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ABSTRACT

Agricultural operations are important sources of 
organic dust containing particulate matter (PM) and 
endotoxins, which have possible negative health con-
sequences for both humans and animals. Dust concen-
trations and composition in calf barns, as well as the 
potential health effects for these animals, are scarcely 
documented. The objective of this study was to mea-
sure PM fractions and endotoxin concentrations in calf 
barns and study their associations with lung consoli-
dation, respiratory tract inflammation, and infection 
in group-housed calves. In this cross-sectional study, 
samples from 24 dairy farms and 23 beef farms were 
collected in Belgium from January to April 2017. PM1.0, 
PM2.5 and PM10 (defined as particulate matter passing 
through a size-selective inlet with a 50% efficiency cut-
off at a 1.0-μm, 2.5-μm, and 10-μm aerodynamic diam-
eter, respectively) were sampled during a 24-h period 
using a Grimm aerosol spectrometer (Grimm Aerosol 
Technik Ainring GmbH & Co. KG). Endotoxin concen-
tration was measured in the PM10 fraction. Thoracic 
ultrasonography was performed and broncho-alveolar 
lavage fluid was collected for cytology and bacteriology. 
Average PM concentrations were 16.3 μg/m3 (standard 
deviation, SD: 17.1; range: 0.20–771), 25.0 μg/m3 (SD: 
25.3; range: 0.50–144.9), and 70.3 μg/m3 (SD: 54.5; 
range: 1.6–251.2) for PM1.0, PM2.5, and PM10, respec-
tively. Mean endotoxin in the PM10 fraction was 4.2 
endotoxin units (EU)/μg (SD: 5.50; range: 0.03–30.3). 
Concentrations in air were 205.7 EU/m3 (SD: 197.5; 
range: 2.32–901.0). Lung consolidations with a depth of 

≥1, ≥3, and ≥6 cm were present in 43.1% (146/339), 
27.4% (93/339), and 15.3% (52/339) of the calves, re-
spectively. Exposure to fine (PM1.0) PM fractions was 
associated with increased odds of lung consolidations of 
≥1 cm (odds ratio, OR: 3.3; confidence interval (CI): 
1.5–7.1), ≥3 cm (OR: 2.8; CI: 1.2–7.1), and ≥6 cm 
(OR: 12.3; CI: 1.2–125.0). The odds of having lung 
consolidations of ≥1 cm (OR: 13.9; CI: 3.4–58.8) and 
≥3 cm (OR: 6.7; 1.7–27.0) were higher when endotoxin 
concentrations in the dust mass exceeded 8.5 EU/μg. 
Broncho-alveolar lavage fluid neutrophil percentage 
was positively associated with PM10 concentration, and 
epithelial cell percentage was negatively associated with 
this fraction. Concentration of PM2.5 was positively as-
sociated with epithelial cell percentage and isolation 
of Pasteurella multocida. Although concentrations of 
fine dust are lower in calf barns than in poultry and 
pig housings, in this study they were associated with 
pneumonia in calves. Dust control strategies for reduc-
ing fine dust fractions in calf barns may benefit human 
and animal respiratory health.
Key words: particulate matter, endotoxin, lung 
consolidation, pneumonia

INTRODUCTION

In calves, respiratory disease has major effects on 
farm profitability, animal welfare, and antimicrobial 
consumption (van der Fels-Klerx et al., 2001; Pardon 
et al., 2012; Walker et al., 2012). As part of the global 
approach to combat antimicrobial resistance, antimi-
crobial use in food animals needs to be reduced, pref-
erentially by highly effective and integrated preventive 
measures (Baptiste and Kyvsgaard, 2017; EMA Com-
mittee for Medicinal Products for Veterinary Use and 
EFSA Panel on Biological Hazards, 2017). In addition 
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to adequate passive transfer of immunity (Windeyer et 
al., 2014) and implementation of various vaccination 
protocols (Windeyer et al., 2012; Ollivett et al., 2018; 
Dubrovsky et al., 2019), improving air quality and barn 
ventilation is suggested to reduce the risk of respiratory 
disease (Lago et al., 2006; Gorden and Plummer, 2010). 
Exposure to increased air velocities (van Leenen et al., 
2020b), increasing temperatures (Louie et al., 2018), 
or aerial pollutants such as ammonia (Schnyder et al., 
2019; van Leenen et al., 2020b) has been associated 
with respiratory disease. Additionally, dust exposure is 
suggested to be a risk factor for calf pneumonia (Cal-
lan and Garry, 2002; Dubrovsky et al., 2019), although 
only 1 older study found associations between pneumo-
nia incidence and dust (MacVean et al., 1986). Farm-
ing activities are important sources of dust. Previous 
studies on human exposure to agricultural dust have 
illustrated links with different respiratory diseases, 
such as toxic dust syndrome, asthma exacerbation, 
and chronic obstructive pulmonary disease (Monsó et 
al., 2004; Reynolds et al., 2013). Agricultural dust is a 
heterogeneous organic mixture containing particulate 
matter (PM), microorganisms, and fungal and bacte-
rial toxins (Kullman et al., 1998; Cambra-López et al., 
2010). Particulate matter is a mixture of suspended 
particles with different physical, chemical, and bio-
logical characteristics that determine its health effects 
(USEPA, 2004). In animal housing, most PM is derived 
from feed, manure, skin parts, and bedding materials 
(Cambra-López et al., 2010). Health effects of these 
particles depend on their size and penetration depth 
in the respiratory tract (ISO, 1995) and the presence 
of other substances such as bacterial toxins. Of these 
bacterial toxins, endotoxins are the most frequently 
studied given their high biological activity (Liebers et 
al., 2008; Degobbi et al., 2011). These toxins are LPS 
components of gram-negative bacterial cell walls and are 
omnipresent in animal environments, as gram-negative 
bacteria reside in the gastrointestinal tract of animals. 
In horses, chronic pulmonary disorders characterized 
by pulmonary inflammation are described resulting 
from PM and endotoxin inhalation (Pirie et al., 2003; 
Beeler-Marfisi et al., 2010; Ivester et al., 2014). In ad-
dition, PM exposure can impair respiratory immunity 
by reducing mucociliary clearance and diminish macro-
phage phagocytosis. This could predispose animals to 
respiratory tract infections and lead to chronic pulmo-
nary inflammation (Ghio, 2014; Knetter et al., 2014; 
Jusot et al., 2017). In pigs, associations between PM 
exposure and increased prevalence of pneumonia and 
pleuritis support this concept (Donham, 1991; Michiels 
et al., 2015). Particulate matter and endotoxin concen-
trations in typical calf barns common for the European 
production system of small and medium farms are un-

documented and their effect on calf respiratory health 
is currently unknown. Our hypotheses were that high 
concentrations of PM and endotoxin would be associ-
ated with increased prevalence of pneumonia, airway 
inflammation, and bacterial infection of the respiratory 
tract in calves. Therefore, the primary objective of this 
study was to explore the association between barn PM 
and endotoxin concentrations and lung consolidation in 
group-housed calves. The secondary objective was to 
determine the association of these air pollutants with 
broncho-alveolar lavage fluid cytology and bacterial 
isolation.

MATERIALS AND METHODS

All sampling techniques and the study protocol were 
revised by the local ethical committee and permitted 
under experimental license number EC2016-89.

