workers with asthma-like symptoms and positive skin
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INTRODUCTION (CONTINUED)

scratch tests to various soy products [Duke 1934]. A NIOSH HHE
investigation at a facility where raw soybeans were processed to oil
and meal found a high prevalence of asthma-like symptoms among
the 50 evaluated workers, but a specific immunological link to soy

was not made [NIOSH 1987].

Two subsequent smaller studies examined the relationship between
respiratory symptoms and soy-specific immune responses among
soy mill and control workers [Zuskin et al. 1991; Roodt and Rees
1995]. In both studies, respiratory symptoms were more common
in soy workers than controls. In one of the studies, soy workers
were more likely to have positive results on soy-specific allergy tests
[Roodt and Rees 1995]. However, neither study demonstrated an
association between symptoms and soy-specific immunity.

A study of asthma among bakers did demonstrate an association
between symptoms and soy-specific IgE [Baur et al. 1998]. When
bakers were categorized by presence (n=142) or absence (n=45) of
respiratory symptoms, 11 (8%) symptomatic bakers had a positive
skin response to soy compared to one (2%) asymptomatic baker
and 35 (25%) symptomatic bakers had soy-specific IgE compared to
three (7%) asymptomatic bakers; the latter finding was statistically
significant. However, similar associations were noted for other
allergens to which the bakers were exposed, such as wheat and rye
flours, complicating interpretation of the study’s findings.

A report of four bakers and confectioners with work-related
respiratory symptoms examined the relationship between soy flour
and hull antigens and occupational asthma [Quirce et al. 2000].
The authors found that all participants had positive skin test
responses to both prepared and commercial soy extracts. Three
(75%) had positive soy-flourspecific IgE, but only one reacted
to a hull-antigen extract. Methacholine and soy-flour inhalation
challenges were positive in all cases. In general, the hull extract
contained mainly low-moleclular-weight polypeptides, while the
flour extract had higher-molecularweight proteins (18-51 kDa).
The participants’ sera reacted mainly with the latter proteins.

Thus, while some soy proteins have been identified as allergens and
soy-exposed workers appear to be at increased risk of respiratory
symptoms, studies of soy-exposed workers to date have not found

a consistent association between soy allergy and respiratory illness.
Furthermore, the potential etiologic roles played by flour and hull
antigens in occupational settings have not been clearly elucidated.

Page 2
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INTRODUCTION (CONTINUED)

In addition to soy, requestors described several other exposures—
specifically, mold, mites, cockroaches, and bacteria in storage
bins—that could be relevant to respiratory symptoms and asthma
at the plant. Exposure to mold or other dampness-related agents
in damp indoor environments is associated with respiratory
symptoms, including nasal and throat symptoms, cough, wheeze,
and exacerbation of asthma in sensitized asthmatic individuals
[IOM 2004]. In addition, more recent evidence suggests that such
exposures can cause asthma [Jaakkola et al. 2005; Cox-Ganser et al.
2005]. Mite exposure has also been found to both cause asthma
and exacerbate preexisting asthma [IOM 2000]. In addition,
cockroach exposure may cause asthma in some populations and
also has been found to exacerbate preexisting asthma [IOM 2000].
Endotoxin, a component of some bacteria, also has been linked

to asthma, including occupational asthma, and other chronic
respiratory effects [Bardana 2008; Wang et al. 2005].

While the Occupational Safety and Health Administration
(OSHA) does not specify a permissible exposure limit (PEL) for
soy, mold, mite, cockroach antigens, or endotoxin in the air, the
PEL for total dust is 15 mg/m’ and for respirable dust is 5 mg/
m’. Respirable dust refers to the fraction of airborne dust that is
capable of depositing in the gas-exchanging (i.e., alveolar) portion
of the lungs. Inhalable dust refers to the fraction of airborne dust
that can be inhaled and deposited anywhere along the respiratory
tract. Respirable dust is thus a fraction of inhalable dust.

Plant and Process Description

The Solae Company, an alliance between DuPont and Bunge
Limited, processes soy flakes into soy products for both human
and animal consumption. The plant receives de-oiled, de-hulled
crushed soy flakes by railcar for further processing into soy powder
products. Workers in the unloading area empty the soy from
railcars into storage bins. The soy flakes are then processed in
several flake processing sites of the plant. Following processing,
the soy product goes to a wet-in process where water is added to
create a soy slurry.

