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Pulmonary Function Reductions Among Potentially Susceptible
Subgroups of Agricultural Workers in Colorado and Nebraska
Stephen J. Reynolds, PhD, CIH, Maggie L. Clark, PhD, Niels Koehncke, MD, Susanna von Essen, MD, MPH,

Linda Prinz, MSN, RN, Thomas J. Keefe, PhD, John Mehaffy, MS, Mary Bradford, Brian Cranmer, MS,
Margaret E. Davidson, PhD, Ivana V. Yang, PhD, and James B. Burch, PhD

Objective: Organic dust inhalation has been associated with adverse res-
piratory responses among agricultural workers. We evaluated factors that
may confer increased susceptibility to these health effects. Methods: We
quantified personal work shift exposures to inhalable dust, endotoxin, and its
3-hydroxy fatty acid constituents, and evaluated changes in pulmonary func-
tion among 137 grain elevator, cattle feedlot, dairy, and corn farm workers.
Results: Increased dust exposure was associated with work shift reductions in
lung function. Although interpretation is limited because of small samples, a
suggestion of stronger exposure–response relationships was observed among
smokers, as well as workers reporting pesticide/herbicide application, asthma,
or allergies, and those with genetic polymorphisms (TLR4) (Pinteraction ≤
0.05). Conclusions: A better understanding of factors leading to increased
susceptibility of adverse respiratory outcomes is needed to optimize exposure
reduction strategies and develop more comprehensive wellness programs.

I ncreased risk of respiratory morbidity and mortality has been
described among agricultural workers, and continues to be a

concern.1–3 A relatively high lifetime prevalence of lung disease
has also been observed in agricultural workers.3,4 Inhalation of or-
ganic dusts in the agricultural environment has been associated with
adverse respiratory responses including acute organic dust toxic syn-
drome, chronic asthma and asthma-like syndrome, and chronic ob-
structive airway disease.5–7 Although certain conditions are well
defined, the specific causes and pathophysiologic mechanisms are
not completely understood.3,4

Endotoxins are composed of lipopolysaccharides that are
components of Gram-negative bacterial cell walls.6,8,9 These agents
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are a common constituent of agricultural dusts and contribute sig-
nificantly to its pathogenicity.5–7 However, the measurement of en-
dotoxin is not completely standardized,10–12 and dust constituents
are often not differentiated in field studies.13 We have previ-
ously described a relationship between 3-hydroxy fatty acid con-
stituents of endotoxin (3-OHFA) in agricultural dust and nasal air-
way inflammation,14 which could help explain mechanisms leading
to increased respiratory morbidity, including changes in pulmonary
function.3,4,9,15

Epidemiologic studies have described interindividual varia-
tion in human responses to aerosols, resulting in certain popula-
tions being at increased risk for aerosol-related health effects. Strat-
ified analyses are often conducted in which a greater association
between exposure and health is observed in one subgroup compared
with another, providing evidence that one population may be more
susceptible to the health-damaging effects of air pollutants.9,16–20

Some agricultural workers exhibit heightened susceptibility to or-
ganic dust’s respiratory effects.21–25 Conversely, adaptation to en-
dotoxin exposure, with a dampening of inflammatory response has
been demonstrated in some previously unexposed workers,26 as well
as in clinical trials.27 A better understanding of factors capable of
modifying the health effects of dust or endotoxin exposure will aid
in the identification of biological mechanisms of effects as well as
assist in the identification of potentially susceptible populations to
optimize disease prevention strategies. In this study, personal expo-
sure to inhalable airborne dust was quantified over one work shift
among grain elevator, cattle feedlot, corn farm, and dairy workers.
Endotoxin in personal airborne dust samples was measured using the
recombinant factor C (rFC) assay28 and gas chromatography mass
spectroscopy to quantify endotoxin’s 3-OHFA constituents.29 The re-
lationships between each dust or endotoxin exposure measurement
and cross-shift changes in lung function parameters were examined
among the entire population and potentially susceptible subgroups.
We assigned potential effect modifiers as extrinsic factors (ie, smok-
ing, reported pesticide/herbicide use, living on a farm, and time
on the job) or intrinsic factors (ie, obesity, age, ethnicity, reported
asthma or allergies, and polymorphisms in TLR4).