Study Design and Study Population

A cross-sectional study was performed with the calf 
as the experimental unit. The farms were selected with 
the help of local veterinary practices based on willing-
ness to participate in the project. A total of 60 farms 
were selected in Flanders (Belgium) and were visited 
between January and April 2017. Farm sampling was 
carried out over a 48-h period. This consisted of air 
sampling procedures on the first day of the visit and 
calf sampling on the second day to avoid interference 
of air quality measurements by animal handling. The 
aim was to sample a total of 6 to 8 calves on each 
farm. Calves were housed in a single pen or 2 adjacent 
group pens. If fewer animals were present, all available 
calves meeting the inclusion criteria were sampled. If 
more animals were present, the youngest calves, aged 
>1 wk, were selected up to a maximum of 10 calves per 
farm based on the birth records provided by the farmer. 
Inclusion criteria for the calves were age <4 mo, group 
housed in the same air space (same pen or direct ad-
jacent pen), and absence of antimicrobial treatment in 
the 2 wk before our visit. Herd selection criterion was 
the absence of an epidemic respiratory disease episode. 
Therefore, herds reporting a respiratory disease out-
break in the last 2 mo before our visit were excluded 
from sampling. In the context of our study, an epidemic 
episode of respiratory disease was defined as 20% new 
cases of respiratory disease in the same stable or age 
category in a 24-h period.

Sample Size Calculation

Sample size calculations were based on the multilevel 
logistic regression with lung consolidation ≥1 cm as 
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the primary outcome variable of interest. The estima-
tion was based on finding a difference of 15% in the 
probability of pneumonia between calves exposed to a 
categorical risk factor (assumed prevalence 30%) and 
calves not exposed (assumed prevalence 15%), account-
ing for α and β errors of 5% and 20%, respectively. 
The estimated sample size was 92 animals per category, 
resulting in a total of 184 animals. The adjusted sample 
size was a total of 331 animals, calculated to adjust 
for clustering of calves within a herd, assuming an in-
traclass correlation of 0.2 and an average number of 5 
animals sampled per herd (Dohoo et al., 2009).

PM Sampling

Sampling devices were placed in the left front corner 
of the pen where all sampled calves were housed, or in 
the pen that housed the majority of the calves in case 
the adjacent pen also needed to be sampled to obtain 
the preset sample size of 6 calves on each farm. The 
sampling inlets were positioned at breathing level of a 
standing calf, corresponding to positioning the sensors 
at a fixed height of 50 cm above ground level, as the 
study objective focused on associations of PM and en-
dotoxin concentration with respiratory health. To avoid 
damage by the animals, all sampling equipment was 
placed in a custom-made mesh wire box (100 × 69.5 
cm; mesh size of 4.2 × 8.8 cm) secured to the headlocks 
or feed barrier.

Based on their aerodynamic diameter, particles are 
divided into several fractions, described by an index 
number defining the cut-off diameter used to separate 
this particle from other substances. For instance, PM10 
is defined as PM that passes through a size-selective 
inlet with a 50% efficiency cut-off at a 10-μm aero-
dynamic diameter (European Commission, 2008). For 
PM2.5 and PM1.0, this 50% efficiency cut-off is at 2.5 
μm and 1 μm, respectively. Particulate matter mea-
surements (PM1.0, PM2.5, and PM10; in μg/m3) were 
performed on the first day of the farm visit during a 
24-h period using a Grimm 1.109 spectrometer (Grimm 
Aerosol Technik Ainring GmbH & Co. KG; measuring 
range: 0.25–31 μm) with a 1-min sampling interval and 
sampling flow of 1.2 L/min. The device was calibrated 
by the manufacturer before use. The operating prin-
ciple of the Grimm optical particle counter is based on 
the transformation of the number of counted particles 
of a certain size to their corresponding mass based on a 
calibration curve and the use of a standard algorithm. 
These algorithms might be subject to a certain bias de-
pending on the air composition and particle type that 
is measured. To correct for the bias of the standard 
algorithm used by the device, it is advised to calculate 
environment-specific correction factors by performing 

a paired PM10 gravimetric analysis, also including an 
impactor setup, for the entire measuring period of the 
spectrometer using the following equation: (Cambra-
López et al., 2015):

 Calibration factor = impactor PM10 concentration/  

Grimm PM10 concentration.

For gravimetric analysis, PM10 was collected on a pre-
weighed 37-mm binder free glass fiber filter (P/N 66208, 
Pall Corp.) using a single-stage PM10 impactor (PEM-
200-6000, MSP Corp.) connected to a sampling pump 
(Buck-VSS, A. P. Buck Inc.) with a flow of 2 L/min for 
a total sampling period of 24 h. Air flow was checked 
before and after sampling and pumps were calibrated 
before each new sampling using an automatic pump 
calibrator (Bios Dry-Cal Defender 510-H, Mesa Labs). 
The glass fiber filters containing PM10 were transported 
from the farm to the laboratory in a 37-mm cassette 
and kept at 4°C for a maximum period of 3 d after sam-
pling, until gravimetric analysis was performed at the 
end of each sampling week. With the samples of each 
farm, a negative control was processed for gravimetric 
and endotoxin analysis to control for passive filter con-
tamination and to control the weighing protocol. Filters 
were weighed in a circumstance-controlled environment 
using a Mettler Toledo MT5 analytic scale (Mettler To-
ledo Inc.) with a 1.0-μg precision and a lower limit of 
detection of 1.0 μg. The collected PM mass equaled the 
weight difference between loaded and unloaded filters. 
To calculate the PM10 concentration (in μg/m3), the 
PM10 mass on the filters was divided by the volume of 
air that passed through the filter.

Endotoxin Extraction and Analysis

After the weighing process the filters were stored at 
−20°C until endotoxin extraction to prevent microbial 
growth. Endotoxin extraction was performed using a 
previously described protocol (Yang et al., 2013). Briefly, 
the particle-laden filters were cut into 8 identical pieces 
in a sterile, endotoxin-free environment and transferred 
to 10-mL endotoxin-free glass test tubes (VWR). To 
extract the endotoxins and dust from the filter, 10 mL 
of 0.05% Tween-20 was added and tubes were rocked 
vigorously at 100 rpm in a water bath shaker at 22 ± 
2°C for 120 min. Afterward, the tubes were centrifuged 
for 15 min at 1,000 × g at room temperature, and the 
supernatant was stored in 1-mL aliquots at −20°C until 
analysis.

Endotoxin analysis was performed using the kinetic 
chromogenic limulus amoebocyte lysate (LAL) assay. 
For the analysis, 1 mL of supernatant was diluted 
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with LAL water. Samples were analyzed in a minimal 
dilution ratio of 1:50 to eliminate interference of the 
Tween-20 used for endotoxin extraction, as recom-
mended by others (Spaan et al., 2008). The pH of the 
sample was tested and adjusted to a pH of 6 to 8 if nec-
essary using 0.01 M HCl or 0.01 M KOH, to optimize 
performance of the used kit. Endotoxin concentrations 
were measured in duplicate using an LAL chromogenic 
endpoint assay kit [HIT 302, Hycult Biotech; lower 
limit of detection = 0.04 endotoxin units (EU)/mL] 
according to the instructions of the manufacturer. Fi-
nal endotoxin concentrations were calculated from the 
average of the duplicate analysis. When duplicate dif-
ferences equaled or exceeded 10%, the analysis was re-
peated. Initial analyses were performed at a dilution of 
1:50. If the measured concentration of a certain dilution 
was too close to the upper detection limit of the assay, 
samples were retested at higher dilutions to a maxi-
mum of 1:200. Field blanks and dilution blanks were 
analyzed regularly to ensure quality of analyses and 
sample collection. Sample absorbance was measured at 
405 nm using an automatic plate reader (SpectraFluor, 
Tecan). Endotoxin concentration was expressed as EU, 
representing the endotoxin activity relative to the LAL 
assay, indicating its level of toxicity. An EU is defined 
as the potency of 0.10 ng of reference standard endo-
toxin (Poole et al., 1997). Endotoxin concentrations 
were presented as total airborne endotoxin concentra-
tion (EU/m3) and as endotoxin in the dust mass (EU/
μg), which corresponds to the endotoxin concentration 
in the PM10 fraction.