The soy slurry goes to one of several separate production

operations. The basic processing steps are the same for each of
the production operations. These production operations are all
automated and each operation has a control room that provides
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INTRODUCTION (CONTINUED)

computer control and oversight of the entire production process.
Production leads oversee all production processes.

For each of the production operations, the soy slurry goes first to
a curd sub-area where soy proteins are extracted, concentrated,
and washed. Soy proteins are concentrated in the slurry to
approximately 91%. Chill tanks are used next to adjust the
concentration of solids, pH, and mineral content of the soy slurry.
The curd operator oversees these plant processes.

In the next step, the concentrated soy slurry is sent by high-pressure
pumps to be sprayed into the top of a gas-heated spray-drying

tower for flash drying. Each tower is several stories in height

and the sprayed slurry dries as it falls by gravity. At the bottom

of the tower, the soy powder is collected using several different
techniques. A spray dryer operator oversees the spray-drying
process.

The dried soy powder is automatically transferred from the spray-
drying towers to the autopackaging sub-area. In autopackaging,
the soy powder is put into 44- or 1,000-pound bags by the autopack
operator using an automated bagging machine, which fills and
seals each bag of soy powder. During this process, other specialty
ingredients (e.g., minerals) may also be added depending on final
product specifications. An autopack assistant is also present.
Following this process, the bags of soy powder are stacked on a
pallet and then wrapped in plastic. The finished product is stored
in a warehouse located about a mile from the production lines.

In the curd process, a portion of the soy slurry is separated out
as waste product. This material predominantly consists of solids
containing lower soy protein content that is used for animal feed.
The waste material is sent to a separate drying tower, the feed
dryer. A feed dryer operator oversees this process.

Additional product additives may include lime (calcium oxide
(CaQ)), sodium sulfite, sodium acid pyrophosphate (SAPP),
sodium hydroxide, or potassium iodate.

The soy plant also has laboratory operations for quality control.
There are on-site maintenance operations and a maintenance shop.
Sanitation operators are active throughout the plant. Their tasks
involve cleaning by shoveling, sweeping, brushing, and vacuuming
soy or other process materials. The production plants have in-

Page 4
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INTRODUCTION (CONTINUED)

wall vacuum systems; they do not clean by blowing dust with
compressed air. The plant also has several different offices located
throughout the facility.

The production plants use both general dilution and local exhaust
ventilation. General dilution ventilation, accomplished primarily
by roof exhaust systems, is common in most plant areas. Local
exhaust ventilation is used for dust control on the soy packaging
lines.

The plant has a written respiratory protection program in place.
At the time of our survey, maintenance workers, material handlers
(railcar unloading workers), and production employees whose jobs
involve the handling of certain chemicals were included in the
company’s respiratory protection program. This program includes
the elements required by OSHA; the initial respirator training

is classroom-based training provided on-site with on-line annual
refresher training. Respirators are provided for contract and
temporary employees; however, these workers were not included in
the respiratory protection program or provided respirator training.

Additional occupational health and safety training is provided
to workers through an on-line program managed by an outside
contractor.
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ASSESSMENT

NIOSH investigators conducted telephone interviews with
workers, a union representative, treating physicians, and company
management and safety officials and also reviewed medical
records prior to visiting the plant. During the initial plant visit
on March 6, 2007, NIOSH investigators observed the process,
measured airborne particle concentrations using a real-time dust
monitor (Personal DataRam®, models pDR-1000An,/1200 [Thermo
Electron Corporation, Franklin, MA]), collected bulk samples of
soy materials, and interviewed workers who currently or previously
held positions in sanitation about job duties and symptoms.

On this initial visit, we observed peak dust concentrations as

high as approximately 100 milligrams per cubic meter of air (mg/
m’) during shoveling activities by sanitation operators. We also
noted that some workers’ respirators were not being worn properly
and discussed our observations with workers and management.
Furthermore, we noted temporary and contract employees were
not included in the company’s respiratory protection program. In
addition, we found that respiratory and dermatological symptoms
were common among interviewed workers and that some workers
attributed their symptoms to exposures at the plant. On the

basis of these initial findings, we planned more comprehensive
industrial hygiene and medical surveys. We described these surveys
in presentations to workers during the week of July 9, 2007.