METHODS
Agricultural workers for the four groups (cattle feedlots,

dairies, grain elevator facilities, and corn farms) were recruited using
a variety of methods to accommodate the requirements of the pro-
ducer organizations. The study received institutional review board
approval, and all participants provided informed consent in either
English or Spanish. Data were collected between the spring of 2005
and fall of 2006. Study participation was completed over the course
of one work shift. Approximately 350 workers from 26 work sites
were originally recruited to participate in the study; 174 workers
participated. Relationships between dust/endotoxin exposures and
cross-shift pulmonary function changes were evaluated among 137
male workers with complete exposure and pulmonary function data.

Personal breathing zone samples for inhalable particulate mat-
ter were collected using Institute of Medicine sampling cassettes
loaded with 25-mm PVC filters with a 5-μm pore size (SKC, Eighty
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Four, PA) and attached to personal sampling pumps (MSA, Pitts-
burgh, PA). The pumps were calibrated at a flow rate of 2 L/min
using an electronic soap bubble flow meter (Gilibrator, Sensidyne,
Clearwater, FL). The flow rates were checked postsampling to ensure
they were within ±5% of the original flow rate. Inhalable dust sam-
ples were analyzed by weighing the internal cassette and filter as a
single unit using a Mettler MT5 balance (Mettler-Toledo, Columbus,
OH). Field and lab blanks were analyzed in a similar manner.

Dust samples were extracted in sterile, pyrogen-free water
containing 0.05% Tween-20 for 1 hour at room temperature (22◦C)
with continuous shaking. A portion of each extract was analyzed for
endotoxin using the PyroGene rFC assay; results were quantified in
endotoxin units (EU) (Lonza, Walkersville, MA).30 Another portion
of the extract was lyophilized and stored at −70◦C for determination
of 3-OHFA endotoxin constituents via a gas chromatography mass
spectroscopy method modified for these environments.29 Samples
and standards derivatized with N,O-bis(trimethylsilyl) trifluoroac-
etamide (BSTFA) were analyzed using an HP 5890 Series II Plus gas
chromatograph equipped with an HP-5MS column (Hewlet-Packard,
Palo Alto, CA) and an HP 5972 Mass Selective Detector. Selected
ion monitoring was used for individual 3-OHFA, and results were
quantified in picomoles (pmol). Calibration was accomplished via
lab-fortified matrix blanks at anticipated 3-OHFA concentrations in
dust samples. The limit of detection and the limit of quantitation were
determined by signal-to-noise (S/N) ratio on the basis of the chro-
matograms of controls and 0.5- and 1-ng spikes (S/N > 3 for limit
of detection and >10 for limit of quantitation). The 3-OHFA con-
stituents with carbon chain lengths between 8 and 18 were quantified
and reported as both total carbon chain length 3-OHFA components
(total 3-OHFA) and even-numbered carbon chain length 3-OHFA
components (even-chain 3-OHFA).

Self-administered, structured, written questionnaires were
used to gather information before and after the work shift about
respiratory health, mucous membrane irritation symptoms, tobacco
smoke exposure, workplace exposures, home environment, height
and weight, and duration of employment. These questionnaires
were constructed using the American Thoracic Society standard-
ized questionnaire.31 Additional questions for identifying organic
dust toxic syndrome were based on the methods of Rylander et al.32

Spirometry was performed in triplicate with the subjects in
a seated position using the Puritan Bennett Renaissance spirometer
(Puritan Bennett; Wilmington, MA). Forced vital capacity (FVC),
forced expiratory volume in 1 second (FEV1), and their ratio
(FEV1/FVC) were measured. The best value was reported according
to American Thoracic Society standards. Spirometry was performed
before the work shift began and again at the end of the work period.
Interpretation of the spirometry findings was done using prediction
equations from Hankinson et al33 and the interpretation algorithm of
the American Thoracic Society and European Respiratory Society
task force for the standardization of lung function testing.34

Blood samples were collected from the antecubital vein us-
ing 8 mL Qiagen PAXgene tubes and frozen until analyzed. DNA
extraction and genotyping were performed using the Puregene sys-
tem (Gentra Systems, Minneapolis, MN) and the TaqMan allelic
discrimination assay for TLR4 299 and 399 on an ABI 7900 Se-
quence Detection system (SDS) (Applied Biosystems, Foster City,
CA), respectively, at National Jewish Health (Denver, CO) using
standard methodology. Allele calls were made using the ABI SDS
software. We included plasmids containing TLR4 299 (Asp299Gly)
or 399 (Thr399Ile) or both as controls. Participants with heterozy-
gous mutations for TLR4 299 and 399 were identified as positive
for each respective polymorphism and participants without muta-
tions (wild-type) for TLR4 299 and 399 were identified as negative
for the respective polymorphism. No homozygous mutations were
observed.