Sampling of Additional Air Quality Variables  
and Barn Management Characteristics

Temperature and relative humidity were measured 
and logged with a 1-min measuring interval using the 
build-in meteorological sensor (1.153FH) of the Grimm 
spectrometer for temperature (range: 0.3–80°C; accu-
racy: ±0.3°C) and relative humidity (range: 0–100%; 
accuracy: ±1%), during the entire PM sampling period. 
Ammonia and CO2 concentration were measured as a 
1-time point measurement with a 1-min sampling pe-
riod, before the start of the PM measurement, using 
an aspirated hand-held instrument with a range of 0 
to 500 ppm and 0 to 50,000 ppm, respectively (Ibrid 
MX6, Industrial Scientific). The maximum air velocity 
was detected with a hand-held thermal anemometer 
(Airflow TA45, TSI Inc.) for a sampling duration of 1 
min (range: 0–30 m/s; accuracy: 0.06 m/s). Measure-
ments were performed at the sampling site of the PM 
sampler before the start of the PM sampling procedure. 
Microbiological air quality in the pen was measured by 
sampling 1 L of air onto a Columbia blood agar plate 

with 5% sheep blood (Oxoid) using an impaction air 
sampler (airIdeal, bioMérieux Inc.). To avoid interfer-
ence with bacteria from the calf or the bedding, the 
sampler was placed 30 cm above ground level with the 
inlet facing the roof. Agar plates were incubated for 24 
h at 35°C without CO2, and colony-forming units were 
counted manually.

Information on management characteristics was 
obtained by visual inspection or interviews with the 
farmers and were recorded in a spreadsheet (Excel 
2010, Microsoft Corp.). To assess bedding conditions, a 
nesting score was attributed to each pen as suggested 
by others (Lago et al., 2006). Briefly, a score of 1 was 
given when calves appeared to lie on top of the bedding 
with legs exposed, a score of 2 was given when the bed-
ding allowed slight nestling, and a score of 3 was given 
when calves were able to nestle deeply in the bedding. 
A bedding dryness score was also assigned to each pen, 
with a score of 1 representing dry bedding, a score of 2 
representing moist bedding, and a score of 3 represent-
ing wet bedding.

Thoracic Ultrasonography  
and Broncho-Alveolar Lavage

Examination and sampling of the calves were per-
formed on the second day of the farm visit after all 
sampling equipment was dismantled to avoid interfer-
ence of movement of the calves with the PM and endo-
toxin measurements. To determine the presence of lung 
consolidations, thoracic ultrasonography was performed 
on both sides of the thorax, including the cranial lung 
lobes, as previously described (Ollivett et al., 2015). Us-
ing this technique, the 10th up to the second intercostal 
space was visualized on the left side and the 10th up 
to the first intercostal space was visualized on the right 
side. A portable ultrasound with a linear probe with a 
frequency of 7.5 MHz set at a depth of 8 cm (Tringa 
Linear Vet, Esaote) was used with 70% isopropyl alco-
hol as a transducing agent. Lung consolidations were 
documented according to depth in centimeters and site 
(left or right thorax). Classification of lesions was based 
on the maximal lesion depth measured at any lung lobe 
or side of the thorax.

To assess the presence of airway inflammation and 
isolate respiratory bacterial pathogens, a nonendoscopic 
broncho-alveolar lavage was performed. The procedure 
was executed in standing and unsedated calves using a 
volume of approximately 0.6 mL/kg of BW. The collect-
ed broncho-alveolar lavage fluid (BALf) was processed 
for bacteriological and cytological analysis, as described 
previously (van Leenen et al., 2020a). Bacterial culture 
was performed for both Pasteurellaceae and Myco-
plasma bovis using Columbia agar with 5% sheep blood 
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and modified pleuropneumonia-like organism agar, 
respectively, as described elsewhere (van Leenen et al., 
2020a). We used MALDI-TOF MS (Brüker Daltonik 
GmbH) for species confirmation of Pasteurellaceae and 
M. bovis, as previously described (Bokma et al., 2019). 
Interpretation of bacterial culture results was negative 
for the target bacteria if growth was absent after an 
incubation period for 48 h for Pasteurellaceae and 5 d 
for M. bovis. Samples yielding a bacterial culture with 
multiple bacterial colonies of different morphology of 
which no target bacteria could be subjected for further 
identification were also considered negative. Culture 
results were positive for target bacteria commonly 
associated with calf respiratory disease if Pasteurella 
multocida, Mannheimia haemolytica, Histophilus somni, 
or M. bovis were isolated as the dominant culture or if 
a pure culture result was obtained (Van Driessche et 
al., 2017). All examinations, sampling procedures, and 
sample analyses were performed by the same veterinar-
ian.

Statistical Analyses

Statistical analyses were performed using SAS version 
9.4 for Windows (SAS Institute Inc.). The experimental 
unit was the calf.

Calf Respiratory Health–Related Variables. 
Continuous outcome variables [total nucleated cell 
count (TNCC), neutrophil percentage, macrophage 
percentage, lymphocyte percentage, epithelial cell per-
centage, basophil percentage, and eosinophil percent-
age] were checked for a normal distribution and log 
+1 transformed when required. Log transformation 
was needed for TNCC, lymphocyte percentage, and 
epithelial cell percentage. Neutrophil and macrophage 
percentages were normally distributed. Transformation 
to a normal distribution was not possible for eosinophil 
and basophil percentages, and binary variables were 
created. Samples containing >1% eosinophils were con-
sidered positive (1). A sample was considered positive 
(1) for basophils if ≥1 of these cells was observed in the 
400 cells counted (Olsen et al., 2012). Binary outcome 
variables were created for ultrasonographic findings 
and pathogen isolation representing a negative (0) or 
a positive (1) outcome. Ultrasonographic consolidation 
results were divided into 3 classes: with depth of ≥1 cm 
(negative, positive), ≥3 cm (negative, positive), and ≥6 
cm (negative, positive). If bilateral consolidations were 
present, the lesion of maximum depth was used. Patho-
gen isolation from BALf was considered positive for P. 
multocida, Man. haemolytica, H. somni, and M. bovis if 
the pathogen was isolated in pure or dominant culture.