Industrial Hygiene Survey

NIOSH investigators conducted an industrial hygiene survey at the
plant from July 9-13 and July 30-August 3, 2007. We sampled

on one second shift and nine first shifts. We collected full-shift,
time-weighted average (TWA) personal and area air samples

from different plant areas, sub-areas, and jobs and measured
temperature and relative humidity. Air samples included personal-
breathing-zone (PBZ) air samples for inhalable dust and inhalable
soy antigen, PBZ and area dust exposures using a real-time
sampler, and area air samples (for total and inhalable dust, total,
inhalable, and respirable soy antigen, total endotoxin, selected
metals, and particle size distributions). The optical configuration
for the real-time sampler responds to particles in the size range
from 0.1 to 10 micrometers, roughly corresponding to standard
gravimetric measures of respirable and thoracic dust fractions.

We also collected bulk samples of soy materials, including
genetically-modified soy, from different plant areas. Table 1 lists
these sampling methods. For statistical analyses, samples below

Page 6
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ASSESSMENT (CONTINUED)

detectable limits were assigned a value of one-half of the minimum
detectable concentration.

The inhalable dust and inhalable soy antigen air samples were the
primary personal exposure indices for this survey. We collected
these full-shift TWA samples using the IOM Personal Sampler
(SKC, Inc., Eighty Four, PA) containing polytetrafluoroethylene
(PTFE) membrane filters with a 2-micrometer pore size and a
sampling flow rate of 2.0 liters per minute (Ipm). These samples
were analyzed gravimetrically according to the NIOSH Manual of
Analytical Methods (NMAM) 500 [NIOSH 1994] and by enzyme-
linked immunosorbent assay (ELISA) for soy protein antigen
concentration. Protein extracts from bulk pre-processed soy flakes
served as a reference standard for the ELISA. Details on these
laboratory methods are presented in Appendix A.

Medical Survey

NIOSH investigators conducted a medical survey July 23-August
2, 2007. We invited all current workers at the plant to give written
informed consent for a 15-minute interviewer-administered
questionnaire, lung function testing, and allergy testing. Following
the survey, we mailed reports to each participant at his or her
home address. The reports explained individual lung function and
allergy testing results and provided recommendations for follow-up
of abnormalities.

The questionnaire (Appendix B) consisted of questions from

the European Community Respiratory Health Survey (ECRHS)
[Grassi et al. 2003] and the American Thoracic Society (ATS)
adult respiratory questionnaire (ATS-DLD-78) [Ferris 1978],
supplemented by questions specific to the survey at the Solae
plant. It addressed respiratory and dermatological symptoms,
asthma and other diagnoses, smoking history, workplace exposures
to mold, occupational history at the soy plant, and demographic
information.

Lung function testing consisted of spirometry, followed by
bronchodilator (BD) or methacholine challenge testing (MCT).

A NIOSH technician administered spirometry tests using a dry
rolling-seal spirometer interfaced to a personal computer following
ATS guidelines [Miller et al. 2005]. We compared spirometry
results to reference values generated from third National

Health and Nutrition Examination Survey (NHANES III) data
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ASSESSMENT (CONTINUED)

[Hankinson et al. 1999]. Each participating worker’s largest forced
vital capacity (FVC) and forced expiratory volume in 1 second
(FEV ) were selected for analysis. We classified participants as
having airways obstruction if they had a ratio of FEV /FVC below
the lower limit of normal with a normal FVC. FEV, determined
the severity of airways obstruction, which ranged from borderline
(FEV, above the lower limit of normal but below the predicted
value) to very severe (FEV, <35% of predicted). We defined
restriction as a normal FEVI/ FVC ratio with FVC below the lower
limit of normal. We classified participants with both FEV /FVC
ratio and FVC below the lower limit of normal as having mixed
obstructive and restrictive abnormalities.

If the participant’s FEV, was less than 1.5 L or 70% of predicted,
BD was administered to determine reversibility, using two puffs
of a beta-agonist. We defined reversibility as an FEV | increase

of at least 12% and 200 ml after bronchodilator administration
[Pellegrino et al. 2005]. If the participant’s FEV| was greater than
or equal to 1.5 L or 70% of predicted, MCT was used to examine
bronchial hyperresponsiveness (BHR). Although not specific for
asthma, people with current asthma symptoms often have BHR
[ATS 2000]. ATS guidelines for administering MCT [ATS 2000]
were followed to determine the provocative concentration (PC) of
methacholine that causes an interpolated 20% decline in FEV,
from baseline (i.e., the PC, ). We classified participants as having
BHR if they had a PC20 of 16.0 mg/ml or less. Severity of BHR
ranged from borderline (PCzo of 4.1 to 16.0 mg/ml) to definite
(PC,, of < 4.0 mg/ml) [ATS 2000].