Statistical analyses were performed using the SAS computer
program (version 9.1, SAS Institute Inc, Cary, NC). Exposure vari-
ables were normalized to the volume of air sampled. Correlations
among exposure variables were evaluated via Spearman rank correla-
tion coefficients (r). Lung function values were standardized for each
participant using age- and height-adjusted reference equations.33 Per-
cent change in predicted lung function values over the course of the
work shift were calculated using the following equation:

[(postshift% predicted value − preshift% predicted value)/

preshift% predicted value] × 100.

General linear models were used to assess the multivariable re-
lationships between dust and endotoxin exposures and lung function.
Inhalable dust, endotoxin, total 3-OHFA, and even-chain 3-OHFA
were assessed separately in exposure–response models. On the basis
of a priori decisions, multivariable models were adjusted for age
and current smoking. We evaluated differences in adjusted mean
lung function changes across quartiles of dust/endotoxin groups us-
ing the least significant difference method. P values were used to
assess the differences between the mean lung function change in the
lowest and highest quartiles of exposure. To more closely approx-
imate the distribution of exposure concentrations within quartiles,
we assessed trend across the quartiles by using the midpoint of the
quartile as a continuous variable in the model. Similar results were
obtained when natural log-transformed exposure data were treated
as continuous variables. Exposures were categorized into quartiles
to provide consistency with our previous report about inflamma-
tory markers in this cohort14 and to allow a more direct compar-
ison with other similar studies.35 In addition, regression diagnos-
tics were used to assess the potential for influential observations.
Analyses were performed with and without one potential outlier (a
grain elevator employee). Although the parameter estimates were
slightly attenuated after removal of the potential outlier, the inter-
pretation and statistical significance of results did not change; there-
fore, the data for this employee were not removed from primary
analyses.

Effect modification was assessed by stratifying the popula-
tion by the potential effect modifier and presenting lung function
changes across quartiles of exposure separately for each modifier.
The entire population was used in evaluating the interactions be-
tween the full shift dust/endotoxin concentrations and the potential
effect modifiers (via P values for the parameter estimate obtained
from multiplying the exposure concentration by the potential effect
modifier). Potential effect modifiers included current smoking, self-
reported pesticide/herbicide application, living on a farm, time at the
job (assessed with a 1-year cut point), obesity status, age (youngest
two tertiles vs the oldest tertile), Hispanic or Latino ethnicity, self-
reported allergy or asthma or both, and the presence of a genetic
polymorphism in the TLR4 gene (299 or 399).

RESULTS
Of the 174 who participated, 38 were not included in the final

analysis. Thirty-two were excluded because of missing information
about exposure, smoking, or pulmonary function tests. In addition,
six women were excluded. Those excluded from analyses because
they did not have complete exposure information (n = 29) were
older and had lower baseline (preshift) pulmonary function values
than those included in the analyses (P < 0.05). In addition, those ex-
cluded did not experience, on average, statistically significant cross-
shift decrements in pulmonary function (as did those included in the
analysis). Of the 137 included in analyses, a majority of participants
worked in grain elevators (38.7%) or cattle feedlots (43.8%). Partic-
ipant ages ranged from 18 to 72 years. Characteristics of the study
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population, including all potential effect modifiers, and preshift (or
baseline) lung function parameters are summarized in Table 1.

Geometric mean dust levels were similar among feedlot (2.66
mg/m3; n = 59), dairy (2.37 mg/m3; n = 15), and farm (2.86 mg/m3;
n = 9) employees and were elevated for grain elevator operators (5.09
mg/m3; n = 53). Endotoxin concentrations were similar across all
facility types with 3-OHFA constituents although slightly elevated

TABLE 1. Population Characteristics and Pre-Work Shift
Pulmonary Function Measures (n = 137)

Population Characteristics n (%)

Age distribution, yr

18–24 36 (26.3)

25–40 65 (47.5)

41–72 36 (26.3)

Facility type

Grain elevator 53 (38.7)

Cattle feedlot 60 (43.8)

Dairy 15 (11.0)

Corn farm 9 (6.6)