PM and Endotoxin–Related Variables. Pre-
dictors were PM concentrations and endotoxin con-

centrations obtained during a 24-h measuring period. 
The PM concentrations were analyzed as continuous 
variables for the 24-h average PM1.0, PM2.5, and PM10 
concentrations. Additionally, the 1-h time-weighted 
average (TWA-1h) of PM1.0, PM2.5, and PM10 was 
calculated. The TWA-1h averages PM exposure during 
the 1-h time interval in which this exposure occurred. 
This reduces the influence of short-lived peak exposure 
on the obtained average values. The highest TWA-
1h calculated for the 24-h measuring period for the 3 
fractions was used for further analysis, creating the 3 
continuous variables TWA-1h PM1.0, TWA-1h PM2.5, 
and TWA-1h PM10.

From these original parameters, several derived vari-
ables were created for analytical purposes. Categorical 
predictors were created for average and TWA-1h con-
centrations for all PM fractions based on the parameter 
of primary interest (i.e., ultrasonographic consolidation 
≥1 cm in depth), as this is the smallest consolidation 
depth cut-off value that can be differentiated from 
other lesions and is stated to be of clinical relevance 
(Buczinski et al., 2014). The optimal cut-offs for these 
predictors with highest sensitivity and specificity to 
predict the presence of an ultrasonographic consolida-
tion ≥1 cm in depth were determined using a receiver 
operating characteristic (ROC) curve. The ROC curve 
calculated cut-offs for the predictors average PM2.5 and 
PM10 strongly resembled the air quality guidelines for 
human exposure (World Health Organization, 2005). 
These air quality guidelines are based on the relation-
ship between mean 24-h and annual PM levels and 
their associated health effects in humans. In these 
guidelines the maximum 24-h concentrations recom-
mended are <25 μg/m3 for PM2.5 and <50 μg/m3 for 
PM10. Although calf health was the parameter of inter-
est in this study, 2 categorical variables were created 
based on these human guidelines as a reference point 
for international comparison. The following categorical 
variables were created for a 24-h measurement period: 
PM2.5 >25 μg/m3 (0/1) and PM10 >50 μg/m3 (0/1). No 
human guidelines are available for comparison for PM1.0 
concentrations; therefore, the cut-off value created with 
the ROC curve analysis was used for this fraction.

Endotoxin concentration was represented by 2 con-
tinuous variables expressed either as total endotoxin 
(EU/m3) or endotoxin in the dust mass (EU/μg). Ad-
ditionally, 2 categorical variables were created for 
these measurements based on the optimal cut-off as 
determined using an ROC curve for ultrasonographic 
consolidation ≥1 cm in depth as parameter of interest.

Model Building Procedure: Continuous Out-
comes. To determine the association of cytological 
parameters TNCC, neutrophil percentage, macrophage 
percentage, lymphocyte percentage, and epithelial cell 
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percentage as outcome variables with the 16 predic-
tors mentioned above, 5 multivariable regression mod-
els (PROC MIXED) were made. Herd was added as 
random factor in each model to account for clustering 
of calves within a herd. First, associations of different 
predictors with the outcome variable were tested in uni-
variable analysis. Continuous parameters (24-h average 
PM1.0, PM2.5, and PM10; TWA-1h PM1, TWA-1h PM2.5, 
and TWA-1h PM10; EU/μg and EU/m3) were tested 
continuously and categorically based on quartiles and 
ROC curve with the Youden’s index to determine opti-
mal cut-off to create a binary variable. All parameters 
with P < 0.20 were retained. In all models, significance 
level was set at α = 0.05 with a 95% confidence inter-
val. Pearson and Spearman correlation was determined, 
and of predictors that correlated >0.6, only the most 
significant one (P < 0.05) was retained. The regression 
model was built stepwise backward, gradually exclud-
ing nonsignificant variables. Pairwise comparisons 
between different categories of significant effects were 
made using Bonferroni corrections. Biologically plau-
sible interactions between significant main effects were 
tested. Model fit was assessed by visual inspection of 
residual plots and normality testing of residuals.

Model Building Procedure: Binary Outcomes. 
Associations of the 16 predictors with the binary out-
come variables (BALf eosinophils, BALf basophils, ul-
trasonographic consolidation ≥1 cm, ultrasonographic 
consolidation ≥3 cm, ultrasonographic consolidation ≥6 
cm, P. multocida isolation, Man. haemolytica isolation, 
H. somni isolation, M. bovis isolation) was determined 
using a generalized linear mixed model (PROC GLIM-
MIX) with binomial distribution and logit link function 
with Wald’s statistics for type 3 contrasts. Herd was 
added as a random factor to account for clustering of 
calves within a herd. First, the same predictors as men-
tioned above were tested in univariable analysis. Also, 
the same selection and significance criteria as men-
tioned above were used for the further model building 
procedure. Model fit was evaluated using the Hosmer-
Lemeshow goodness-of-fit test for logistic models. All 
possible and biologically relevant interactions between 
significant main effects were tested.

RESULTS

Farm and Animal Characteristics

Only farms with complete PM measurements were 
included in the data set. From the initial number of 60 
farms that were sampled, 13 farms were excluded from 
analysis due to measurement of incorrect values caused 
by equipment failure or human interference with the 

sampling procedure, such as interruption of the sam-
pling procedure by the farmer or loss of samples—in 
particular, integrity of the glass fiber filter for gravi-
metric correction. A final total of 47 farms were thus 
included in the data set. Five farms housed a mixture 
of dairy and beef cattle; these herds were categorized 
as dairy or beef herd based on their main source of 
income (meat vs. dairy production) and hence the 
breed of the majority of the animals present. Of these 5 
mixed herds, 3 herds were classified as dairy herds and 
2 were categorized as beef herds. The resulting final 
study population consisted of 24 dairy farms and 23 
beef cattle farms.

The majority of the dairy farms were small to me-
dium, housing a total of 0 to 100 or 100 to 200 milking 
cows on 7 and 14 farms, respectively. Two farms housed 
200 to 300 milking cows, and on 1 farm 300 to 400 dairy 
cows were present. Beef herds were mainly small, with 
15 farms housing a total of 0 to 100 beef cows and 8 
farms housing 100 to 200 cows. Calves were preweaned 
on 68.1% (32/47) of the farms, receiving either milk 
replacer or whole milk, with substantial variation be-
tween farms. On 3 of these farms an automatic milk 
feeder was used with variable group sizes. All farms 
supplied roughage or concentrates to the calves; 55.3% 
(26/47) of the farms provided a combination of hay, 
silage, and straw with concentrates, 29.8% (14/47) pro-
vided a combination of hay, silage, and straw without 
concentrates, and 14.9% (7/47) provided only concen-
trates. All calves were group housed in pens, and all 
herds used straw-bedded concrete floors except for 1 
herd, which used a combination of a half-slatted and 
half-solid straw-bedded floor. The area per calf was 4.1 
± 1.5 m2 (1.6–6.7 m2) per calf on dairy farms and 3.6 ± 
2.2 m2 (1–12.0 m2) per calf on beef farms. The air vol-
ume per calf was 16.9 ± 13.2 m3 (1.9–46.2 m3) on dairy 
farms and 15.0 ± 17.5 m3 (2.0–56.3 m3) on beef farms, 
respectively. Pens was rebedded 4 ± 2 times per week 
on dairy farms and 5 ± 3 times per week on beef farms. 
No differences in farm characteristics were observed 
between dairy and beef farms (P > 0.05). Barn and 
management characteristics of the sampled farms are 
displayed in Table 1. A total of 339 calves were enrolled 
in the study, with an average number of 7 (range: 4–10) 
calves per farm. Of these calves, 1.5% (5/339) were <4 
wk old, 38.0% (129/339) were 4 to 8 wk old, and 60.5% 
(205/339) were 8 wk and older.