We conducted tests of the immune system reflecting allergy (IgE
antibody) and exposure (IgG antibody). Allergy testing consisted
of skin prick testing and measurement of total and specific IgE
levels in blood. For skin prick testing, we applied to the skin the
following commercially available extracts using the GreerPick™
system (Greer Laboratories, Lenoir, NC, USA): soy, birch mix,

cat hair, cockroach mix, eastern 10 tree mix, house dust mite mix
(Dermatophagoides farinae and D. pteronyssinus), ragweed mix, and

9 southern grass mix. We included birch mix to address possible
immunological cross-reactivity between soy and birch antigens
[Mittag et al. 2004]. The panel of extracts included a negative
control (the diluent) and a positive control (histamine). For each
extract, we determined the mean diameter of the wheal reaction
(average of length and width) at 15 minutes. We defined a positive
response as a mean diameter at least 3 mm larger than the negative
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control and at least 25% of the size of the positive control.

For IgE and IgG levels, we collected 20 ml of venous blood from
each participating worker. We analyzed blood samples for total
IgE by fluoroenzymeimmunoassay (FEIA) using an ImmunoCAP®
100 (Phadia AB, Uppsala, Sweden). Total IgE was considered to
be elevated when the titer exceeded 100 kU/L. Specific IgE levels
were measured using ImmunoCAP for soy (f14), peanut (f13), and
storage mite (d71) (Phadia AB, Uppsala, Sweden). Specific IgE
was considered positive when titers exceeded 0.35 kU/L. Peanut
was included to address possible immunological cross-reactivity
between soy and peanut antigens [Ballmer-Weber and Vieth 2008].
Storage mite was included as storage mites can be found in grain
products and have been associated with asthma [van Hage-Hamsten
and Johansson 1998]. Peanut and storage mite were not included
in skin prick testing due to risk of anaphylaxis (peanut) and lack of
commercially available extract (storage mite). Specific IgG levels
were measured using ImmunoCAP for soy (Gf14).

Using these same methods, we determined levels of specific IgE
and IgG for soy in de-identified sera from a population of 50
healthcare workers not occupationally exposed to soy [Zeiss et al.

2003].

We used IgE inhibition assays to determine the relative soy allergen
content of bulk samples of pre-processed soy flakes and soy powder
found in the autopackaging sub-areas. In addition, to characterize
antigens and allergens in terms of molecular weight and to
compare patterns of reactivity to soy proteins among various bulk
soy samples, we performed IgG and IgE immunoblot analyses.

Details on these laboratory methods are presented in Appendix A.

Statistical Methods

We used the lung function tests and the questionnaire responses
to define health conditions which included airways obstruction
(including those with mixed abnormalities), BHR, current asthma,
post-hire asthma, asthma-like symptoms, work-related asthma-like
symptoms, work-related sinusitis, work-related nasal allergies, work-
related rash, and work-related cough. We defined current asthma
as physician-diagnosed asthma that was still present. We defined
post-hire asthma as physician-diagnosed asthma that was diagnosed
after the date of hire at the soy plant or that recurred after the date
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of hire at the soy plant, following at least one year without asthma.
We defined asthma-like symptoms as at least one of the following:
wheezing or whistling in the chest in the past 12 months; waking
up with a feeling of tightness in the chest in the past 12 months;
an attack of asthma in the past 12 months; or currently taking

any medicine for asthma [Grassi et al. 2003]. Work-related health
conditions were those reported to improve away from work.

We investigated what might explain participants’ health conditions
(outcome variables) using the questionnaire responses, immune
testing, and information from the industrial hygiene survey.

