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Abstract. The main objectives of this research were to determine what aerosols were present by taking total dust (Tl)) sam­
ples and thoracic particulate mass samples (TPM) on farms and in grain elevators. Cascade impactors were used io char­
acterize size distributions of dust and endotoxins at each site. Total dust concentrations on farms had a geometric niean 3.4 
mg/ml and 3.3 mg/ml in elevators. The geometric mean (GM) concentrations for the TPM were 2.4 mg/m3 on ta/ms and 
LO mg/m3 in elevators. Endotoxin concentrations as geometric means were alarming at 3175 EU/m3 total dust And 983 
EU/m3 by TPM on farms. In elevators, the GM concentrations for endotoxins were 2534 EU/m3 total dust, And 526 
EU/m3 by TPM. The mass median aerodynamic diameter (MMAD) for endotoxins on farms was 8.0 µ.m and 6.5 µ.ril in ele­
vators. The paired Hest was applied to the log ratios of endotoxin concentrations (EU/m3) and dust concen~rations 
(mg/ml), for paired samples of the TD and TPM. A higher content of endotoxins was associated with TPM for farms but 
not elevators. It was concluded that although the TPM fraction (dust) may represent a small part of the total ~ass, the 
aerosol size is optimum for deposition in the lung's tubular airways, and might cause airway inflammation due to t~e endo­
toxins. The TPM fraction of corn dust represents the best measure of exposure with regard to the potential dcvclppment 
of long-term airways inflammation, and the potential of chronic obstructive pulmonary disease among chronically ~xposed 
workers. All cndotoxin concentrations were well above recommended exposure levels of several researchers famiijar with 
cndotoxin health effects. 
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INTRODUCTION 

The National Institute for Occupational Safety and 

Health (NIOSH) estimates that over 500 000 workers in 

the U.S.A. and 100 000 workers in Canada, are exposed to 

grain dust [l ]. Research has shown that the prevalence of 

respiratory symptoms among grain industry personnel is 

higher than that among the general population [2]. 

Epidemiological studies conducted over the past few 

decades have demonstrated that overexposure to grain 

dust likely causes "grain fever", organic dust toxic syn­

drome (ODTS), wheezing, bhest tightness, productive 
cough, eye and nasal irritatioh, and symptoms of chronic 

I 
obstructive respiratory disease. Grain dust may also 

I 
induce asthmatic reactions vi,a allergic mechanisms, par-
ticularly in individuals who arr predisposed to developing 
allergies (i.e. atopic individua)s) [1,2]. 

I 

The Occupational Safety a;nd Health Administration 
(OSHA) permissible exposurJ limit (PEL) for total dust is 
15 mg/m3 for particulatesi not otherwise classified 
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(PNOC) [3J. The American Conference of Governmental 
Industrial Hygienists (ACGIH) has a threshold limit 

value/time-weighted average (TLV-TWA) of 10 mg/m3 for 
total dust for particulates having a quartz content of less 

than 1% [4J. There is a TLV of 4.0 mg/m3 for grain dust 
that only includes grain dusts from oats, wheat and barley 
(4). However, whether or not these standards mimic 
human lung deposition and consequently the health 

effects caused strictly by total grain dust, is a topic of con­

cern. Therefore, several studies have recommended that 

"total dust PELs be established in the United States, be 

converted to thoracic particulate mass TLVs, as proposed 
by the ACGIH, and the particle size selective TLV docu­
mentation" for those dusts that may cause damage to the 
thoracic region of the pulmonary system [4]. 

This short introduction will not attempt to discuss every 
research paper ever written on grain dust. However, sev­
eral investigators have suggested that the organic grain 
dust component that is inhaled by workers may not be the 

root cause of acute and chronic respiratory health effects 
[5-8]. It has been demonstrated that exposures to wheat 
dust with endotoxins have a statistically significant posi­

tive correlation with reduced pulmonary function among 
wheat harvest workers even at moderate concentrations of 
contaminant exposure [5]. Other research has suggested 
that the component of wheat dust that might be of most 
concern is the endotoxin associated with the airborne dust 
(7). Subsequent work relied upon wheat dust air samples 
which were exposed to cell cultures of alveolar 
macrophages. This research demonstrated that endotox­
ins were responsible for 75% of the inflammatory 
response based upon the release of cytokine biomarkers 
TNFa(8]. 