PM and Endotoxin Concentrations

Temperature, relative humidity, air velocity, bacte-
rial air load, and ammonia and CO2 concentrations 
were measured to estimate possible interactions with 
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PM and endotoxin concentrations. Results from these 
measurements are presented in Table 2. Temperature, 
relative humidity, air velocity, bacterial air load, and 
ammonia and CO2 concentrations were not associated 
with PM or endotoxin concentrations (P > 0.05).

Mean 24-h PM1.0 concentration was 16.3 ± 17.1 μg/
m3 (range: 0.20–771), and mean PM2.5 and PM10 con-
centrations were 25.0 ± 25.3 μg/m3 (range: 0.50–144.9) 
and 70.3 ± 54.5 μg/m3 (range: 1.6–251.2), respec-
tively. The highest TWA-1h for all PM fractions is 
displayed in Table 2. All values were corrected using 
farm-specific correction factors, as calculated from the 
combined PM10 gravimetric and spectrometric mea-
surement data. The average correction factor was 1.5 
(SD: 1.3; range: 0.05–5.7). All average PM concentra-
tions and TWA-1h concentrations of all PM fractions 
were mutually positively correlated (Spearman >0.6). 
Of the correlated variables, only the most significant 
parameter was retained in the final model. Overall, 
higher concentrations of TWA-1h PM2.5 (P < 0.01) and 
TWA-1h PM10 (P < 0.01) were measured on beef farms 
compared with dairy farms (Table 2). Four different 
dust patterns could be visually distinguished on the 
farms, as displayed in Figure 1. On 29.8% (14/47) of 
the farms the average PM2.5 concentration was >26.2 

μg/m3, and on 48.9% (23/47) of the farms the average 
PM10 concentration was >60 μg/m3. The ROC analysis 
identified 22.4 μg/m3 [area under the curve (AUC): 
0.48; sensitivity (Se): 0.32; specificity (Sp): 0.79] as the 
optimal cut-off to predict ultrasonographic consolida-
tion of ≥1 cm in depth for PM1.0. For the TWA-1h of all 
PM fractions, a maximum allowed concentration was 
calculated by performing a ROC curve analysis for the 
prediction of lung consolidation ≥1 cm in depth. The 
optimal cut-offs were 49.1 μg/m3 (AUC: 0.536; Se: 0.44; 
Sp: 0.75), 102.7 μg/m3 (AUC: 0.534; Se: 0.60; Sp: 0.57), 
and 5,172.3 μg/m3 (AUC: 0.490; Se: 0.14; Sp: 0.94) for 
TWA-1h PM1.0, TWA-1h PM2.5, and TWA-1h PM10, 
respectively.

Results of endotoxin concentrations were available 
from 44 of the 47 farms in the final data set. Samples 
from 3 farms were removed from the data set because 
of negative gravimetrical results, which are physi-
cally impossible. This resulted from incidental loss of 
pieces of the filter. Endotoxin levels expressed per cubic 
meter of air and in the PM10 fraction were strongly 
positively correlated (Spearman: 0.691; r = 1); in the 
multivariable analysis only the most significant of these 
parameters was withheld. No correlation was found for 
endotoxin and the various PM concentrations. Average 
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Table 1. Barn and management characteristics of 24 dairy and 23 beef farms in Belgium (Flanders) housing 
calves indoors in group pens1

Item

Dairy (n = 24)

 

Beef (n = 23)

P-valueNo. of farms % No. of farms %

Draft protection       
 Absent 13 54.2  11 47.8 0.86
 Sidewall curtains 3 12.5  5 21.7 0.88
 Spaceboarding 3 12.5  3 13.0 0.45
 Solid planes 5 20.8  4 17.4 0.80
Shared airspace with dams 14 58.3  10 43.5 0.31
Mechanical ventilation 2 8.3  3 13.0 0.06
Bedding condition       
 Dry 7 29.2  9 39.1 0.60
 Moist 10 41.7  10 43.5 0.31
 Wet 7 29.2  4 17.4 0.47
Nesting score2       
 1 19 79.2  17 73.9 0.91
 2 4 16.7  5 21.7 0.94
 3 1 4.2  1 4.3 0.89
Hay or straw storage inside calf barn 12 50  16 69.6 0.18
Use of straw chopper 4 16.7  4 17.4 0.95
Roughage fed       
 Hay 8 33.3  8 34.8 0.99
 Silage 2 8.3  4 17.4 0.99
 Hay + silage 9 37.5  4 17.4 0.99
 Straw 1 4.2  2 8.7 0.99
 Straw + silage 2 8.3  — —  
1Data were collected from January to April 2017.
21 = calves appeared to lie on top of the bedding with legs exposed; 2 = bedding allowed slight nestling; 3 = 
calves were able to nestle deeply in the bedding.
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endotoxin concentrations measured were 205.7 ± 197.5 
EU/m3 (range: 2.32–901.0) and 4.24 ± 5.50 EU/μg 
(range: 0.03–30.3; Table 3). The ROC analysis showed 
an optimal cut-off of 8.5 EU in the dust mass (AUC: 
0.57; Se: 0.22; Sp: 0.97) to predict the presence of a 
lung consolidation ≥1 cm in depth. This cut-off value 
was exceeded on 11.4% (5/44) of the farms.

Associations with Lung Consolidation

Lung consolidations of ≥1 cm in depth were found 
in 43.1% (146/339) of the calves with a within-herd 
prevalence of 42.1% (SD: 27.7; range: 0–100). Lesions 
≥3 cm in depth were present in 27.4% (93/339) of the 
calves, with a within-herd prevalence of 28.2% (SD: 
26.7; range: 0–100). In 15.3% (52/339) of the calves, 
lung consolidations ≥6 cm in depth were detected, with 
a within-herd prevalence of 18.1% (SD: 26.7; range: 
0–100).

Lung consolidations of all depths were positively as-
sociated with PM1.0 concentrations (either as average 
or as TWA-1h value; Table 4). Endotoxin activity >8.5 
EU in the dust mass was associated with increased 
odds of lung consolidations ≥1 cm and ≥3 cm in depth 
(Table 4). The odds of a calf being positive for lung 
consolidation ≥6 cm increased when average PM1.0 con-
centrations increased and decreased when average PM10 
concentrations increased (Table 4).

Associations with BALf Cytology and Bacteriology

Differential BALf cell counts were completed for 
78.5% (266/339) of the calves. Samples were excluded 
when staining errors or artifacts impeded correct evalu-
ation. Mean TNCC was 1.7 × 106 cells/L (SD: 1.6; 
range: 0–9.7). Mean neutrophil proportion in BALf was 
37.9% (±23.9), whereas macrophage, lymphocyte, and 
epithelial cell proportions were 42.2% (±19.3), 5.3% 
(±5.3), and 14.2% (±12.4), respectively. Of the BALf 
samples, 9.8% (26/266) were positive for basophils and 
14.3% (38/266) were positive for eosinophils.

All major respiratory pathogens could be isolated 
from at least 1 BALf sample, with P. multocida be-
ing the most frequently present (29.2%; 99/339 of 
the samples), followed by Man. haemolytica (13.3%; 
45/339). Isolation of H. somni and M. bovis occurred in 
3.5% (12/339) and 2.1% (7/339) of the BALf samples, 
respectively.