We looked for associations between health conditions and the
following explanatory variables: current work classification (see
below); employment tenure at the plant; history of ever working

at the plant as the employee of a contract company; having seen

or smelled mold in the workplace in the past 12 months; positive
response to individual allergens on skin testing; having changed
jobs within the plant due to breathing difficulties; elevated total
IgE; positive IgE to soy; positive IgE to storage mite; positive

IgE to peanut; positive IgG to soy; age, race (black or another
race); gender; smoking status (current, former, or never); and
atopy (defined as history of nasal allergies and/or eczema). An
alternative definition of atopy, using response to the panel of
allergens on skin prick testing, was more weakly associated with
asthma outcomes and was not used in final statistical models.

We additionally examined the following explanatory variables:
inhalable dust, inhalable soy antigen, and peak dust concentrations
(see below).

We conducted industrial hygiene sampling on 20 jobs and

report these results in the industrial hygiene section. To explore
epidemiologic associations in this relatively small population,

we combined these jobs into 12 broad job titles and three work
classifications (Table 2). For example, the three unloading
positions were combined to create one broad job title of
“unloading.” On the basis of our understanding of the process
and jobs, we categorized current work classification as production,
production support, or non-production. Production workers
included autopack operators, autopack assistants, curd operators,
feed dryer operators, production leads, and spray dryer operators.
Production support workers included maintenance workers
sanitation crew members, and unloading area workers. Non-
production workers included laboratory technicians, office-based
employees, and warehouse workers.
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On the basis of current job and distribution tertiles of air sampling
results grouped by the 12 broad job titles, we assigned participants
to low, medium, and high exposure categories for inhalable

dust, inhalable soy antigen, and peak dust concentrations (Table
2). For inhalable dust and for inhalable soy antigen, we based
these classifications on geometric mean results; classifications

were similar when based on arithmetic mean and maximum
concentrations. For peak dust, we based these classifications on
the highest peak concentrations determined by personal and area
real-time sampling.

We used descriptive statistics to investigate the distribution of
demographic and clinical variables. We calculated prevalence
ratios (PR) of respiratory symptoms and diagnoses from
comparisons with data obtained from the U.S. adult population
from NHANES III [DHHS 1996] using indirect standardization
for race (white or black), sex, age (17-39 years or 40-69 years), and
cigarette smoking status (ever or never), and with more recent data
for Tennessee from the Behavioral Risk Factor Surveillance System
(BRFSS) [CDC 2007] using standardization for sex. We calculated
the incidence density rate ratios for pre-hire asthma diagnosis at
age 16 or older and for post-hire asthma diagnosis. We assessed
the validity of self-reported asthma categories by comparing the
results of spirometry and MCT for workers with and without each
of the asthma outcomes using contingency tables. We calculated
the PR of soy-specific IgE positivity from comparisons with the
prevalence observed in a population of non-occupationally exposed
healthcare workers [Zeiss et al. 2003]. Mean soy-specific IgG levels
in participants and the population of healthcare workers were
compared using Student’s t-test. We used logistic regression to
examine associations between the health outcomes and potential
explanatory variables. Odds ratios (OR) and 95% confidence
intervals (CI) were estimated using the likelihood ratio test. Given
the limited number of participants with a particular outcome,
when more than one explanatory variable was associated with

an outcome of interest, we used stratification and the Cochran-
Mantel-Haenszel test to further examine associations.

We used linear regression to examine associations between FEV1
and potential explanatory variables, adjusted for age, race, gender,
and height. We explored associations between measures of
immune response to soy and estimates of exposure using logistic
regression for the categorical variables and linear regression for the
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continuous variables. IgG values were not normally distributed
and were therefore log-transformed for inclusion in the models.
We used contingency tables to examine immunological cross-
reactivity against soy and birch and peanut antigens and to explore
frequency distributions by exposure category. Analyses were done
using SAS® software version 9.1 and JMP® versions 5.1 and 7.0
[SAS Institute Inc., Cary, NCJ.
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RESULTS
INDUSTRIAL HYGIENE SURVEY

