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Definitions 
 

Organic Dust: A complex mixture of particulate matter and aerosolized biological material 
comprising from human and animal dander, plant and skin fragments, high molecular 
allergens, pollen, viruses, fungal spores and hyphae, bacteria (viable and non-viable) and 
their constituents.1 

Endotoxins: Also referred to as Lipopolysaccharides (LPS); strong pro-inflammatory 
molecules1 comprising of a long polysaccharide complex chain bound to a lipid A component 
(Figure 1).2 Allocated in the external cell-wall membrane of gram-negative bacteria are 
released to the environment primarily through cell replication, death or lysis.3 Endotoxins are 
considered as one of the main and biologically most active constituents of organic dusts.4 

Exposure assessment: An independent study or an integrated part of an epidemiological study 
aiming to describe the basic characteristics (route, pathway, source) and the dimensions 
(concentration, frequency, duration) of human exposure to a specific chemical, biological or 
physical agent.5 

Exposure variability: The amount of variation in exposure intensity of a particular substance 
through time or between persons.5-7 

Exposure determinant: A factor either a workplace (e.g. ventilation, temperature) or a worker 
(e.g. task) characteristic that influences the level of exposure.8  

 

Figure 1. Structure of an LPS derived from Gram-negative bacteria. Slightly modified 
picture adapted from Erridge et al.9 
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Summary in English 
Good exposure assessment practices are fundamental both for the risk identification and 
management as well as for the assessment of causality in epidemiological studies. The recent 
focus on gene-environment interactions in asthma causality has increased the demand for 
more reliable and precise exposure assessment methodologies due to the need to detect 
smaller effects. However, in farming populations both exposure and risk estimations are 
hampered by a large inter-and intra-individual exposure variation, and as a consequence 
traditional quantitative exposure assessment based solely on measurements is costly and a 
methodological challenge.  

The present thesis deals with the foundation and the basic exposure assessment principles 
applied in the SUS cohort. The study was initiated with the aim to provide the cohort with 
valid exposure estimates through modelling approaches, and thereby to increase its potential 
to explore gene-environment interactions and identify exposures driving the harmful and 
beneficial effects of farming. The assessment for dust and endotoxin exposure in the cohort is 
described, and the results are further deployed in exposure-response analysis. 

A screening questionnaire was used to identify the remaining active farming population of 
the initial SUS cohort comprising of 2000 farming apprentices. Based on the results 54 pig, 
26 dairy and 3 mink farms were selected. Furthermore, contacts with 3 poultry farms were 
established through the Danish agricultural advisory service. 507 personal inhalable dust 
samples were collected from 327 farmers employed in the selected farms. Measurements in 
pig and dairy farmers were full-shift and performed during summer and winter, whereas 
poultry and mink farmers were monitored during 4 well-defined production stages. Tasks 
performed by the farmers were recorded in self-administrative dairies, and information on 
exposure determinants was collected through walk-through surveys. The sampled dust was 
analysed gravimetrically and its endotoxin content was determined by the Limulus 
amebocyte lysate assay.  

The measurements showed an overall geometric mean exposure of 2.5 mg/m3 (range <LOD-
47.8) for dust and 992.3 EU/m3 (range <LOD-374,579) for endotoxin. Pig and poultry 
farmers were highest exposed; though, levels above the currently available exposure limit for 
dust (3 mg/m3) and the suggested threshold limit for endotoxin (90 EU/m3) were common 
also among cattle and mink farmers. Simple random-effect analysis on pig and cattle farmers 
showed a substantial day-to-day variability in exposure that increased from indoors-to-
outdoors work. 

Determinants of personal exposure to dust and endotoxin for pig farmers were explored using 
linear mixed effect models. Again, indoor versus outdoor work was seen to play a dominant 
role on the exposure variability. Indoor working tasks related to intense animal activity or 
handling of feed material in storage areas increased exposure, which in contrast decreased 
during field work. High pressure washing was a factor increasing endotoxin exposure. Stable 
characteristics determining dust exposure were related to feeding practices and the ventilation 
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type. For endotoxin the most important determinants were the use of dry feed and the slatted 
floor coverage. Feeding practices could solely explain all the between-farms variability in 
dust and endotoxin exposure.  