Ethnicity

Hispanic or Latino 44 (34.7)

Not Hispanic or Latino 83 (65.4)

Education (English or Spanish)

Primary 18 (13.4)

Secondary/high school 65 (48.5)

Any postsecondary/college 51 (38.1)

Body mass index, kg/m2

<30 (nonobese) 100 (74.6)

≥30 kg/m2 (obese) 34 (25.4)

Current smoker

No 102 (74.5)

Yes 35 (25.6)

Currently live on a farm

No 83 (61.9)

Yes 51 (38.1)

Applied pesticides/herbicides at work or home
(within the past month)

No 92 (68.2)

Yes 43 (31.9)

Reported doctor-diagnosed asthma or allergies

No 102 (74.5)

Yes 35 (25.6)

Job duration, yr

≤1 30 (22.1)

>1 106 (77.9)

Polymorphism in the TLR4 (Asp299Gly)

No 111 (93.3)

Yes 8 (6.7)

Polymorphism in the TLR4 (Thr399Ile)

No 114 (91.2)

Yes 11 (8.8)

Health Endpoints: Pre-Shift Mean (SD)
FVC (% predicted) 98.7 (12.0)

FEV1 (% predicted) 97.3 (13.0)

Ratio FEV1/FVC (% predicted) 99.3 (7.7)

FEV1, forced expiratory volume in one second; FVC, forced vital capacity.

for cattle feedlot employees (Table 2). Inhalable dust, endotoxin, and
the 3-OHFA constituents were all moderately correlated (r = 0.45
to 0.65). Even-chain 3-OHFA concentrations were highly correlated
with total 3-OHFA (r = 0.99). Although the geometric mean expo-
sures were generally low relative to proposed occupational guidelines
for dust and endotoxin in livestock environments, a significant num-
ber of participants experienced very high exposures in relation to
proposed occupational guidelines (38% exceeded 4 mg/m3 [conser-
vatively adjusting, suggested level for the button sampler used in this
study], and 86% exceeded 90 EU/m3).16,17,35,36

Table 3 presents analyses examining mean pulmonary func-
tion changes (% change over the work shift of percent-predicted
FEV1 and FVC) across quartiles of exposures (dust/endotoxin/3-
OHFA). Although strict dose–response relationships were not always
observed, evidence suggests larger reductions in FVC and FEV1 as
exposures increased (Table 3). For example, among the entire pop-
ulation, we observed adjusted mean changes in percent-predicted
FEV1 of −0.95, −3.39, 0.04, and −6.22 across increasing quartiles
of dust exposures, respectively (Ptrend = 0.01; Table 3). The rela-
tionships observed among the total population appear to be driven
primarily by those working in grain elevators; however, the small
sample sizes limit interpretations for dairy and corn farm workers.
In addition, among grain elevator employees, stronger associations
were observed across quartiles of the even-chain 3-OHFA compo-
nents. No evidence of associations was observed for dust/endotoxin
exposures and the FEV1/FVC ratio (results not presented).

