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Comparison of Endotoxin Assays
Using Agricultural Dusts

Endotoxins from gram-negative bacteria pose a significant respiratory hazard. Establishing

dose-response relationships is problematic because there are no standard procedures for

sampling and analysis. The goal of this study was to compare endotoxin analyses in six

laboratories using Limulus-based assays for analysis of organic dusts from three agricultural

environments: chicken barns, swine barns, and corn processing facilities. For each dust

generation experiment 14 side-by-side air samples were collected on 37-mm glass fiber filters

at flows of 1.8 L/min. Each laboratory was randomly allocated two filters from each of seven

experiments per dust type. Three laboratories used the QCL-1000 endpoint assay, and three

used the kinetic-QCL method. To eliminate variability among different lots, a single lot of

Limulus amebocyte lysate for endpoint assays and one similar lot for kinetic assays was

provided. Precision of assays performed within labs was very good, with pooled coefficients of

variation for replicate samples ranging from 1 to 11% over all labs and all dust types. There

were significant differences between laboratories for all three dust types (p,0.01). The pattern

of differences between labs varied by dust type. For chicken dust, labs using the endpoint

method reported higher results than those using kinetic methods. For swine and corn dusts,

labs using the kinetic method reported the highest endotoxin values. For chicken dust, results

from all labs except A and B were highly correlated (r50.86–1.00). For swine dust, only labs B

and E, and C and D were correlated. For corn, A, B, and D were significantly correlated with

most other labs. In conclusion, statistical differences in performance between laboratories were

apparent and may be related to the extraction and analytical methods. The results of this study

will be useful for standardization of sampling and analysis of airborne endotoxin in agriculture.

Keywords: endotoxin, lipopolysaccharide, method validation
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I
n vitro studies, animal and human inhalation
studies, and research in agricultural and in-
dustrial environments have shown that en-
dotoxins, found in the cell walls of gram-

negative bacteria, pose a significant respiratory
hazard.(1–16) Illnesses attributed, at least in part,
to endotoxin exposure include byssinosis, air-
way hyperreactivity, and organic dust toxic syn-
drome.(3,5–9,11–16) Inhalation of endotoxin induc-
es a variety of biological responses such as cell
activation (neutrophils, macrophages), with
mediator release (interleukins), activation of
complement, and damage to epithelial and
endothelial cells.(8–10,14,16,17,18) Decrements in

pulmonary function, especially FEV1, have also
been demonstrated in response to endotoxin ex-
posure.(1,2,6,7,12,14,15) Occupational exposure to en-
dotoxin occurs in a variety of industries including
agriculture, wastewater plants, refuse-derived
fuel production, metals machining, snowmaking,
and in the manufacture of pharmaceuticals and
medical devices.(3,11,12,14,18,19–24) Although occu-
pational exposure limits have been suggested for
endotoxin, evaluation of dose-response relation-
ships is problematic, because sampling and ana-
lytical methods have not been standardized.

The most common analytical methods cur-
rently used for endotoxin in environmental
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samples are based on the chromogenic Limulus amebocyte lysate
(LAL) assay. In these assays, endotoxin activates a proenzyme that
cleaves a synthetic substrate. This releases a dye that absorbs light
at 405–410 nm. Two methods of measuring the absorbance and
calculating endotoxin concentration are (1) the endpoint method,
in which acetic acid is used to stop the reaction before measuring
absorbance; and (2) the kinetic method, which measures absor-
bance as the reaction proceeds over time.(26,27) In contrast to assay
methods that measure biological activity, chemical analyses using
either high-pressure liquid chromatography or gas chromatogra-
phy-mass spectrometry (GC-MS) have also been developed. The
chemical methods primarily focus on quantification of 3-hydroxy
fatty acids in lipopolysaccharides (LPS).(28–30)

Variability in endotoxin evaluation methods reported to date
include sample environment (dust type); collection of sample
(pumps, flow rates, filter types); sample handling and storage (use
of desiccant, storage temperature); analysis of sample (extraction
media, extraction time, rocking, sonication, temperature, assay
type, control standards); and reporting of results (units).(32–40) The
composition of organic dust from different environments is vari-
able, and thus could alter the outcome of analysis through differ-
ences in type of endotoxin, and inhibition or enhancement.(32,40,41)