Inhalable Dust and Inhalable Soy Antigen Air
Concentrations

Area sampling results Table 3 summarizes concentrations from

area inhalable dust and inhalable soy antigen samples by plant area.
The areas with the highest geometric mean (GM) concentrations
of inhalable dust were from sanitation—the M34 spray dryer
bottom (9.83 mg/m?) and unloading (1.15 mg/m?’) sub-areas. The
unloading area had the highest GM concentration of soy antigen
(111,600 nanograms per cubic meter of air (ng/m’), followed by
sanitation—the M34 spray dryer bottom (6,225 ng/m?). Table 4
summarizes concentrations from area inhalable dust and inhalable
soy antigen samples by plant sub-area. The sub-areas with the
highest GM concentrations of inhalable dust were the flake
processing (27.1 mg/m’), M34 spray dryer bottom (8.48 mg/m’
during sanitation activities), track 5 garage (2.18 mg/m’), and feed
drying (1.83 mg/m’) sub-areas. The feed drying and M34 spray
dryer bottom sub-areas both had some individual inhalable dust
concentrations that exceeded 10 mg/m’. The sub-areas with the
highest GM concentrations of soy antigen were the flake processing
(308,000 ng/m’), track 5 garage (256,100 ng/m?), and curd (48,670

ng/m’) sub-areas.

Figure 1 presents the inhalable dust and inhalable soy antigen
sampling results from area samples by plant sub-area. Dusts from
the track 1 and 5 garages and the curd sub-area had the highest soy
antigen content as indicated in Table 4. Airborne dust from the
warehouse, office, laboratory, and storeroom areas had the lowest
soy antigen content (Table 3).

The overall Spearman correlation coefficient for the 70 paired
inhalable dust and soy antigen area concentrations was 0.710
(p<0.001). While corresponding correlation coefficients for data
from individual areas were not statistically significant, those for two
sub-areas were statistically significant—autopackaging (r=0.74, n=11,

p<0.01) and curd (r=0.89, n=7, p<0.01).

Personal sampling results Table 5 presents the mean personal
exposures to inhalable dust and inhalable soy antigen samples by
job category. The highest GM concentration of inhalable dust was
measured among the workers involved in starch dumping (21.7
mg/m’). This was typically a partial-shift activity and completed
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by workers in several job categories outside their regular shift

work, so it was treated as a separate personal exposure event.

The autopack operators had the next highest GM inhalable dust
exposure (1.60 mg/m?). Jobs with GM concentrations of inhalable
dust of about 1 mg/m’ include unloading switch operator (0.996
mg/m’), sanitation operator (0.971 mg/m’), analytical laboratory
worker (0.974 mg/m’), autopack area lead (0.937 mg/m’), and curd
operator (0.806 mg/m?). As with the area samples, the highest
GM concentration of soy antigen was seen in the unloading area;
the unloading switch operator job category had a soy antigen
exposure of 27,540 ng/m’. The curd operator had the next highest
soy antigen exposure (25,960 ng/m’), followed by the unloading
lead (14,360 ng/m’). The highest soy antigen concentrations were
seen among job categories handling the raw de-hulled, de-oiled soy
flakes prior to the processing operations. The analytical laboratory
worker, plant lead, and sanitation operator had soy antigen
exposures higher than most plant process workers except for curd
operators.

Figure 2 presents the personal inhalable dust and inhalable soy
antigen exposures by job category. Consistent with area sampling
results, inhalable dusts from the curd and unloading operator
personal samples had the highest soy antigen content as indicated
in Table 5. The lowest soy antigen content was seen in the
personal inhalable dust samples from workers involved in starch
dumping; warehouse workers also had relatively low soy antigen
content, as did microbiological laboratory and autopack workers.

The overall Spearman correlation coefficient for all 178 paired
personal inhalable dust soy antigen concentrations was 0.35
(p<0.001). Among samples restricted to specific job categories,
statistically significant correlation was seen for autopack operator
(r=0.55, n=19, p<0.05), sanitation operator (r=0.63, n=16, p<0.01),
unloading lead (r=1.0, n=6, p<0.001), unloading operator (r=0.90,
n=>5, p<0.05), autopack lead (r=1.0, n=3, p<0.001), analytical
laboratory worker (r=1.0, n=3, p<0.001), and warehouse lead
(r=1.0, n=3, p<0.001).

Individual sampled workers in several different jobs had personal
inhalable dust concentrations exceeding the ACGIH TLV for
inhalable particulates not otherwise specified (PNOS) of 10 mg/m’
as a full-shift TWA. These included autopack operator (3 samples
from the M32 and M33 areas), sanitation operator (2 samples),
and unloading switch operator (1 sample). Five of these 6 samples
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also exceeded the OSHA PEL for Particulates Not Otherwise

Regulated (PNOR) of 15 mg/m’ (total dust) as a full-shift TWA.
Additionally, 5 of the 7 partial-shift personal samples from workers
involved in starch dumping were high by comparison to this OSHA
PEL. Workers involved in starch dumping used a respirator;
however, this task was typically done as overtime, resulting in
additional exposure beyond the worker’s normal shift.