Because of the associations observed for FEV1 and FVC, we
conducted effect modification analyses for these lung function end-
points. Effect modification results for FEV1 are presented in Fig. 1
(extrinsic effect modifiers) and Fig. 2 (intrinsic effect modifiers).
Results for FVC were similar to those for FEV1 and are pre-
sented in the appendix (Supplemental Digital Content, Fig. S1,
http://links.lww.com/JOM/A84, and Fig. S2, http://links.lww.com/
JOM/A85). In addition, because similar trends were observed when
evaluating inhalable dust, endotoxin, total 3-OHFA, and even-chain
3-OHFA, we present only results for inhalable dust and even-chain
3-OHFA. Thus, we briefly highlight important results from Figs. 1
and 2. A greater reduction across quartiles of even-chain 3-OHFA
exposure was observed among smokers compared with nonsmokers;
the cross-shift change in FEV1 in the highest quartile of 3-OHFA
exposure was −4.9% for smokers and −3.3% for nonsmokers
(Pinteraction < 0.05; Fig. 1). Among the workers who reported
applying pesticides or herbicides, the cross-shift change in FEV1 for
those in the highest quartile of inhalable dust exposure was −11.3%
compared with −4.4% for those not reporting pesticide/herbicide
use (Pinteraction = 0.05; Fig. 1). Although living on a farm did not ap-
pear to modify the relationship between dust or endotoxin exposure
and pulmonary function (Pinteraction = 0.53 for inhalable dust and
FEV1), some evidence of effect modification by “time at the job” was
observed (Pinteraction = 0.01 for inhalable dust and FEV1; Fig. 1);
however, wide confidence intervals among those working for 1 year
less on the job limit interpretation. We did not observe consistent
evidence of effect modification by obesity for FEV1 (Fig. 2) or FVC;
however, a significant trend of decreasing FVC across quartiles of
total 3-OHFA was observed only among obese participants (Ptrend =
0.04; Supplemental Digital Content, Fig. S2, http://links.lww.com/
JOM/A85). We did not observe consistent evidence of effect modi-
fication by age (Fig. 2), Hispanic ethnicity (results not presented), or
reported asthma or allergies. However, a significant trend of cross-
shift reductions in FVC across quartiles of inhalable dust exposure
was observed only among those reporting asthma/allergies (Ptrend =
0.03; Supplemental Digital Content, Fig. S2, http://links.lww.com/
JOM/A85), which was consistent with trends observed for FEV1
(Fig. 2). Evidence of effect modification by TLR4 polymorphism
status was observed. Those with genetic polymorphisms in TLR4
299 (results not presented) or TLR4 399 tended to have greater
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FIGURE 1. Effect modification of associations between personal inhalable dust (left column) or even-chain 3-hydroxy
fatty acid constituents of endotoxin (3-OHFA) endotoxin (right column) exposure quartiles and pulmonary function by
extrinsic/environmental risk factors. Models adjusted for age and smoking. Error bars indicate 95% confidence intervals.

reductions in FEV1 (Fig. 2) or FVC (Supplemental Digital Content,
Fig. S2, http://links.lww.com/JOM/A85) across quartiles of inhal-
able dust exposure. Modification of the relationships between lung
function and either 3-OHFA or inhalable dust exposure by genetic
polymorphism status should be interpreted with caution because of
the small numbers of participants with mutations, as well as the fact

that the statistical trends across quartiles of exposure appear to be
driven largely by the fourth quartile.

DISCUSSION
Study results support previous reports of acute cross-shift re-

ductions in pulmonary function among agricultural workers. 35,37–41
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FIGURE 2. Effect modification of associations between personal inhalable dust (left column) or even-chain 3-hydroxy fatty
acid constituents of endotoxin (3-OHFA) endotoxin (right column) exposure quartiles and pulmonary function by intrinsic risk
factors. Models adjusted for age and smoking. Error bars indicate 95% confidence intervals. Note scale change for presentation
of TLR4 399 polymorphism results.

Results for the current study appear to be driven by associations
observed among grain elevator operators, although small sample
sizes limit interpretations among corn farm and dairy employees.
Endotoxins are important known proinflammatory components of
bioaerosols and, thus, were a focus of measurement for this study.

There has been a significant body of work regarding acute and
chronic respiratory effects of endotoxin in swine and poultry produc-
tion environments, leading to recommended occupational exposure
guidelines.16,35,36,42 Other agricultural settings, such as dairies, grain
elevators, and cattle feedlots, have not been well characterized, and
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no endotoxin-specific exposure guidelines have been developed for
these work environments. Geometric mean endotoxin concentrations
for all four work settings exceeded the proposed Dutch standard36

of 90 EU/m3 and the guideline of 600 EU/m3 suggested by Donham
et al.16 In addition, although studies have reported reduced lung func-
tion with elevated endotoxin exposures,35,37,38,43,44 very few studies
have characterized the relationship between 3-OHFA endotoxin con-
stituents and airway responses among agricultural workers. In this
study, we observed similar relationships for lung function reductions
with both dust and endotoxin. However, the stronger associations be-
tween the even-numbered carbon chain length 3-OHFA constituents
and lung function reductions suggest that this particular component
of dust may be a better exposure indicator for assessing the inflam-
matory potential of bioaerosols, at least in grain elevator facilities.

Understanding variation in response to agricultural dust ex-
posures may provide insight regarding underlying biological mecha-
nisms, as well as identify at-risk individuals and potential prevention
measures.10 We examined a variety of extrinsic/environmental fac-
tors (eg, smoking, pesticide use) and intrinsic factors (eg, obesity,
TLR4 genetic polymorphisms) to evaluate the potential for effect
modification of the exposure–response relationship between agri-
cultural dust and pulmonary function.