Researchers have investigated differences in collection filter ma-
terial, extraction media, and extraction time.(29,32,39) Gordon et al.
suggested that aerosol binding to filters can be affected by chem-
ical and physical differences in the filters, thus causing variation in
endotoxin extraction.(34) Using an endpoint chromogenic method,
Gordon et al. found significantly higher recoveries of endotoxin
from glass fiber and cellulose acetate filters compared with poly-
carbonate, polyvinyl chloride, polysulfone, and polytetrafluoroeth-
ylene filters. Olenchock et al. reported that an extraction time of
2 hours yielded optimal results using sterile pyrogen-free water.(35)

Other investigators demonstrated that using surfactants such as
Tween 20 and Saponin in the extraction media increased the
amount of biological activity of detected endotoxin.(31,35) The use
of a potassium phosphate/triethylamine buffer to counteract in-
hibition and enhancement of the assay was suggested by Milton
et al.(26,27) Using samples from a potato processing plant, Douwes
et al. investigated differences among four types of filters, two ex-
traction media, two extraction temperatures, and vigorous versus
quiet rocking during extraction.(31) They found that glass fiber fil-
ters yielded slightly but not significantly higher endotoxin biolog-
ical activity than polycarbonate filters, with cellulose acetate filters
showing the lowest recovery of activity. An extraction solution
containing 0.05% Tween 20 also yielded higher endotoxin biolog-
ical activity than pyrogen-free water. Extraction temperature and
agitation method did not contribute significantly.

An important factor affecting the comparison of results from
endotoxin assays is the units in which concentrations are reported.
Results are often expressed as either nanograms per cubic meter
(mass) or endotoxin units per cubic meter (EU/m3; potency).
Although there are conversion factors to relate these units, they
do not express the same thing. The conversion factor depends on
the manufacturer of the endotoxin standard, and it can be differ-
ent between laboratories. Therefore, it is important that each lab-
oratory report results in EU relative to one standard reference
endotoxin so that results can be compared between
laboratories.(36)

A few limited interlaboratory comparisons have been conduct-
ed. Reynolds and Milton compared an endpoint chromogenic
LAL assay to a kinetic Limulus assay for samples from turkey
barns.(36) Statistically significant differences were found between

the two assays when results were calculated in nanograms of en-
dotoxins, but not when results were calculated in EU relative to
EC5 standard reference endotoxin (except for samples from one
barn). Both methods detected a significant difference between
barns and ranked them in the same order. This study found that
the two LAL-based methods, despite general agreement, did not
behave in the same manner although there was no evidence of
interferent compounds. The differences may have resulted more
from intrinsic differences in the sensitivity of the lots of lysate used
than from differences inherent in the methods themselves—similar
to the differential sensitivity to different forms of endotoxin de-
scribed by Saraf et al. for kinetic lysate formulations from three
manufacturers.(41)

Thorne, Reynolds, Milton and colleagues conducted an inter-
laboratory study evaluating relationships between different filter
sampling materials, extraction procedures, and LAL-based analy-
ses.(37) Replicate air samples were collected on polycarbonate and
glass fiber filters in swine and chicken facilities. The filters were
analyzed using a chromogenic endpoint LAL (QCL) method and
a kinetic chromogenic LAL (KLARE) method with a buffer ex-
traction. Extraction with heat (30 min at 688C) and without heat-
ing (120 min at 228C) was also performed for the endpoint meth-
od. Overall, the extraction methods were comparable. Glass fiber
filters yielded higher levels of endotoxin biological activity than
polycarbonate filters, and under some circumstances the QCL and
KLARE yielded significantly different estimates of endotoxin ac-
tivity. Correlations between the QCL and KLARE methods were
high for polycarbonate filters (r50.90) and moderate for glass fi-
ber filters (r50.53). Analysis of variance (ANOVA) demonstrated
that assay method, filter type, barn type, and interactions between
assay-filter type and assay-barn type were all important factors.

Recently a two-phase round-robin interlaboratory study was
conducted using cotton dust.(38,39) Twelve laboratories participat-
ed in the first phase and 13 in the second phase. Cotton dust was
collected on PVC filters in a model cardroom. During the first
phase of the study each laboratory performed endotoxin assays
using their usual methodology. In the second phase a common
extraction procedure was used. In the first phase of the study sig-
nificant differences between laboratories were found. However, in-
tralaboratory variations were small, and the rankings were consis-
tent. The use of a common extraction protocol in the second
phase considerably reduced the differences between laboratories.