Total nucleated cell counts in BALf increased with 
increasing TWA-1h PM1.0 concentrations. A negative 
association was demonstrated for BALf neutrophil 
percentage and average PM1.0 concentrations. In ad-
dition, TWA-1h PM10 concentrations above the cut-off 
of 5,172.3 μg/m3 were associated with increased BALf 
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neutrophils and decreased BALf epithelial cell percent-
age. Increasing average PM2.5 concentrations were as-
sociated with an increased epithelial cell percentage in 

BALf (Table 5). An interaction was present for the 2 
variables linked with BALf epithelial cells (P = 0.05). 
The effects of PM2.5 on BALf epithelial cell percentage 
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Figure 1. Most frequently observed dust patterns, based on PM10 fraction measurements, in 47 Belgian dairy and beef calf barns measured 
during a 24-h period (January to April 2017). (A) No peak exposure measured; this pattern was detected on 10.6% (5/47) of the farms. (B) 
Presence of multiple small peaks, measured on 17.0% (8/47) of the farms. (C) Presence of multiple high peaks, measured on 51.1% (24/47) of 
the farms. (D) Pattern composed of multiple small peaks and 1 high peak, measured on 21.3% (10/47) of the farms. PM1.0, PM2.5, and PM10 are 
defined as particulate matter (PM) passing through a size-selective inlet with a 50% efficiency cut-off at a 1.0-μm, 2.5-μm, and 10-μm aerody-
namic diameter, respectively. For clarity, only PM10 concentrations are depicted; PM2.5 and PM1.0 concentrations are correlated and follow the 
same pattern.

Table 3. Average 24-h mean endotoxin concentrations in 23 dairy and 21 beef calf housings in Belgium (Flanders) measured over a 24-h period 
during January to April 2017

Item1

Dairy (n = 23)

 

Beef (n = 21)

 

Total (n = 44)

P-valueMean ± SD
Minimum– 
maximum Mean ± SD

Minimum– 
maximum Mean ± SD

Minimum– 
maximum

Endotoxin concentration
 EU/μg of PM10 fraction 5.3 ± 7.6 0.03–30.3  3.2 ± 2.9 0.04–11.9  4.3 ± 5.8 0.03–30.3 0.22
 EU/m3 153.0 ± 133.7 2.4–446.2  247.4 ± 239.2 2.32–901.0  200.2 ± 197.4 2.32–901.0 0.11
1EU = endotoxin unit. PM10 is defined as particulate matter (PM) passing through a size-selective inlet with a 50% efficiency cut-off at a 10-μm 
aerodynamic diameter.
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decreased when a TWA-1h PM10 above 5,172.3 μg/m3 
was observed. Endotoxin concentration was not associ-
ated with any of the BALf cellular characteristics. Of 
all major respiratory pathogens, only P. multocida was 
positively associated with increasing PM2.5 concentra-
tions (Table 5).

DISCUSSION

This study provided the first insights into PM and 
airborne endotoxin concentrations in typical European 
calf barns and showed associations between dust and 
endotoxin concentrations and respiratory health in 
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Table 4. Final multivariable logistic regression model for the association of particulate matter and endotoxin concentrations in barn air with 
lung consolidation of variable depth in 339 indoor group-housed calves in Belgium from January to April 2017

Item1
Regression 

coefficient β (SE) % (no. of calves) Odds ratio 95% CI P-value

Ultrasonographic consolidation ≥1 cm      
 Intercept 2.9 (0.76)    0.0005
 >8.5 EU/μg
  Absent Referent 39.4 (109/277)    
  Present 2.6 (0.72) 83.8 (31/37) 13.9 3.4–58.8 0.0003
 TWA-1h PM1.0 >49.1 μg/m3

  Absent Referent 36.1 (82/227)    
  Present 1.2 (0.38) 57.1 (64/112) 3.3 1.5–7.1 0.002
Ultrasonographic consolidation ≥3 cm      
 Intercept 1.3 (0.75)    0.09
 >8.5 EU/μg
  Absent Referent 25.6 (71/277)    
  Present 1.9 (0.71) 62.2 (23/37) 6.7 1.7–27.0 0.007
 TWA-1h PM1.0 >49.1 μg/m3

  Absent Referent 22.0 (50/227)    
  Present 1.0 (0.46) 38.4 (43/112) 2.8 1.2–7.1 0.02
Ultrasonographic consolidation ≥6 cm      
 Intercept 0.36 (1.3)    0.78
 PM10 average −0.025 (0.012)    0.03
 Average PM1.0 >22.4 μg/m3

  Absent Referent 13.5 (34/252)    
  Present 2.5 (1.2) 20.7 (18/87) 12.3 1.2–125.0 0.03
1EU = endotoxin unit; TWA-1h = 1-h time-weighted average; PM = particulate matter. PM1.0 and PM10 are defined as PM passing through a 
size-selective inlet with a 50% efficiency cut-off at a 1.0-μm and 10-μm aerodynamic diameter, respectively. 

Table 5. Final multivariable linear models for the association of broncho-alveolar lavage fluid cytology and 
bacteriology with particulate matter and endotoxin concentration in barn air in indoor group-housed calves 
(January–April 2017, Belgium)

Item1 No. of calves Regression coefficient β (SE) P-value

TNCC (×109 cells/L) 320   
 Intercept 0.36 (0.014) <0.0001
 TWA-1h PM1.0 (mg/m3) 0.72 (0.29) 0.04
Neutrophils (%) 266   
 Intercept 5.1 × 101 (4.7) <0.0001
 Average PM1.0 (mg/m3) −0.19 (0.088) 0.04
 TWA-1h PM10 >5,172.3 μg/m3

  Absent Referent  
  Present 1.2 × 101 (4.8) 0.02
Epithelial cells (%) 266   
 Intercept 0.78 (0.10) <0.0001
 Average PM2.5 (mg/m3) 3.1 × 102 (1.7 × 101) 0.05
 TWA-1h PM10 >5,172.3 μg/m3