Endotoxins are heat-stable lipopolysaccharide complexes 
which are integral to the outer membrane of gram-nega­
tive bacteria which are ubiquitous contaminants of 
soils, water, and other living organisms. Reviews of the 
chemical composition of endotoxins provide exhaustive 
descriptions of the molecular nature of these materials 
and indicate a tremendous variety of molecular structures 
(9-12]. This variability in composition is of importance to 
the differences in the strength of toxicities found with dif-
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ferent endotoxins [13,14). Endotoxins are released into 

the environment after bacterial cell lysis or during active 

cell growth [15]. Release also occurs when intact bacterial 

cells are phagocytized by macrophages, in which case the 

liberated endotoxins contain increased toxicity [16]. 

Ultrastructural analyses of gram-negative bacteria associ­

ated with environmental exposures demonstrate shedding 

of large amounts of endotoxin-containing membrane vesi­

cles (2.0 µm to 4.0 µm in diameter) [17]. 

Numerous studies have been conducted of cndotoxin 

exposures in agricultural operations ranging from con­

fined housing of animals to fruit and vegetable production 

and handling [18-25]. These papers all demonstrated sig­

nificant exposures to endotoxins, however this literature 

review will discuss only in detail those studies associated 

with grain dust, and more specifically to corn dust expo­

sure. Up until 1998, almost all research on the environ­

mental exposures and potential health effects of grain 

dust, dealt primarily with wheat. A very small number of 

studies addressed air concentrations and exposures to 

barley and oats [1,2]. Two studies from New York did doc­

ument dust and endotoxin levels in corn storage silos 

where total dust levels ranged from 0.2 mgfm3 to 113 
mg/m3. The mean endotoxin concentration by total dust 

sampling was 885 EU/m3 [26,27]. It must be noted that 

these exposures followed storage and microbial action in 

the creation of silage for animal feed. 

At the request of the Colorado Corn Growers Association 

in 1998, research was undertaken by the High-Plains 

Intermountain Center for Agricultural Health and Safety 

in corn st~rage bins and corn in grain elevators. Average 
concentrations on farms was 365 291 EU/m3 with one con­

centration over 1.7 million EU/m3. Grain elevators han­

dling corn had mean concentrations of 94 235 EU/m3 [6). 

Thus, this follow-up research was prompted to replicate 

and verify these alanning results. 

METHODS AND MATERIALS 

Total dust and thoracic particulate mass (TPM) corn dust 

samples were collected at four farms and four elevators in 
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Colorado during the months of July and August of 1999. 
Four total dust and fourTPM samplers were positioned in 
pairs, and one cascade impactor was used at each site. 

Five sets of samples were collected at each site. 

Total dust is often assumed to collect particles of all sizes. 
Total dust sampling is the legally recognized method in 

the United States. The authors realize this is not the best 

scientific method for dust sampling. However, total dust 

was collected in closed face 37 mm sampling cassettes with 

mixed cellulose ester filters with 0.8 ,um · in pore size. 

Escort ELF pumps were calibrated by the bubble burrette 

method at 2.0 liters per minute (1pm). TPM refers to par· 

tides collected on a membrane filter after a cyclone sepa­
rator with a cut size of 10.0 µ,m MMAD (mass median 
aerodynamic diameter). TPM corn dust samples were col­

lected by using the BGI thoracic cyclone followed by a 37 

mm cassette with mixed cellulose ester filters that were 0.8 

,urn in pore size. A six-staged personal ca~cade impactor 
(Sierra Instruments) was used with mylar substrate in con­
junction with 0.8 µm mixed cellulose ester backup filters 

for particle size classification [7]. The Escort ELF pumps 

were also calibrated using the bubble burrette method at 

1.0 lpm in order to collect the predominate large particles 

in the aerosol. The cascade impactor, when operated at 

LO 1pm, produced the cutoff diameters ( d50) of 15 µm, 8.7 
µ.m, 5.1 µ.m, 2.1 µ.m, 1.4 ,um and 0.78 µ.m from stages three 

to eight, respectively. Data reduction of impactor data fol­

lowed routine occupational hygiene methods [28]. The 
mass of dust or endotoxin found on each impactor stage 

was plotted on Jog-probability paper, cumulative percent 

of particles Jess than given size versus the log of particle 

size. A linear plot represented a log-nonnal distribution 

of particle size. The mass median aerodynamic diameter 

was the particle size at the 50% point of the particle size 

distribution. The geometric standard deviation (GSD) 
was determined by dividing the MMAD into the particle 
size at the 84.14% particle size (one standard deviation 

from the geometric mean). 