The goal of this study was to compare the performance of six
laboratories using Limulus-based assays for analysis of organic
dusts from three agricultural environments. Dusts from a chicken
barn, a swine barn, and a corn processing facility were used to
generate aerosols in the laboratory. For each dust type, each lab-
oratory was randomly allocated seven pairs of duplicate dust sam-
ples from experiments generating different dust and endotoxin
levels. Three laboratories used the QCL-1000 endpoint assay, and
three used the kinetic-QCL method. To minimize variability due
to the use of different LAL lots, a known and potentially major
source of variability, a single lot of LAL for endpoint assays, and
one similar lot for kinetic assays, were provided.

METHODS

Bulk Dust Samples

Bulk dust samples were collected from a chicken laying facility, a
swine farrowing building, and an animal feed (corn) manufactur-
ing company. The corn dust was sifted to remove kernels and large
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debris. All three sets of samples were stored at 48C. The bulk dust
was characterized by quantification and classification of bacteria
species and fungal genera. Three grams of each dust was added to
30 mL of pyrogen-free phosphate buffered saline (PBS) (Univer-
sity of Iowa Hybridoma Facility) and rocked for 1 hour at room
temperature. Serial dilutions were plated on trypticase soy agar
(TSA), eosin methylene blue (EMB) agar, and malt extract agar
(MEA) (Difco, Detroit, Mich.). Cycloheximide (Sigma, St. Louis,
Mo.) was added to the TSA and EMB to inhibit fungal growth.
Chloramphenicol (Amresco, Solon, Ohio) was added to the MEA
to inhibit bacterial growth. The TSA and EMB plates were incu-
bated at 358C for 5 days. MEA plates were incubated at room
temperature for 5 days. Predominant colonies from each culture
media were subcultured and sent to the University of Iowa Hy-
gienic Laboratory for bacterial analysis. Fungal identification, at
the genus level, was performed by collection and staining hyphae
and spores with lactophenol cotton blue and characterization un-
der light microscopy using standard reference keys.(42)

Aerosol Generation

Prior to aerosolization, bulk dust was ground using a Mixer Mill
Type MM-2 (Brinkman, Westhaven, N.Y.) to achieve an aerosol
particle size that was inspirable (,10 mm). The following speeds
and total times were used: (1) chicken dust, speed setting550%,
time510 min; (2) swine dust, speed setting550%, time515 min;
(3) corn dust, speed setting550%, time520 min. Aerosols were
generated using a modified version of the Pitt-3 aerosol genera-
tor(43) called the Acoustical Dry Aerosol Generator/Elutriator
(ADAGE) previously described by Thorne.(44) Aerosols were car-
ried from the ADAGE at a flow rate of 1761 L/min into a 1 m3,
Plexiglasy laminar flow chamber previously described by Reyn-
olds.(45) Air was exhausted from the bottom of the chamber,
through a 0.45 mm filter (Gelman Sciences, Ann Arbor, Mich.,
Mini Capsule, Clearwater, Fla.), at a flow rate of 7565 L/min.

A 12-port critical orifice manifold was used to collect most of
the dust samples inside the chamber. The 12 critical orifices (Mil-
lipore) had flow rates of 1.860.3 L/min. Two Gilair (Gillian)
personal pumps were used in addition to the critical orifice man-
ifold when a seventh laboratory was added to the study (one of
the seven labs did not report results, however). A total of 14 side-
by-side samples were therefore collected for each experiment.

Preliminary work was conducted to characterize the gravimet-
ric and particle size distributions, endotoxin and microbial content
of the aerosols under differing experimental conditions. Gravi-
metric samples were collected on desiccated 37-mm glass fiber
filters (Gelman Sciences), with cellulose support pads (Gelman
Sciences). Gravimetric analyses were conducted using a Mettler
MT-5 balance (Mettler Instruments, Westerville, Ohio). Mass me-
dian aerodynamic diameter (MMAD) and geometric standard de-
viation (sg) were determined using an eight-stage Marple Cascade
Impactor (Grasby Andersen, Atlanta, Ga.) with 37-mm mylar fil-
ters at a flow rate of 2.0 L/min.

A subset of the gravimetric samples from the trial runs were
analyzed for endotoxin using the endpoint assay method, LAL
QCL-1000 (BioWhittaker, Walkersville, Md.). Samples were elut-
ed for 1 hour in 30 mL pyrogen-free PBS at room temperature.
Dilutions were assayed using a 96 well microplate reader (Fisher
BioTech, Pittsburgh, Pa.).