The GM inhalable dust concentrations by current work
classification were: 0.77 mg/m’ for production, 0.60 mg/m’ for
production support, and 0.29 mg/m’ for non-production. The
mean inhalable soy antigen concentrations by current work
classification were: 2,782 ng/m’ for production, 2,991 ng/m’ for
production support, and 235 ng/m’ for non-production.

Real-time Measurement of Dust Concentrations

Table 6 provides a summary of real-time measurements of airborne
dust, including TWA, minimum, and maximum concentrations,
and the number of concentration peaks by concentration

category. Forty-seven real-time area samples were collected; the
highest peak dust concentration (44.2 mg/m?) was measured July

9 in the M34 feed drying sub-area, where 10 other dust peaks

also exceeded 10 mg/m’. The M32 autopackaging sub-area had

a peak dust concentration of 23.5 mg/m’ and two other peaks
that also exceeded 10 mg/m?. M33 flake processing had a peak
concentration of 12.1 mg/m’ and three other dust peaks that also
exceeded 10 mg/m’. The track 5 garage had a peak concentration
of 23.0 mg/m’. Among sub-areas that had no real-time area sample
peaks exceeding 10 mg/m’, curd and M34 spray dryer bottom each
had several peak dust concentrations exceeding 5 mg/m’.

Table 6 also shows results from the 24 real-time personal dust
measurements. The M34 feed dryer operator sampled on August 1
had the highest peak dust exposure at 22.8 mg/m’ and seven other
peaks that also exceeded 10 mg/m’. (In contrast, the highest peak
concentration for the M34 feed dryer operator sampled two days
later was 7.37 mg/m’ and the highest peak concentration for the
M34 feed dryer operator sampled two days earlier was 1.37 mg/m’).
The M33 autopack assistant had a peak dust exposure of 17.7 mg/
m’ and four other peaks that also exceeded 10 mg/m’. The M34
autopack assistant sampled on August 3 had a peak dust exposure
of 15.7 mg/m’ and one other peak that also exceeded 10 mg/m’.
The M34 starch dumping worker had a single peak dust exposure
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exceeding 10 mg/m’® (15.7 mg/m’) and the M35 starch dumping
worker had a peak concentration just below 10 mg/m’.

From personal and area samples, job categories with exposure
peaks exceeding 10 mg/m’ during this survey were unloading,

feed dryer, and autopack; sanitation operators had peak exposures
equal to or exceeding 10 mg/m’ measured during the walk-through
survey (data not shown). Starch dumping also produced high

peak dust concentrations approximating and exceeding 10 mg/m’.
The feed dryer operator, autopack assistant, and workers involved
in starch dumping each had several peak dust concentrations
exceeding 5 mg/m’. Figure 3 provides a graphical display of these
24 personal samples.

Total Dust and Total Endotoxin Air
Concentrations

Table 7 presents TWA total dust and total endotoxin
concentrations from area samples by plant area. The highest total
dust and endotoxin concentrations were measured in the M33
flake processing room (40.6 mg/m’ total dust and 217 endotoxin
units per cubic meter of air (EU/m?)). From all other plant areas,
total dust concentrations were less than 10 mg/m’® and endotoxin
concentrations were less than 50 EU/m’.

Particle Size Distributions of Airborne Dust

Table 8 presents mass distributions of airborne dust for different
plant areas and sub-areas as percentages of total airborne
particulate in the respirable, thoracic, and inhalable fractions.
Respirable refers to dusts that are small enough to deposit in

the gas exchange (i.e., alveolar) regions of the lung. The sample
collected from the M34 control room had the largest fraction of
airborne dust in the respirable size range, approximately 57%. The
two samples from the laboratory location averaged approximately
51% of airborne particulate in the respirable fraction. The curd
sub-area and office areas had respirable fractions of 36% and

38% respectively. The averages of the two unloading area samples
and the three M34 spray dryer bottom samples (the latter during
sanitation activities) had the smallest fractions of airborne dust in
the respirable range, approximately 6% and 2%, respectively. T