Samples were collected as long as the activities were 

undertaken by workers. Pre-desiccation and post-desicca­

tion of the filters was done before and after samples were 

taken. Pre- and post-weighing of filters was done using a 

Mettler analytical balance with a sensitivity of 0.05 mg. 

After the gravimetric analysisjof the filters, the samples 
I 

were sent to the NIOSH labor~tory in Morgantown, West 
' Virginia for endotoxin analysis by the limulus amoebocyte 

lysate (LAL) method. 

It must be recognized that (here is no internationally 

accepted and standardized method for analysis of gram­

negative bacterial endotoxins! from environmental sam-
1 

pies. NIOSH analyses for airborne dusts undergo an 

aqueous extraction, and the Jupernatant fluids are ana­

lyzed by the LAL assay in accordance with the test-system 
I 

manufacturer's procedure [29]. The pre-weighed dust was 
I 

rocked at room temperature for an hour, and an aliquot 
of the supernatant fluid ~as mixed with reagent. 
Endotoxin present in the fluid, where, in the kinetic chro-

1 

mogenic assay, it catalyzed the activation of a pro-enzyme 
I 

present in the amebocyte lysate. The initial rate of activa-
1 

tion was related to the concentration of endotoxin, and 

the activated enzyme catalyz<!d the split of p-nitroaniline 
I 

from the substrate. That release was then measured at 405 

run continuously during incJbation, and the endotoxin 
I 

concentration was calculated by the comparison of the 

sample's reaction time with that of known standards. 

Ethics 
The Human Subjects Researfh Committee of the Office 
of Regulatory Compliance at Colorado State University, 

oversees all human subject jresearch at the University. 

This research protocol was teviewed by this Committee 

and found to be in complianbe with all rules and regula­
tions pertinent to Human Subjects Research. 

Statistics 

Descriptive statistics, such as /range, geometric means, and 
geometric standard deviations, were calculated for total 
dust and TPM concentrations at each farm and elevator 

I 

site, as well as for endotoxin concentrations for both the 
I 

total dust and TPM fraction.iRegression analysis was used 

to estimate both the relatiotlship between com dust con­
centrations (both total and thoracic) and endotoxin con­

centrations, and the linear relationship between total dust 
and TPM. Linear regression ~as also used to calculate the 
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MMAD and the GSD for the cascade impactor data as 

a method of double checking the validity of hand made 

plots on the log-probability paper described previously 

under methods and materials for cascade impactor data 

reduction. The paired t-test was applied to the log ratio 

of endotoxin and dust concentrations for paired samples 

of total and TPM fractions to determine which sampling 

method best represented endotoxin exposures. 

RESULTS 

The range for the total dust concentrations and TPM con­

centrations was moderate to high (Table 1). On fanns, 

total corn dust ranged from 0.4 mg/m3 to 53.6 mg/m3 (GM 

= 3.4 mg/m3), and in elevators, total com dust ranged 

from 0.1 mg/m3 to 160.9 mgtm3 (GM = 3.3 mg/m3). TPM 

concentrations on farms ranged from 0.2 mg/m3 to 15.3 

mg/m3 (GM = 2.4 mg/m3) and in corn elevators, dust con­

centrations by TPM ranged from 0.1 mg/m3 to 4.7 mg/m3 

(GM : 1.0 mg!rn3). 

Endotoxin concentrations were of great concern. On 

farms, the endotoxin concentrations ranged from 499 

EU/m3 to 54 653 EU/m3 (GM =3,175 EU/m3) as meas­

ured by total dust sampling (Table 1). In corn elevators, 

- the range was from 58 EU/m3 to 77 006 EU/m3 (GM = 

983 EU/m3). By TPM measurement, the concentration 

ranged from 284 EU/013 to 29 266 EU/m3 (GM = 2534 

EU/m3) in the com bins on fanns. TPM concentrations of 

endotoxins in corn elevators ranged from 55 EU/m3 to 

3733 EU/m3 (GM = 526 EU/m3). 

As regards acceptable exposure levels, different investiga­

tors have recommended different thresholds of the effect 

for acute ,or chronic health effects. For example, one 

author has stated that at 90 EU/m3 there should be no 

change in pulmonary function for smokers [30]. In a much 

larger study, 330 EU/m3 could be tolerated with no pul­

monary function change [31 ]. This is further exacerbated 

by the fact that 75% of epithelial inflammation experi­

enced from grain dust exposure is caused by endotoxins 

[8]. Thus endotoxin exposures in com bins and com ele­

vators should be of great concern as regards the respira­

tory health of workers exposed to corn dust on fanns and · 

in elevators. 