Microbial Measurements

Two all glass impingers (AGI) in series were used to collect mi-
crobiological samples at a flow rate of 10.0060.02 L/min. Each

AGI contained 20 mL of 1% peptone water with 1% Antifoam A.
All materials were sterilized prior to use. The peptone water was
autoclaved and then filter sterilized (0.2 mm filter, Gelman Sci-
ences). Sample times ranged from 15 to 30 min. Nine milliliters
of each impinger solution were added to 1 mL of 37% formal-
dehyde (EM Science, Gibbstown, N.J.) to be used for fluorescent
staining for total bacterial counts. The remaining solution was se-
rially diluted and plated on TSA and EMB media with cyclohex-
imide. These plates were incubated at 358C and colonies were
counted for up to 5 days, with results expressed in colony forming
units per cubic meter of air (CFU/m3). Estimates of the amount
of gram-positive and gram-negative bacteria in each dust type were
determined from gram staining of colonies from the AGI plates
(Fisher, Pittsburgh, Pa.). Slides were viewed at 10003, oil im-
mersion, with a light microscope. Fluorescent microscopy was
used to determine the number of total bacteria (viable and non-
viable).(45) Five milliliter aliquots of peptone water/formaldehyde
dilutions were suctioned onto a 25-mm black polycarbonate fil-
ters, 0.4 mm (Poretics Corp., Livemore, Calif.). Two milliliters of
acridine orange stain (AO) (Difco, Detroit, Mich.) were applied
to the filters for 2 min. Fluorescent optical filters used for AO
were a 455-nm supplementary excitation filter, a 490-nm excita-
tion filter, a 500-nm dichroic mirror, and a 515-nm barrier field.
The number of total bacteria per cubic meter of air (organisms/
m3) is reported.

Dust Generation Experiments

A total of seven generation sessions, or experiments, were per-
formed for each dust type. The sample times were varied from 10
to 50 min to produce a range of endotoxin loadings on the sample
filters. Fourteen side-by-side samples were collected on 37-mm
glass fiber filters as described above. After sample collection the
backs of filter cassettes were attached to cassettes containing silica
gel desiccant and stored at 48C until shipped in insulated boxes
with freeze packs. Each laboratory received 14 randomly selected
samples (2 from each dust generation session) and 1 blank for
each dust type. After each laboratory extracted the filters, a ly-
ophilized portion of each extract was sent to Dr. Lennart Larsson,
Lund, Sweden, for GC-MS analysis. Results of the GC-MS analysis
are reported separately. Table I summarizes the extraction and as-
say methods used by each laboratory. BioWhittaker supplied en-
dotoxin assay kits with standardized LAL from two comparable
lots—one lot for endpoint assays and one lot for kinetic assays.
The functional parameters (i.e., potency, linearity of response) of
the LAL and LPS control standard endotoxin (CSE) were defined
using both U.S. Reference Standard EC6 and the European Ref-
erence Standard BRP-2.

Statistical Analysis

Statistical analyses were performed using SAS version 6.04 (SAS
Institute, Cary, N.C.). The PROC UNIVARIATE procedure was
used to evaluate the distributions of data. Because data were log-
normally distributed, they were log-transformed before proceed-
ing with analysis. PROC UNIVARIATE confirmed that log-trans-
formed data was normally distributed. Pooled coefficients of
variation were calculated for each dust type to evaluate precision
within each lab. PROC GLM (General Linear Models) multiway
ANOVA was used to test for overall differences among laborato-
ries, assay methods, and dust types. PROC GLM is considered to
be fairly robust with regards to the assumption of equal variances,
and inspection of residuals provides confirmation. Bonferroni
(Dunn) t-tests were used to compare results from endpoint and
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TABLE I. Endotoxin Extraction and Assay Methods by Laboratory
Laboratory

A B C D E F

ExtractionA

Tween
Buffer
Volume (mL)
ContainerB

Temperature
Time (min)
Agitate/Sonicate
Froze extract

no
no
30
PP
228C
60
rock
no

no
yes
5
glass
208C
60
sonic
no

no
no
10
PP
room
60
rock
no

yes
no
5
glass
room
60
rock
yes

no
no
10
glass
room
60
rotate
yes

no
no
10
?
room
60
rotate
yes

Assay

Endpoint/Kinetic
Usual number of

dilutions assayed
EU to ng

endpt

3
10/1

kinetA

5
calc

kinet

5–7
?