Agricultural workers are exposed to a complex myriad of
environmental exposures that have been identified as respiratory
irritants3,45 and which may interact with dust exposures to further
exacerbate adverse respiratory conditions. We identified several en-
vironmental (extrinsic) factors that may confer increased suscepti-
bility to agricultural dust exposures. There were greater exposure-
associated reductions in lung function among current smokers than
nonsmokers. This observation supports previous studies demonstrat-
ing that smoking can modify the relationship between agricultural
exposures and respiratory health.46–51 Pesticide use is another en-
vironmental/extrinsic factor related to respiratory morbidity among
agricultural workers,52–57 and it has been suggested that pesticide
use may modify endotoxin-induced inflammatory responses.56 To
our knowledge, this is the first human study to observe stronger
endotoxin-induced reductions in lung function among those report-
ing pesticide or herbicide application than those not reporting ap-
plication. Research incorporating more detailed questions regarding
pesticide/herbicide application, including the specific chemical con-
stituents, may help to further elucidate the potential interaction with
dust or endotoxin.

An independent effect of “living on a farm” with increased res-
piratory symptom prevalence was observed among California farm
operators.58 Residential exposures due to living on a farm could
signify additional types and durations of environmental exposures
that could exacerbate the effects of agricultural dusts on respiratory
health.58 Thirty-eight percent of our study population reported living
on a farm. We did not observe consistent evidence of a modifying
effect of this factor on dust/endotoxin-induced respiratory effects.
However, our survey may have been too general to fully ascertain
take-home exposure to pesticides that has been identified as a poten-
tially significant problem.59,60

To assess the potential role of endotoxin tolerance in our study
population, we previously evaluated the influence of “time on the
job” on the relationship between endotoxin and nasal inflammatory
markers in this population.14 Although a strong modifying response
was not observed, participants with a shorter frequency or duration
of agricultural employment tended to have elevated levels of some
inflammatory markers in response to 3-OHFA exposures. Here, we
report a similar modifying effect of “time on the job” (≤1 year vs
>1 year) on the relationship between personal dust exposures and
cross-shift changes in lung function. Although a statistically signifi-
cant interaction was observed only between time on the job and dust
exposures, we cannot rule out the possible influence of endotoxin tol-
erance among those working on the job for longer durations because

of the moderately high correlations among dust and endotoxin/3-
OHFA exposure concentrations. Our findings that extended farm
work may confer a degree of tolerance to the adverse health effects
of endotoxin are consistent with other studies.26,61–63 Years in the
grain industry has also been shown to modify the relationship be-
tween longitudinal declines in FEV1 and the TNF-α (tumor necrosis
factor alpha) 308 genotype.64 In addition, it is possible that the mod-
ifying effect of time on the job was partially because of the “healthy
worker effect” wherein more experienced workers may exhibit resis-
tance to the health-damaging effects of dust/endotoxin inhalation or
self-select out of the industry.

We evaluated several intrinsic factors that may confer in-
creased susceptibility to the adverse respiratory effects from agri-
cultural dust or endotoxin exposure. A growing body of evidence
suggests chronic inflammatory conditions, such as obesity, may mod-
ify the effect of inhaled air pollutants.20 Although not statistically
significant, there was some indication that obesity modified the ef-
fect of 3-OHFA exposure on changes in lung function in our study
population. Greater effects that were observed among obese than
nonobese populations could, in part, be due to elevated inhalation
rates, and therefore increased dose.20,65 Interestingly, Pahwa et al66

reported a modifying effect of obesity on the relationship between
TLR4 mutations and lung function in a community-based popula-
tion. Older populations and ethnic minorities are also considered
potentially susceptible to air pollution health effects among the gen-
eral population.20 We did not observe consistent modifying effects of
these parameters, which could reflect differences in evaluating pop-
ulations working in agricultural settings when compared with the
general population. Epidemiologic studies have also evaluated the
effects of preexisting respiratory diseases on air pollution–induced
health effects.20 Although our design does not allow for the analysis
of the timing of allergies or asthma onset, we did observe a trend
of lung function reductions across dust exposure quartiles among
the subgroup of workers reporting allergies or asthma, which is sup-
ported by other studies.67–69 Generalization of this finding to broader
populations may be limited because more severe cases of respira-
tory diseases are less likely to be captured within the agricultural
workforce.