The measured levels of endotoxin exposure were used to estimate exposure at baseline for the 
SUS cohort population. A pooled cross-sectional analysis was performed using data from 
four studies of employees occupationally exposed to microbial exposures, including the SUS 
cohort. Exposure-response relationships between endotoxin exposure, allergic sensitization, 
asthma and other respiratory disorders were assessed using exposure estimates derived from 
simple study-specific job-exposure matrices based on more than 1200 quantitative exposure 
measurements. The analysis confirmed the currently available literature by showing a dual 
effect of endotoxin exposure and further suggested possible stronger protective effects on 
farming populations.  

The study show that Danish livestock farmers remain exposed to high levels of dust and 
endotoxin exposure potentially hazardous for their respiratory health. Preventive initiatives 
are needed to create a safer working environment for the farmers. The results from the 
analysis for exposure determinants among pig farmers can be used for an initial prevention 
strategy established on the basis of personal protective equipment for specific work tasks. 
Furthermore, the results demonstrate the potential of the collected data to allow for a 
breakthrough on the identification of determinants of personal exposure in farming, and to 
provide the further analyses of the cohort with the needed valid exposure estimates. The later 
is confirmed by the results of the included epidemiological study.  

However, more have to be done. The developed models for pig farmers will have to be 
expanded and a similar analysis performed for cattle farmers. The identification of 
determinants of personal exposure will hopefully reveal the driving sources of exposure 
variability within farmers, and will provide the research team with essential information for 
the development of the most efficient exposure assignment to be followed within the cohort. 
The described estimation process for dust and endotoxin serve as a model for the analytical 
approach that will be followed for the rest of the exposures of interest in the cohort like 
common allergens, glucans and archae bacteria.   
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Dansk Resumé 
Valide eksponeringsvurderinger er afgørende for både risiko identifikation og 
risikohåndtering samt for kausalitetsvurderinger i epidemiologiske studier. Den aktuelle 
fokus på betydningen af gen-miljø interaktioner i relation til astma ætiologi har øget behovet 
for mere akkurate og præcise metoder til eksponeringsvurderinger for at kunne detektere 
mindre effekter. Blandt landmænd er både eksponerings og risiko estimeringen dog 
besværliggjort af en stor inter- og intra-individuel variation i eksponering, og som en 
konsekvens er traditionelle kvantitative eksponeringsvurderinger, der udelukkende er baseret 
på målinger, særdeles omkostningstunge og en metodologisk udfordring. 

Denne afhandling omhandler de grundlæggende eksponeringsvurderingsprincipper, der 
anvendes i SUS-kohorten. Undersøgelsen blev igangsat med det formål at generere valide 
eksponeringsvurderinger på individniveau for SUS-kohortens deltagere via en 
modelleringstilgang, og derved øge mulighederne for at identificere gen-miljø interaktioner 
samt både skadelige og gavnlige virkninger af landbrugseksponeringer. I afhandlingen 
beskrives, hvordan estimeringen af støv og endotoksin niveauer i kohorten blev foretaget, og 
det beskrives også hvordan disse estimater er brugt i eksponerings-respons analyser. 

Vi brugte et screenings spørgeskema til at identificere den del af den oprindelige SUS 
kohorte (2000 landbrugsskoleelever), der stadig var aktive landmænd. På baggrund af 
resultaterne blev 54 svinebrug, 26 gårde med malkekvæg og 3 minkfarme udvalgt. Desuden 
blev der etableret kontakt til 3 fjerkræbesætninger gennem Videncentret for Landbrug. Der 
blev indsamlet 507 personbårne målinger af inhalerbart støv fra 327 landmænd ansat på de 
udvalgte gårde. Målingerne af svine- og mælkeproducenter foregik over hele arbejdsdagen. 
Der blev foretaget gentagne målinger sommer og vinter. Fjerkræ- og minkavlere blev målt i 4 
veldefinerede produktions stadier.  

Landmændenes arbejdsopgaver blev registreret i selvadministrerede dagbøger, og 
oplysninger om faktorer af betydning for eksponeringen blev indsamlet ved en 
arbejdshygiejnisk gennemgang af gårdenes forskellige afdelinger. Støvprøverne blev 
analyseret gravimetrisk, og deres indhold af endotoksin blev bestemt med et Limulus 
amebocyte lysat assay. 

Målingerne viste en gennemsnitlig geometrisk middelværdi på 2,5 mg/m3( <LOD - 47,8) for 
støv og 992,3 EU/m3 (interval <LOD – 374.579) for endotoksin. Svine- og fjerkræavlere var 
de højest eksponerede, men selv blandt kvæg- og minkavlere var niveauerne ofte over den 
gældende grænseværdi for støv (3 mg/m3), og den anbefalede grænseværdi for endotoksin 
(90 EU/m3). Simple random-effekt analyser for svine- og kvægavlere viste en betydelig dag-
til-dag variation i eksponering, som øgedes fra indendørs til udendørs arbejde. 