  Absent Referent  
  Present −0.60 (0.27) 0.05
 Average PM2.5 × TWA-1h PM10  0.05
Pasteurella multocida isolation 339   
 Intercept −1.5 (0.25) <0.0001
 Average PM2.5 (mg/m3) 2.0 × 101 (6.8) 0.004
1TNCC = total nucleated cell count; TWA-1h = 1-h time-weighted average; PM = particulate matter; PM1.0, 
PM2.5, and PM10 are defined as PM passing through a size-selective inlet with a 50% efficiency cut-off at a 1.0-
μm, 2.5-μm, and 10-μm aerodynamic diameter, respectively.
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calves. The first major finding of our study was the 
association of PM1.0 with small, medium, and exten-
sive lung consolidations as a proxy for pneumonia. 
This indicates that small dust particles are likely of 
importance in the complex of calf pneumonia, and dust 
control strategies focusing on fine dust may improve 
calf respiratory health. Small particulates can pen-
etrate deep into the respiratory tract, causing oxida-
tive stress, as well as damage the respiratory tract and 
induce airway inflammation. This could favor bacte-
rial growth and increases susceptibility to respiratory 
tract infection and subsequent pneumonia (Ghio, 2014; 
Zhao et al., 2014; Adar et al., 2016). After inhalation, 
particles are normally removed by the mucociliary 
clearance system. When this system is overwhelmed by 
an excessive influx of particles, alveolar macrophages 
phagocytose these particles, resulting in cytokine secre-
tion, attracting neutrophils (Pirie et al., 2003; Laan 
et al., 2006; Miyata and Van Eeden, 2011). This neu-
trophilic response upon inhalation of particles could 
not be evidenced for PM1.0 in our data; however, peak 
PM10 exposure was associated with BALf neutrophilia. 
This peak exposure was also linked with a decrease 
in epithelial cells, which is probably secondary as it 
is negatively associated with neutrophil percentage in 
BALf (van Leenen et al., 2019). Possibly, as in humans 
and horses, chronic exposure to PM results in higher 
basal lung neutrophil concentrations that only increase 
as a response to exceedingly high particulate exposure 
(Sundblad et al., 2009; Ivester et al., 2014). Studies on 
particulate exposure and respiratory health in calves 
are scarce. A previous study reported associations of 
increased concentrations of dust particles of 2.0 to 3.3 
μm with an increase in pneumonia incidence after a lag 
period of 10 to 15 d (MacVean et al., 1986). In pigs, 
increased odds of pleurisy at the end of the fattening 
period were reported with increasing PM10 concentra-
tions. However, it should be noted that PM concentra-
tions can be 10 times higher in pig housing compared 
with dairy barns, with concentrations measured above 
2,000 μg/m3 (Michiels et al., 2015). Important to con-
sider in this context is that our cross-sectional study 
design allowed only for an estimation of the prevalence 
of pneumonia. Ultrasonography has a high sensitivity 
and specificity to detect respiratory disease; however, it 
does not enable distinction between acute and chronic 
lung lesions. Therefore, it cannot be excluded that some 
of the lesions found in the calves were chronic lesions 
or even scar tissue resulting from a previous episode of 
respiratory disease. Our results cannot prove causality 
but only reveal associations, providing hypotheses for 
future work.

The PM concentrations we measured are compared 
with those measured by others using comparable 

measurement protocols and procedures, to avoid bias 
resulting from technical differences. Average concentra-
tions of 16.7 ± 17.3 μg/m3 and 71.9 ± 55.3 μg/m3 were 
measured in our study for PM1.0 and PM10, respectively, 
which is in line with the 7.7 to 12.6 μg/m3 PM1.0 and 65 
μg/m3 PM10 reported in dairy barns (Kaasik and Maa-
sikmets, 2013). For PM2.5, the average of 25.6 ± 25.2 
μg/m3 measured in our study is comparable with the 
PM2.5 concentrations of 18 μg/m3 (Kaasik and Maasik-
mets, 2013), 24 μg/m3 (Garcia et al., 2013), and 35.3 
μg/m3 (Mitchell et al., 2015) measured in dairy barns.

Recommendations regarding allowable PM concen-
trations to prevent respiratory tract disease in animals 
are nonexistent. In several of the studied barns the 
guidelines for 24-h exposure in ambient air for humans 
(50 μg/m3 for PM10 and 25 μg/m3 for PM2.5; World 
Health Organization, 2005) were exceeded, indicating 
possible health effects for farmers and their personnel. 
Based on our findings, maximum PM1.0 concentrations 
<50 μg/m3 may be recommendable to avoid negative 
health effects in calves. As shown in Figure 1, several 
dust patterns can be characterized in calf barns. In 
most of these patterns, 1 or multiple peak exposures 
can be identified. It seems reasonable that these can be 
linked to specific events, such as rebedding and feeding, 
which could be major sources of dust. Other factors 
influencing dust concentrations could be ventilation 
rate and animal movement (Takai et al., 1998; Kaasik 
and Maasikmets, 2013; Pfister et al., 2018). It was not 
the objective of our study to explore the sources of dust 
and their variation. Future studies should explore these 
to gain knowledge on possible dust control measure-
ments and estimate the effects of these measurements.

The second major finding of our study was the associa-
tion of endotoxin in dust mass with lung consolidations 
of ≥1 and ≥3 cm in depth, albeit without the expected 
accompanying BALf neutrophilic inflammatory profile. 
The findings may be explained by secondary effects 
of endotoxin inhalation, endotoxin tolerance, and the 
paradoxical effects of endotoxin exposure, as described 
in other species (Reed and Milton, 2001; Biswas and 
Lopez-Collazo, 2009). Studies on the effect of endotoxin 
inhalation in calves are not available. Therefore, stud-
ies in humans, mice, and horses are used to explore 
several hypotheses. First, the absence of a neutrophilic 
inflammatory response could be explained by endotoxin 
tolerance, a phenomenon that results from chronic in-
halation of low endotoxin doses. Upon acute endotoxin 
exposure, a dose-dependent neutrophilic inflamma-
tory response is elicited in mice and horses (Larsson 
et al., 2000; Ivester et al., 2014). The activated neu-
trophils release enzymes that cause collateral damage 
to surrounding tissues. Hence, this reaction should be 
regulated, resulting in a state of endotoxin tolerance in 
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which cells no longer respond to endotoxin (Biswas and 
Lopez-Collazo, 2009). This mechanism of endotoxin 
tolerance also reduces macrophage responses to future 
microbial stimuli and attenuates neutrophil influx, 
increasing susceptibility to respiratory tract infections 
(Miyata and Van Eeden, 2011; Sahlander et al., 2012). 
The mechanism of tolerance, or the effect of acute high 
or chronic low endotoxin exposure in calves, has not 
been investigated yet. However, it is very likely that 
calves are exposed to substantial endotoxin levels for a 
longer time period, or even from their first day of life 
on, which makes development of endotoxin tolerance 
likely. Second, in humans, chronic exposure to endotox-
in levels slightly higher than those inducing tolerance 
but lower than those responsible for acute exposure ef-
fects give rise to chronic respiratory tract inflammation 
(Reed and Milton, 2001; Sundblad et al., 2009). Instead 
of a pronounced neutrophilic airway response, calves 
that are chronically exposed to low endotoxin levels 
could show a chronic inflammatory response, with high 
baseline neutrophil concentrations that only increase 
when high peak exposures are experienced. Detection 
of the possible presence of higher baseline BALf neu-
trophil levels in calves experiencing chronic endotoxin 
exposure compared with calves that are less exposed 
(e.g., living outdoors) was not the aim of this study and 
therefore cannot be evidenced with our data. Third, 
endotoxin in dust can be present unbound, cell bound, 
or bound to aerosol particles (Davidson et al., 2017). 
The place of action of particle-bound endotoxin de-
pends on the size of the particles. When endotoxins are 
mainly present in the larger particle fraction, they are 
likely to deposit more in the upper respiratory tract, 
eliciting a local inflammatory response, as has been 
shown in poultry workers (Kirychuk et al., 2006). We 
did not sample the upper respiratory tract, but damage 
in this region might predispose calves to the develop-
ment of pulmonary infections. Finally, although chronic 
endotoxin exposure was not associated with inflamma-
tory changes in BALf, it is associated with decreased 
respiratory function and obstructive lung diseases at 
older age in humans (American Thoracic Society, 1998; 
Mitchell et al., 2015). Lung function can be measured 
only by performing respiratory function tests, such as 
spirometry. For practical and financial reasons these 
tests could not be performed in our study, and therefore 
effects of exposure on the respiratory function of calves 
cannot be excluded.