kinetA

1–8
calc

endpt

?
12/1

endpt

?
12/1

conversion factor each lot ;10/1

Notes: Laboratory B used the same buffer for extraction and dilutions of samples and standard LPS (0.05 M KPO4, 0.01% triethylamine); however, LAL and standard
LPS were suspended in water. Labs A, E, and F used BioWhittaker’s QCL-1000 Lysate; and Labs B, C, and D used BioWhittaker’s Kinetic QCL Lysate. Labs B and
D used parallel line approaches to test for inhibition and enhancement. All laboratories used reagents and control standard endotoxin (E. coli 055B5) standardized in
water against the reference standard E6 and supplied by BioWhittaker, except for Lab B which used the reference standard USP Lot G (EC6) in place of the control
standard.
AAll extractions were in sterile pyrogen free water, except as noted. Lab D used 0.05% Tween 20 in sterile pyrogen free water for extraction, dilution, and dissolving
LAL and standard LPS.
BPP 5 polypropylene; glass 5 borosilicate glass.

FIGURE 1. Endotoxin concentration by lab and experiment for
chicken dust

kinetic assay methods for each dust type, and paired t-tests were
used to test for differences between individual laboratories. Spear-
man correlations were used to estimate associations between the
results from individual labs.

RESULTS

Aerosol Characteristics

In preliminary experiments the chicken and swine dust showed
good homogeneity throughout the chamber under final condi-
tions, with coefficients of variation (CVs) of 6 and 12%, respec-
tively, for gravimetric measures, and 13 and 15% for endotoxins
(n54 in both cases). Corn appeared to be less homogenous
(CV558% for gravimetric), and the small number of samples
(n53) may have been a contributing factor. Mass median aero-
dynamic diameters remained very consistent from trial to trial and
were 2.0 mm for chicken dust, 5.5 mm for swine dust, and 7.0
mm for corn dust.

Predominant bacterial species recovered from the bulk samples
included Pseudomonas fluorescens (chicken); Staphylococcus kloosii
(swine); and S. xylosus, Bacillus subtilis, and Enterobacter agglom-
erans (corn). Predominant fungal genera recovered from bulk
samples included Penicillium, Fusarium, Cladosporium (chicken);
Penicillium, Cladosporium, Saccharomyces (swine); and Penicilli-
um, Acremonium, Saccharomyces, and Mucor (corn). In the trial
aerosols, culturable bacteria concentrations ranged from 1.1 3 104

to 6.9 3 105 CFU/m3. Total (direct count) bacteria concentra-
tions were higher ranging up to 7.9 3 109 CFU/m3.

Interlaboratory Endotoxin Assay Comparisons

Airborne endotoxin concentrations generated in the chamber
spanned the ranges typically reported in field investigations of oc-
cupational exposure to organic dust. Over all experiments for
chicken dust, endotoxin concentrations ranged from 764 to

37,190 EU/m3 (Figure 1). Labs using kinetic assay methods have
shaded symbols, and labs using endpoint assay methods have un-
shaded symbols. For swine dust, endotoxin concentrations ranged
from 434 to 40,650 EU/m3 (Figure 2). The range of endotoxin
concentrations for corn dust was 287 to 16,240 EU/m3 (Figure
3). Pooled coefficients of variation [(S CV2/n)1/2] for replicate
samples showed that all labs demonstrated excellent within-lab
precision, with all CVs less than 11%. (Table II).

A full ANOVA model (Table III) found all main effects (assay
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FIGURE 2. Endotoxin concentration by lab and experiment for
swine dust

TABLE II. Pooled Coefficients of Variation for Replicate Samples by
Lab and Dust Type (CV%)

Lab

Dust Type

Chicken Swine Corn

A
B
C
D
E
F

4
3
4
4
1
5

3
3
1
2
2
2

11
3
4
1
2
2

Pooled CV 5 [(S CV2/n)1/2].

FIGURE 3. Endotoxin concentration by lab and experiment for
corn dust

method, dust type, laboratory, experiment) and all interactions
(not shown in table) to be statistically significant (n5252,
r250.947, p50.0001). Using coefficients (b) to calculate the rel-
ative contribution of laboratory variance versus lab 3 dust type
interaction (10b Lab 3 10b Lab*Dust), the rank order of labo-
ratories was different for each type of dust. Possibly due to the
variability and number of parameters in the model, least square
means for the main effects were not estimated by the statistical
program.