Determinanter for svineproducenternes eksponering for støv og endotoksin blev analyseret i 
lineære mixed effekt modeller. Indendørs vs. udendørs arbejde spillede igen en dominerende 
rolle for variabiliteten i eksponeringen. Indendørs arbejdsopgaver relateret til høj aktivitet 
blandt dyrene samt til håndtering af foderstoffer i lagerområder øgede eksponeringen, mens 
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markarbejde sænkede eksponeringen. Højtryksspuling øgede endotoxin eksponeringen 
betydeligt.  

Staldkarakteristika af betydning for eksponeringsniveauerne for støv var fodringsmåde og 
type af ventilation, mens det for endotoxin var forekomsten af tør fodring og spaltegulv. 
Fodringspraksis kunne alene forklare hele variationen i støv og endotoxin eksponering 
mellem gårde. 

De målte niveauer af endotoxin blev brugt til at estimere eksponeringen ved baseline for 
SUS-kohortens medlemmer. Der blev gennemført en pooled tværsnits analyse på data fra fire 
studier af personer erhvervsmæssigt eksponeret for organisk støv, herunder SUS-kohorten. Vi 
foretog eksponerings-respons analyser af endotoksin eksponering og IgE medieret 
sensibilisering, astma og andre luftvejslidelser med eksponeringsvurderinger, der stammede 
fra simple studie-specifikke job-eksponerings-matricer, baseret på mere end 1200 kvantitative 
eksponerings- målinger. Analyserne bekræftede den foreliggende litteratur, idet de viste en 
tvetydig effekt af endotoxin eksponering, og yderligere antydede de en stærkere beskyttende 
effekt for landbrugsbefolkninger. 

Undersøgelsen viser, at danske husdyravlere fortsat udsættes for høje koncentrationer af støv 
og endotoxin, som potentielt kan forårsage luftvejssygdom. Forebyggende initiativer er 
nødvendige for at skabe et mere sikkert arbejdsmiljø for landmænd. Resultaterne fra analysen 
af determinanter for eksponering blandt svineproducenter kan bruges i en indledende 
forebyggelsesstrategi baseret på bl.a. anvendelsen af personlige værnemidler til specifikke 
arbejdsopgaver. Desuden demonstrerer resultaterne de indsamlede datas potentiale til at 
skabe et gennembrud i identifikationen af determinanter, der er af betydning for den enkeltes 
eksponering i landbruget. Analyserne tyder på, at data er velegnede til at udvikle valide 
individuelle eksponeringsestimater for SUS-kohortens deltagere, hvilket også demonstreres i 
det inkluderede epidemiologiske studie.  

Men der skal gøres mere. Modellerne for svineproducenter skal videreudvikles, og 
tilsvarende analyser skal udføres for kvægavlere. Den videre identifikationen af 
determinanter for den enkelte persons eksponering kan forhåbentligt afdække de afgørende 
kilder til eksponeringsvariation for landmænd, og vil betyde at forskergruppen i fremtiden har 
de redskaber, der skal til, for at undersøge og udvælge de mest valide mål for eksponering for 
den enkelte. Den beskrevne proces for estimering af støv og endotoksin vil tjene som model 
for den analytiske tilgang, som vil blive brugt til at estimere andre relevante eksponeringer i 
kohorten som allergener, glucaner og Archae bakterier. 
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1 Introduction 
Good exposure assessment practices are fundamental both for the risk identification and 

management as well as for the assessment of causality in epidemiological studies. The recent 

focus on gene-environment interactions in asthma causality has further increased the need for 

improvement of the currently available exposure assessment methodologies due to the 

necessity to detect smaller effects.10  

When it comes to asthma causality, farming populations have emerged as highly important 

due to their unique exposure environment and the low prevalence of atopic asthma and 

sensitization when compared to the general population.11 However, exposure assessment in 

farming populations is cumbersome and costly because farm entities tend to be small-sized 

and disperse over large distances.12 Furthermore, the personal exposure levels of farmers tend 

to vary considerably both between- and within individuals. This variation, if not addressed, 

can result in large measurement errors,13 which can hamper risk estimations and consequently 

the ability to assess gene-environment interactions.  