Comparing endotoxin concentrations between studies 
is complex and challenging following discrepancies in 
measuring protocols and methods. The endotoxin con-
centrations measured in calf barns in our study (200.2 
± 197.4 EU/m3) are higher than those reported in 
poultry and pig housing, ranging from 23 to 62 EU/m3 

(Schierl et al., 2007; Kirychuk et al., 2010). However, 
these concentrations were measured in smaller dust 
fractions than our study. Endotoxin concentrations 
vary depending on the sampled dust fraction. Higher 
endotoxin concentrations are detected when larger dust 
particles are included in the analysis compared with 
measurement of only small and fine dust particles. 
Instead of reporting concentrations per cubic meter 
of air, endotoxin load can also be expressed per mass 
dust. Studies that also express EU per mass of PM 
are scarce. Average concentrations of 4.3 ± 5.8 EU/
μg of PM10 in our study are higher than the 0.16 to 
3.9 EU/μg of inhalable dust (Garcia et al., 2013) or 
the 0.44 to 1.03 EU/μg of inhalable dust (Spaan et al., 
2006) reported in dairy barns. These studies analyzed 
endotoxin in the inhalable fraction, which includes all 
particles <100 μm. The PM fraction that was measured 
in our study has a lower total mass compared with 
the inhalable fraction because it mainly contains small 
particles with a low individual weight. If endotoxins 
are predominantly bound to small particles with a low 
mass, their concentration can be higher per mass dust, 
as demonstrated in poultry housing (Jones et al., 1984; 
Kirychuk et al., 2010).

A third finding in our study was the association of 
P. multocida isolation with PM2.5 concentrations. This 
might indicate that this PM fraction functions as a car-
rier for these bacteria (Liu et al., 2018) or reduces in-
nate immunity, allowing the bacteria to further colonize 
and possibly infect the lower respiratory tract (Prat 
and Lacoma, 2016). Furthermore, inhaled PM can have 
an effect on the microbiological composition of the re-
spiratory tract (Adar et al., 2016; Li et al., 2017). This 
could create a suitable environment for opportunistic 
pathogens, such as P. multocida, to reproduce and over-
grow, promoting their isolation from lower respiratory 
tract samples.

This study was subject to limitations. A first limi-
tation results from the discrepancy in possibilities for 
PM and endotoxin measurements, performed at herd 
or pen level, and the assessment of respiratory health 
on the level of the individual calf. By extrapolating 
the environmental herd-level data to the level of the 
individual animal, we assumed that all calves in the 
pen were exposed to similar environmental conditions. 
However, these data should be used cautiously as the 
air composition inhaled by an individual calf might 
vary, despite considering the pen as a microclimatic 
zone with a relatively small surface and impossibility 
for the calves to escape exposure. Future studies should 
consider sampling using personal sampling devices 
mounted on the individual calf, as used in human oc-
cupational medicine. However, these personal samplers 
are not calibrated for use in calves, which display a 
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different breathing pattern compared with humans, 
possibly interfering with the sampling procedure. In 
addition, these personal samplers are designed to mea-
sure 1 PM fraction during a typical work shift of 8 h. 
Inhaled air is a multipollutant mixture, and the specific 
air pollutants responsible for the harmful effects on the 
respiratory tract in calves are not identified to date, 
limiting the use of fraction-specific sampling. Further-
more, personal samplers are less suitable for capturing 
diurnal variation and daytime exposure due to their 
design for relatively short sampling times. Therefore, 
we opted to perform environmental measurements 
with the best possible multipollutant measurement 
device, extrapolating these herd-level data to the level 
of the individual animal. Although this approach has 
its limitations, our data provide the first information 
on PM and endotoxin concentrations in calf barns and 
their possible associations with calf respiratory health, 
aiding in generating a hypothesis on potential causal 
factors in the complex of calf pneumonia and the design 
of future studies.

Second, inherently to the cross-sectional study de-
sign, information on the health status of the calves only 
indicates prevalence of the disease and does not provide 
retrospective information. Only associations could be 
demonstrated, and causality was never evidenced. To 
gain more insight into the effects of air pollutants on 
calf respiratory health, longitudinal studies including 
pulmonary function testing, such as spirometry, should 
be considered. Third, in humans, dust particles are 
classified as inhalable, thoracic, or respirable dust as de-
scribed in EN481 (CEN, 1993) and ISO 7708 (ISO,1995) 
air quality standard classification systems, respectively, 
depending on their deposition pattern in the respira-
tory tract (World Health Organization, 2005). This 
information is lacking in cattle. Studies on deposition 
patterns of PM in the respiratory tract of calves should 
be performed because it is possible that particle distri-
bution in these animals differs from that in humans but 
also from that in older animals (either horses or adult 
cattle), due to the size differences of the respiratory 
tract and the inspired volume (Reinhold et al., 2005; 
Ivester et al., 2014). Consequently, results cannot be 
extrapolated between species or even between different 
age categories within a species. Fourth, in addition to 
PM and endotoxins, other pollutants could be present 
in organic dust, such as β-glucans and pollen (May et 
al., 2012), which could also affect respiratory health. 
Additionally, β-glucans can influence endotoxin analy-
sis by interfering with the LAL reaction (Duquenne et 
al., 2013). These compounds were not tested in this 
study; therefore, their role cannot be excluded. Fifth, 
because PM concentrations are not uniformly dis-
tributed throughout barns, pen concentrations might 

not be representative for the entire barn (Takai et 
al., 1998). Finally, some technical remarks should be 
kept in mind as these could possibly have influenced 
PM and endotoxin concentrations. As demonstrated 
by the range of correction factors obtained for differ-
ent farms, both over- and underestimation of the PM 
concentration occurred with the Grimm spectrometer, 
as documented by others (Van Ransbeeck et al., 2013; 
Winkel et al., 2015b). To counteract this, farm-specific 
correction factors were calculated. These correction fac-
tors were applied to all PM fractions, although calcula-
tions were based on comparison of gravimetrical and 
spectrometric PM10 analysis. By extrapolating these 
correction factors to all measured fractions, bias could 
have occurred, although to date no standard protocol 
for using these specific correction factors is available. In 
addition, endotoxin concentrations could be influenced 
by the sampling protocol. Due to the delay in sampling 
and weighing, some filters were stored at room tem-
perature for a maximum of 3 d. This could have led to 
microbial growth, increasing endotoxin concentrations. 
Furthermore, the use of the detergent Tween-20 in the 
extraction protocol increases the extraction efficiency of 
endotoxin 7-fold (Douwes et al., 1995), which can be er-
roneously interpreted compared with studies performed 
using a different extraction protocol. To conclude, sam-
pling on one filter resulted in sampling of all measured 
PM fractions on this filter. Therefore, it is impossible 
to determine which of the fractions contained most of 
the endotoxin. Future studies should consider sampling 
these different fractions separately to determine which 
fraction contains most of the endotoxins and thus is 
most responsible for the related health effects.

CONCLUSIONS

Concentrations of PM and endotoxins in typical 
European calf barns are comparable with those mea-
sured in adult dairy cattle barns. In this study, small 
PM fractions and endotoxins per mass of dust were 
associated with lung consolidation in calves, indicating 
the potential importance of these air pollutants in the 
pathogenesis of bovine respiratory disease.
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