One objective of this study was to investigate the relation­

ship between com dust particles and endotoxin-bearing 

particles in order to determine what aerosol sampling 

method is most appropriate to assess corn dust exposures, 

total dust or TPM. In order to evaluate this, the paired t­

test was applied to the log ratio of endotoxin concentra­

tions (EU/m3) and dust concentrations (mg/m3) to paired 

samples for both the total dust and TPM fraction. 

For all farms and elevators, for the ratios for total dust 

sampling, the p-values were 0.06 on farms and 0.08 in ele­
vators. For TPM, p-values were 0.02 on farms and 0.05 in 

elevators, which indicated that the ratio of endotoxin con­

centration (EU/m3) and dust concentration (mg/m3), and 

also the ratio of endotoxin units (EU) and mass of the 

dust (mg) was significantly higher in TPM than in the total 

dust. Therefore, one might conclude that although the 

TPM fraction may represent a small portion of total mass, 

because of endotoxin particle aerodynamic size and 

Table I. Geometric Mean (GM) and range of dust concentrntion and endotoxin concentration for both the total dust and thoracic particulate mass 
for farms and elevators 

Total dust 
Sites Dust concentration 

(mg/m3) 

Farms• GM= 3.4 
0.4--53.6 

Elevators .. GM= 3.3 
0.1160.9 

• N = l4 for lotal dust; N = 16 for thoracic par1i,11latc ma\S. 
" ~ = 15 [or Iola! tlusi; N = 14 fur 1horacic par1k11latc ml\iS. 
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Endotoxin concentration 
(EU/m3) 

GM= 3175 
499-54 653 

GM= 983 
58---77 006 

Thoracic particulate mass 

Dust conccntrntion Endotoxin concentration 
(mg/m3) (EU/m3) 

GM= 2.4 GM= 2534 
0.2-15.5 284--29 266 

GM= 1.0 GM= 526 
0.1-4.7 55-3733 
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behavioral properties, the TPM fraction may be a better 

indicator of possible tissue inflammation and subsequent 

injury due to the endotoxin deposition in the tubular air­

ways. Therefore, the TPM fraction may represent a worse 

case potential exposure with regard to the potential 

development of chronic obstructive pulmonary disease 

initiated by endotoxin exposures. 

Cascade impactor data 
On each site, a six-staged Marple personal cascade 

impactor [32] was used to characterize the size distribu­

tion of the dust particles in the work environments that 

were smveyed. The data obtained from t.he cascade 
impactor was used to calculate mass median aerodynamic 

diameter and geometric standard deviation for both the 

dust particles and for particles bearing endotoxins. Dust 

and endotoxins were found on all stages of the impactor, 

thus lending reliability to the fact that the particle size dis­

tributions were log normal following regression analysis 

and the plotting of results on log-probability paper. 
Results are summarized in Table 2. 

The mean MMAD on farms for dust was 13 µ.m. For 

endotoxin-bearing dust, the mean size was 8.0 µ.m. These 

are optimal sizes for deposition in the tubular airways of 

the lung. In grain elevators, the mean MMAD was 10 µ.m 

for corn dust and 6.5 µrn for endotoxin bearing dusts. In 

addition, if the GSDs are taken into consideration, parti­

cle size ranges are of great significance for deposition in 

--EMOIOlol1(MMAD•8µm}.so-2.9; 
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Fig. 1. Cascade impactor data for endotoxin dust sizt: distributions for 
all the farms. 
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Fig. 2. Cascade impactor data for ehdotoxin and dust size distrihutions 
for all the elevators. 

Table 2. The cascade impactor data for all the farms and elevators 

Dmi Endotoxin 
Sitt:s• MeanMMAD MeanMMAD 

MeiinGSD 
(µ.m) 

MeanGSD 
(µ.m) 

Farm 1 7.5 8.67 7.4 3.38 

Farm2 14 3.64 9 3.11 

Farm3 23 4.35 13 256 

Farm4 12 5 5.5 3.45 

Mean ror all fanns 13 3.5 8 2.9 

Elevator 1 12 3.34 9.5 2.95 

Elevator 2 10 2.09 6.8 2.94 

Elevator 3 30 333 6.8 3.75 

Elevator 4 10 8 4 3.25 

Mean for all elevators 10 3.1 6.5 3.1 
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the thoracic region of the lungs. This is very significant 

regarding the potential for causing bronchitis and the 
potential for development of chronic obstructive pul­

monary disease. Figures 1 and 2 show the relationship 

between endotoxin and dust particle size distribution for 

both the farms and the elevators. 