The present PhD dissertation deals with the improvement of the applied methodologies for 

exposure assessment in farming populations. The dissertation represents the initial steps of a 

nested study within the 15th year follow-up of the SUS cohort (SUS12) aiming to develop a 

model-based exposure assessment method for dust and Microbial Associated Molecular 

Pattern (MAMP) exposures. In this framework, the thesis opens with a brief overview of the 

health effects of farming in a historical and current prospective, and the general aim and 

scopes of the SUS12 study are presented. An overview of reported levels of dust and 

endotoxin exposure within animal farming environments is then given, followed by a 

discussion on the implications of variability in exposure and risk assessment and an overview 

of determinants of exposure to dust and endotoxin among animal farmers. Next, the status 

and characteristics of the Danish primary animal production is presented. The aims of the 

present study are then introduced and a brief description of the applied methodologies 

follows. The main results of the three manuscripts (from now on referred to using their 

Roman numerical; i.e. I, II, III) composing the core of the present work are summarized in 

the following section, which is followed by a discussion both in respect to the findings and 

applied methodologies as well as to the future perspectives of this work. The thesis concludes 

with an Appendix that includes examples of the field surveys and the three manuscripts with 

their online supplements.     
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1.1 Respiratory effects of farming: historical overview and current findings 

The hazardous nature of the farming environment has been acknowledged even before 

Ramazzini’s milestone work De Morbis Artificum Diatriba [Diseases of Workers]. Olaus 

Magnus, a Swedish archbishop, is reported as the first to notate the health effects of farming 

among grain threshers in 1555.12,14 There was sparse focus on the farmers’ health until the 

late 1970’s when Donham et al.15 published results from a study among Iowa swine 

confinement workers that reported increased respiratory health symptoms in relation to high 

levels of measured gaseous exposures. Donham and colleagues results triggered the 

researchers’ interest on the health effects of farming. Since then, numerous studies have 

assessed the health status of farmers either in relation to specified exposures or, most 

frequently, in simple comparisons with non-farming populations.  

The farming environment is rich in terms of exposure agents.16,17 Farmers are routinely 

exposed to chemical, mineral, microbial, plant, and animal originated agents through all 3 

routes of exposure (i.e. inhalation, dermal absorption, and ingestion). Though, the inhalation 

route is considered to be far the most important concerning respiratory health. The respiratory 

effects of farming have been reviewed in details by Schencker et al.12 and Omland.18 Several 

updates of these reviews have been published, either focusing on specific exposures and 

settings or on specific symptoms.19-25 In general, epidemiological studies show farmers to 

have higher respiratory morbidity in comparison to both other occupational groups and the 

general population. Particular disorders more prevalent among farmers include asthma and 

asthma like symptoms, chronic bronchitis, organic dust toxic syndrome (ODTS), allergic 

alveolitis, bronchial hyperresponsiveness, and acute or chronic decline in lung function. Most 

of the literature is based on cross-sectional studies, but longitudinal studies have confirmed 

an increased incidence of chronic bronchitis and accelerated decline in lung function in 

relation to long-term exposure to farming.  

Specific agents associated with respiratory disorders among farming populations include 

ammonia (NH3),
12,18,26 hydrogen sulfide (H2S),26 and organic dusts from microbial and 

animal origin like allergens, endotoxins, and glucans.12,18,27-29 Of those, organic dust 

constituents are considered the most important, with endotoxins being the most investigated 

agents.4,30,31 Endotoxins, complex lipopolysaccharide molecules with strong pro-

inflammatory capabilities,1 are associated to several acute and systemic respiratory disorders, 

including organic dust toxic syndrome (ODTS), bronchial hyper-responsiveness, airway 

inflammation, chest tightness, cough, shortness of breath, wheezing, and chronic 
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bronchitis.20,22,26-28,32 Beside organic dusts, other inorganic agents (e.g. silica and quartz)12,26 

or chemical substances (e.g. disinfectants)33,34 have also been suggested to pose a challenge 

to the farmers’ respiratory tract. Though, according to Heederik et al.10 and Sigsgaard et al.,13 

studies with integrated exposure assessments have been very focused, and especially in 

relation to asthma few in numbers, despite the increased awareness and recognition of the 

possible influential presence of other causal agents (e.g. antibiotics) on top of the previously 

mentioned. 