Tables IV, V, and VI present results of ANOVA performed
separately for each dust type. Main effects including assay method

(endpoint versus kinetic), laboratory, experiment, and the inter-
action between laboratory and experiment were significant for all
three dusts. Bonferroni (Dunn) t-tests showed that labs using end-
point assay methods reported higher endotoxin results than labs
using kinetic assay methods for chicken dust. Labs using kinetic
assay methods reported the highest results for swine and corn
dust. Bonferroni (Dunn) t-tests were also calculated to compare
endotoxin biological activity reported by laboratory. For chicken
dust, Lab E was the only one significantly different (higher) from
the others. For swine dust, Lab D was significantly higher than
the others, and F was significantly lower. Results from Labs C and
A were comparable, as were results from Labs B and E. For corn
dust Lab D was again significantly higher. Labs F and E were
different from each other, and significantly lower than the other
labs. Labs C, B, and A all reported comparable results.

Spearman correlation coefficients among the six laboratories
are presented in Table VII. For chicken dust, results from all of
the labs except A and B were positively and highly correlated
(r50.85 to 1.00). Lab A was negatively correlated with Labs D
and F. It should be noted, however, that these correlations for
Lab A are very likely due to chance and that the probabilities
(0.05) should be considered in regards to the multiple (15) com-
parisons for each dust type. For swine dust, only Labs B and E,
and D and C were correlated. For corn dust, Labs A, B, and D
were correlated with most other labs and (r50.75 to 0.93).

DISCUSSION

In this interlaboratory comparison of endotoxin assays two im-
portant sources of variability were controlled for. Aerosolized

samples were collected using one filter material (37-mm glass fi-
ber) and all six laboratories used one of two standardized lots of
reagents and LPS standard prepared by BioWhittaker. The lots of
reagents and LPS prepared for endpoint and kinetic assays were
selected for comparable performance. However, it is still possible
that the two lots of LAL may have responded differently to the
varying spectrum of LPS in the different dust types. In all other
aspects the participating laboratories stored, extracted, and assayed
the samples using their usual procedures. Review of Table I in-
dicates the many remaining differences in the extraction proce-
dures and in the assay procedures used by the participating labo-
ratories. Laboratories A, C, E, and F used sterile pyrogen-free
water for extraction and dilutions, whereas Laboratory D added a
surfactant (0.05% Tween 20) and Laboratory B used a buffer
(0.05 M KPO4, 0.01% triethylamine). Extraction volumes varied
from 5 to 30 mL; extraction containers were either borosilicate
glass or polypropylene; and samples were rocked, rotated, or son-
icated during extraction. Extractions were carried out at room
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TABLE III. Analysis of Variance (GLM), Full Model With Replicates for Log10 EU/M3

N 5 252
Model df 5 125
Error df 5 126

r2 5 0.947
Model SS 5 30.06
Error SS 5 1.67

p 5 0.0001
MS 5 0.2405

Intercept (10b) 5 35,653

Effect
Partial r2

(%) p-value Parameter Ratio, 10b (95% CI)

Assay method 8.77 0.0001 endpoint
kineticA

0.214
1.000

(0.128, 0.359)
—

Dust type 3.71 0.0001 chicken
corn
swineA

0.603
0.178
1.000

(0.359, 1.014)
(0.106, 0.299)
—

Laboratory 8.43 0.0001 E
B
A
C
D
F1

1.347
0.040
0.355
0.362
1.000
1.000

(0.801, 2.260)
(0.030, 0.085)
(0.211, 0.598)
(0.215, 0.607)
—B

—

Experiment 8.53 0.0001 1–7 — —
ASelected as reference.
BNo standard error of estimate generated by model.

TABLE IV. Analysis of Variance (GLM) for Chicken Dust, With Replicates for Log10 EU/M3

N 5 84
Model df 5 41
Error df 5 42

r2 5 0.926
Model SS 5 9.3538
Error SS 5 0.7491

p 5 0.0001
MS 5 0.2281

Intercept (10b) 5 6,491

Effect
Partial r2

(%) p-value Parameter 10b (95% CI)

Assay method 1.22 0.0120 endpoint
kineticA

0.709
1.000

(0.388, 1.296)
—

Laboratory 5.68 0.0001 E
B
A
C
D
F

1.691
1.151
0.324
0.790
1.000
1.000

(0.925, 3.089)
(0.630, 2.102)
(0.178, 0.593)
(0.433, 1.444)
(0.546, 1.832)
—

Experiment 39.51 0.0001 1–7 — —

Lab 3 Exper 46.18 0.0001 — — —
ASelected as reference.

temperature for all labs except A and B, which used controlled
temperatures of 22628C, and 20628C respectively. Laboratories
D, E, and F stored extractions at 220, 220, and 2708C until
assays were performed. Although three laboratories used the same
Kinetic-QCL assay kits, two (B and D) reported using parallel-
line strategies for interpreting the assay. It is interesting to note
that two of the laboratories reported determination of endotoxin
activity (EU) to mass (ng) conversion factors on a case-by-case
basis (determined using the specific lot), whereas others reported
using a standard conversion factor that was not determined based
on the specific LAL and CSE lots. To avoid problems created by
using different conversion factors, results in this study are pre-
sented in terms of endotoxin activity relative to EC6 (EU/m3)
rather than in mass (ng/m3).