DISCUSSION 

Fortunately this research did not detect the alarmingly 

high concentrations of endotoxins found in our initial 

research (1.7 million EU/m3). Endotoxins found in this 

research ranged from 58 EU/m3 to 77 006 EU/m3, con­

centrations that could still cause serious health effects 

among workers processing corn. These differing concen­

trations of endotoxins of the two studies might be 

explained by sampling in different facilities, and weather 

conditions may have differed so that the growth of gram­

negative bacteria was reduced prior to this research effort. 

Another possible explanation may have been the length of 

corn storage and growth time for gram-negative bacteria. 

We had no data on corn storage time. 

Our- data suggests that significant quantities of particles 
should be deposited in the thoracic region of the lungs of 
workers in corn handling operations. Although these par­
ticles may represent a small total dust mass, they may 

cause severe damage because of the high concentration of 

endotoxins in com dust. Measuring only total dust con­

centration for exposure to the corn dust might not always 

correlate well with the incidence of the specific respiratory 

disease, especially diseases related to the tubular airways. 
This research demonstrated that measuring TPM fraction 

may be a better measure of exposure to endotoxins. 
Furthermore, en do toxins associated with dry corn dust are 

concentrated in the particle size ranges where particles 
deposit in the tubular airways of the lungs. Thus, great 
concern for the possible development of chronic obstruc­

tive pulmonary disease exists in corn handling facilities 

where workers experience long-term exposures. 

During sampling, it was noted that grain handlers were 

exposed to corn dust in greater amounts during two con­
ditions: (a) if the amount of com in the bins is very low 
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(farms); and (b) when compressed air is used to clean the 

settled dust from the floor, greater aerosol concentrations 

were created in the elevators. 

It wa'i also observed that the use of proper respirators was 

not being enforced in any of the facilities, and there was 

little concern for adverse respiratory reactions experi­

enced by workers. Many workers appeared to have great 

resistance to the effects of the dust exposures, sometimes 

referred to as "healthy worker effect". This is supported 

by the fact that there was a high turnover rate for the sen­

sitive workers as stated by supervisors at all sites. 

Researchers and other investigators should take note that 

the endotoxin sizes encountered in this research only 

applies to dry untreated corn dust in corn storage bins and 

in country grain elevators in Colorado. The aerodynamic 

endotoxin particle size found in these environments had a 

mean size of 7.2 µm MMAD (combined elevators and 

farms). Endotoxins found in other environments may be 

of very different sizes. For example, in research yet to be 

published from our group, endotoxins with an MMAD 

range of 2.0 µm to 3.0 µm were found in equestrian riding 

arenas. Other researchers have found small endotoxin 

particle sizes as well in the size range of 2.0 µm to 4.0 JLID 

[17]. In other words, the environment and source of dust 

will dictate endotoxin particle size. 

RECOMMENDATIONS 
Taking into account the general methods of cleaning and 

handling of grain by the grain handlers, routes of exposure 

in com bin and elevator work environments, the following 

steps are recommended to reduce the worker's exposure 

to the grain dust: 

o General ventilation; 

Construct an opening on the roof of the bin that can be 

opened and closed as desired so that the dust can escape 

when dust is generated. General ventilation is highly re­

cpmmended when emptying the last portion of the grain. 

D Use of respirators; 

The use of NTOSH approved respirators should be 

enforced while emptying, cleaning or processing the corn. 

o Use of compressed air; 
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Compressed air for cleaning should be limited as much as 

possible, so the settled dust will not be blown into the air. 

o Construction of the bins; 

It was observed that on-site shed storage seems to gener­

ate lesser amounts of dust than the metal storage bins, 

since there is a larger opening at the front of the structure 

and workers can operate from the outside of the shed 
most of the time. 

iJ Use of dust cyclone air cleaner; 

A dust cyclone was used in one instance to exhaust fine 
dust particles in the open air, and the use of cyclones 

required forced air ventilation. 

LJ Administrative controls; 

Frequent breaks and training and education regarding the 

use of respirators and recognizing signs and symptoms of 

respiratory disease should help workers, farmers and ele­

vator managers to reduce exposures. 
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