Research describing the interactions between genetic poly-
morphisms and endotoxin exposures on respiratory health are incon-
sistent, and few field studies have been conducted.70 In a controlled
experiment, an attenuation of the effect of inhaled lipopolysaccha-
ride on FEV1 decrement was observed among those with a TLR4
polymorphism (Asp299Gly and Thr399Ile), although this appeared
dependent on cumulative dose of lipopolysaccharide.71 The authors
suggested that humans with these TLR4 variants may be more re-
sistant to localized forms of endotoxin-induced inflammation. How-
ever, it was also noted that these same individuals may be more
susceptible to a systemic inflammatory response.71 Only two studies
incorporating examination of genetic polymorphisms have focused
strictly on occupational populations,72,73 and only Smit et al73 in-
cluded exposure assessment. Although the small sample size and
large confidence limits are cautionary, our results suggest that agri-
cultural workers with a TLR4 polymorphism may be more suscepti-
ble to the adverse effects of endotoxin exposure on cross-shift lung
function decline. TLR4 itself is not consistently associated with lung
function; however, a recent investigation among a community-based
population observed a modifying effect of body mass index on the
relationship between TLR4 and several lung function parameters.66

Our small sample precluded our ability to examine gene by envi-
ronment by obesity interactions or gene by gene by environment
interactions. Given the diversity of the agricultural workforce, future
studies should consider the investigation of these complex interac-
tions.

Several limitations should be considered in interpreting the
results of this study. First, our sample size is small, which limits our
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ability to fully examine effects among potentially susceptible sub-
groups within the study population and contributes to imprecise ef-
fect estimates (ie, wide confidence intervals). It is possible that a few
workers contributed disproportionately to the effect estimates. How-
ever, detailed exposure assessments were conducted, which increased
our ability to accurately quantify exposure variability among partici-
pants. Second, many of our susceptibility factors were determined via
self-report (eg, smoking status, use of pesticides). Although we do
not expect potential misclassifications to result in systematic bias, it
is possible that some associations may have been attenuated. Few oc-
cupational health studies have incorporated detailed and quantitative
exposure and health assessments; results from our study, in conjunc-
tion with similarly conducted research efforts among larger popula-
tions, are needed to establish accurate dose–response relationships.2

Another limitation of the study is the low response rate of agricultural
workers solicited for participation (∼50%). The most common rea-
sons for nonparticipation were fear of the blood draw and immigra-
tion status. If more highly exposed workers who experience greater
reductions in lung function across typical work shifts were more
likely to participate, then our observed results could be affected by
such bias. However, we believe that it is unlikely that a worker would
have participated on the basis of knowledge of cross-shift changes in
quantitatively measured lung function. In addition, we do not have a
reason to believe that the loss of exposure information (malfunction
of samplers, loss during transportation) was related to the level of
exposure experienced by the excluded worker, which would preclude
the introduction of a systemic selection bias. The uncertainties asso-
ciated with these limitations limit, to some degree, the interpretation
or representativeness of the results. However, the exposures, the
distribution of work, and the cross-shift lung measurements in this
population were reasonably consistent with other published studies.

CONCLUSIONS
In summary, this study quantified personal work shift ex-

posures to inhalable dust, endotoxin, and its 3-OHFA constituents
among workers in several agricultural settings. To our knowledge,
this is the first study to examine the relationships between these
quantitatively assessed exposures, cross-shift changes in pulmonary
function measures, and potential intrinsic and extrinsic effect mod-
ifiers of the exposure–response relationships. The cross-sectional
nature of this study did not allow for the evaluation of causal as-
sociations between 3-OHFA exposures and adverse respiratory out-
comes. Nonetheless, some evidence of larger cross-shift reductions
in lung function was observed among those more highly exposed.
Our results support previous studies establishing smoking exposure
and time on the job as modifiers of the effects of inhalable dusts and
dust constituents on respiratory morbidity. In addition, we provide
new evidence that suggests that the use of pesticides or herbicides
exacerbates the effects of dust inhalation on reductions in lung func-
tion. There was also limited evidence of the potential modifying
effects of obesity, preexisting respiratory conditions, and the pres-
ence of genetic polymorphisms (TLR4), which is biologically plau-
sible and consistent with results among other populations; however,
further evaluation among larger populations of agricultural workers
is needed. The results suggest that interventions among agricultural
workers may need to include more comprehensive wellness programs
in addition to exposure reduction strategies.
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