ANOVA showed that dust type, assay method (endpoint, ki-
netic), laboratory, experiment, and their interactions were all sig-
nificant determinants of the outcome variable—the logarithm of
endotoxin concentration. It should be noted, however, that assay
method may be correlated with the complete laboratory analyses
(storage, extraction, assay, interpretation). The full ANOVA model

(Table III) accounted for 94.7% of the overall variance. Interac-
tions between dust type and the other main effects accounted for
a large proportion (56.3%) of the variance in the full model. Dif-
ferences in endotoxin content of these organic dusts may result
from different chemical and microbiological makeup. Dusts from
chicken and swine environments contain animal proteins as well
as plant material, and livestock dusts contain fecal bacteria not
found in the corn dust environment. The interaction between lab-
oratory and dust type is noteworthy, indicating that comparison
of laboratory performance should take into account the environ-
mental source of the endotoxin. Variability in extraction efficiency
resulting from physical-chemical effects of the sample matrix may
be the most likely explanation for this observation.

ANOVAs conducted separately for each dust type confirmed
that assay method, laboratory, and experiment were all important
determinants of endotoxin concentrations (Tables IV, V, VI).
Freezing of extracts before analysis was not found to be a signif-
icant determinant, and was not included in the final model. The
greatest differences between labs are approximately one order of
magnitude (Figures 1, 2, 3). Compared with the variability (three
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TABLE V. Analysis of Variance (GLM) for Swine Dust, With Replicates for Log10 EU/M3

N 5 84
Model df 5 41
Error df 5 42

r2 5 0.9505
Model SS 5 11.1817
Error SS 5 0.5822

p 5 0.0001
MS 5 0.2727

Intercept (10b) 5 33,274

Effect
Partial r2

(%) p-value Parameter 10b (95% CI)

Assay method 14.44 0.0001 endpoint
kineticA

0.214
1.000

(0.126, 0.364)
—

Laboratory 21.16 0.0001 E
B
A
C
D
F

1.346
0.051
0.356
0.361
1.0000
1.0000

(0.791, 2.289)
(0.030, 0.086)
(0.209, 0.605)
(0.212, 0.614)
(0.587, 1.702)
—

Experiment 16.91 0.0001 1–7 — —

Lab 3 Exper 42.08 0.0001 — — —
ASelected as reference.

TABLE VI. Analysis of Variance (GLM) for Corn Dust, With Replicates for Log10 EU/M3

N 5 84
Model df 5 41
Error df 5 42

r2 5 0.9612
Model SS 5 8.3471
Error SS 5 0.3377

p 5 0.0001
MS 5 0.2036

Intercept (10b) 5 5,169

Effect
Partial r2

(%) p-value Parameter 10b (95% CI)

Assay method 43.16 0.0001 endpoint
kineticA

0.263
1.000

(0.176, 0.394)
—

Laboratory 34.81 0.0001 E
B
A
C
D
F

0.559
0.492
2.304
0.566
1.000
1.000

(0.373, 0.838)
(0.329, 0.738)
(1.537, 3.453)
(0.377, 0.848)
(0.667, 1.500)
—

Experiment 13.10 0.0001 1–7 — —

Lab 3 exper 5.04 0.0371 — — —
ASelected as reference.

to four orders of magnitude) of endotoxin concentrations in typ-
ical work environments, these interlaboratory differences may be
significant from a practical standpoint as well as statistically. How-
ever, the strong correlations between laboratories (Tables VII) in-
dicate that these differences can be accounted for. The excellent
intralaboratory agreement for replicate samples (Table II) also
demonstrates consistent specificity in each lab’s performance of its
extraction and assay procedures.

In addition to this study using chicken, swine, and corn dusts,
round-robin comparisons using other organic dusts (cotton, com-
post) recently were conducted, with some of the same laboratories
participating in both this and the cotton dust project. In both
phases of the cotton dust study, intralaboratory differences were
small.(38,39) This finding is consistent with the current study. In
Phase 1 of the cotton dust study, differences between laboratories
were significant, exceeding an order of magnitude in some cas-
es.(38,39) The somewhat smaller variability observed in this study
may be due in large part to the use of standard lots of assay re-
agents. In Phase 2 of the cotton dust study the use of a standard-
ized extraction protocol resulted in an important reduction in var-
iability between labs. An attempt was made in this study to
evaluate the relative contribution of variability in extraction pro-
cedures, by analyzing lyophilized extracts using a chemical method

(GC-MS). The results of those analyses are presented in a separate
article. In this study differences between labs using Kinetic-QCL
and QCL-1000 assays were found and the order of differences
depended on the dust type. Similarly, the cotton dust round-robin
also found differences between labs using in-house, Kinetic-QCL,
Pyrogent-5000, and QCL-1000 assays in that rank order.(38,39)

Establishment of occupational exposure limits for endotoxin
depend on developing a consensus on standardized methods for
sampling and analyzing endotoxin. Much work has been done
evaluating the many factors, such as filter type, extraction proce-
dures, and assay method that contribute to variability. The results
of this interlaboratory study and other round-robin evaluations
using different organic dusts provide data that can be used to
reach this consensus. Given the potential contribution that varying
lots of reagents and LPS can have on measurement error, it is
important that endotoxin assay results be reported in activity units
(EU) standardized to one reference endotoxin (e.g., EC6). If as-
say results are reported in mass units (ng), the conversion factor
used should be calculated for each lot of lysate and reagents and
also reported. Continued research to characterize the performance
of extraction and assay solutions and of different lots and types of
LAL when working with different sample matrices is needed.
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TABLE VII. Pearson Correlation Coefficients and (Probabilities)—Log10

Transformed EU/m3

Lab Lab A Lab B Lab C Lab D Lab E Lab F

Chicken Dust

A

B

C

D

E

1.00 20.21
(0.64)
1.00

20.71
(0.07)
0.25

(0.59)
1.00

20.75
(0.05)
0.21

(0.64)
0.96

(,0.01)
1.00

20.36
(0.43)
0.14
(0.76
0.89

(,0.01)
0.86

(0.01)
1.00

20.75
(0.05)
0.21

(0.64)
0.96

(,0.01)
1.00

(,0.01)
0.86

(0.01)

Swine Dust

A

B

C

D

E

1.00 0.57
(0.18)
1.00

20.04
(0.94)

20.39
(0.38)
1.00

0.00
(1.00)

20.5
(0.25)
0.96

(,0.01)
1.00

20.64
(0.12)

20.86
(0.01)
0.61

(0.15)
0.64

(0.12)
1.00

20.07
(0.88)

20.71
(0.07)
0.61

(0.15)
0.71

(0.07)
0.54

(0.22)

Corn Dust

A

B

C

D

E

1.00 0.57
(0.18)
1.00

0.86
(0.01)
0.46

(0.29)
1.00

0.79
(0.04)
0.89

(,0.01)
0.75

(0.05)
1.00

0.75
(0.05)
0.93

(,0.01)
0.71

(0.07)
0.93

(,0.01)
1.00

0.29
(0.53)
0.82

(0.02)
0.36

(0.43)
0.64

(0.12)
0.76

(0.04)

Note: Bold 5 statistically significant.

CONCLUSION

The goal of this study was to evaluate the performance of six
laboratories using Limulus-based assays for analysis of organic

dusts from three agricultural environments. Three laboratories
used the QCL-1000 endpoint assay, and three used the Kinetic-
QCL assay method. To eliminate variability among different lots,
a single lot of LAL for endpoint assays and one similar lot for
kinetic assays were provided. There were significant differences be-
tween laboratories for all three dust types (p,0.01). The pattern
of differences between labs varied by dust type. For chicken dust,
labs using the endpoint method reported higher results than those
using kinetic methods. For swine and corn dusts, the labs using
the kinetic method reported the highest endotoxin values. For
chicken dust, results from all four labs were highly correlated
(r50.85 to 0.99). For swine dust, few correlations were found.
For corn dust, four of the labs were significantly correlated. In
conclusion, statistical differences in performance between labora-
tories were apparent and may be related to the extraction and
analytical methods. The results of this study will be useful in de-
veloping a standardized sampling/analytical method for airborne
endotoxin in agriculture.
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