In the late 90’s, results emerging from epidemiological studies in Central and Northern 

Europe suggested a lower risk for atopic sensitization and asthma in children with than 

without a farm childhood.35-37 This protective effect was attributed to high exposure to 

microbial agents of primarily bacterial and fungal origin,38 a speculation reaffirmed in studies 

using quantitatively measured exposures, mainly house-dust endotoxin.39-42 Results from 

studies among adolescent43 and adult populations44-46 suggested a persistent protective effect 

of farm childhood into adulthood.  In 2002, Portengen et al.,47 in an analysis of the baseline 

SUS cohort health data, reported a lower prevalence of IgE-mediated sensitization among 

current farmers compared to rural non farmers. The decreased risk appeared to be 

independent of farm childhood, thus implying a potential for a protective effect even of 

current farming against sensitization. Consistent with the findings of Portengen et al., later 

studies among farming45,48,49 and rural-dwelling46 populations showed lower risks for allergy 

or asthma symptoms in persons combining exposure to farming during both childhood and 

adulthood.  

In 2004, Eduard and colleagues published results from a cross-sectional study among 

Norwegian farmers describing relationships between exposure to microbial agents and 

ammonia, asthma per se, and serum-defined sensitization.50 Using personal exposure 

monitoring, the authors reported the prevalence of asthma among sensitized farmers to 

decrease with increased exposure to endotoxin, fungal spores, or ammonia. On the contrary, 

elevated levels of exposure among atopic workers appeared to increase the likelihood of 

asthma. In addition, cross-sectional  investigations among farmers51 and agricultural industry 

workers27,28 from the Netherlands showed endotoxin exposure to decrease the likelihood of 

sensitization, but at the same time to increase the risk for respiratory symptoms and bronchial 

hyper-responsiveness. These findings, although in support of the suggested protective effect 

of farming on sensitisation, highlight the complexity of the interactions between 

environment, exposure, and disease. 
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Currently, asthma and allergic diseases are recognized as the outcomes of complex 

interactions between environmental exposures, heredity, and epigenetic changes; a fact that 

explains the existence of different phenotypes and levels of disease severity.10,52,53 In this 

context, as previously comprehensively reviewed,10,52,54,55 several studies has been initiated to 

enlighten the mechanisms underlying the complex interplay between environmental 

exposures and the individuals’ genetic makeup that determine immune responses leading to 

asthma and allergies. However, the focus on occupational populations has been relatively 

small despite the potential of serving as a model for understanding asthma.10 Considering 

adult farming populations, very few studies have been published;56-58 regardless that the first 

analysis describing farming as an effect modifier on the association between -1-Antitrypsin 

(A1A) and Bronchial hyperresponsiveness was published by the SUS cohort team as early as 

in the mid-90s.59 The studies suggest farming exposure to modify the risk for asthma and 

allergy only to a limited extend, highlighting that the assessment of gene-environment 

interactions is a rather difficult process that requires a priory powered design to detect small 

effects and emphasis on precise and reliable measurements for genotypes, phenotypes, and 

exposures.10 Given the complexity of exposure assessment in farming populations,13 the 

establishment of state of the art gene-environment analyses in studies focused on the long-

term effects of the farm environment on allergy and lung function as well as the different 

phenotypes of asthma, poses a challenge.  

 

1.2 The SUS study 

The SUS study was initiated in 1992 with the aims to a) describe the prevalence and 

incidence of respiratory symptoms in a farming environment and b) investigate the effect of 

farming on the development of allergy, asthma and respiratory disease.60 The study 

population included all 2458 second year students at the farming schools of Denmark and a 

control group of 967 conscripts in the Danish army. Recruitment occurred between February 

1992 and February 1994, and overall 2004 farming school students (81%) and 592 conscripts 

(61%) gave consent to participate in the study. Of the farming school students that gave 

consent, 40 (2%) failed to participate in the baseline clinical investigations. The final 

population sample consisted of 1964 students and 407 randomly selected conscripts. Through 

the years the study produced 14 peer-reviewed publications the most interesting findings of 

which are summarized in Table 1.   
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Table 1 Main results of the SUS study published in peer-reviewed articles. (Slightly modified 
table adapted from Elholm et al.60) 
Reference Main findings 

61 The resistance of the mini-Wright flow meter causes less variation in recordings but reduce peak 
expiratory flow. 

62 Skin prick tests to house dust and storage mites were more prevalent among controls compared 
with male and female farming students; size of house dust mite weal and number of positive skin 
prick reactions were associated with BHR. 

63 No relation between asthma and farming exposure was seen, but lung function was slightly 
reduced in the male farming students compared with male controls. Prevalence of asthma was 
related to smoking, female sex, and family history of asthma and allergy. 

64 The shape of the maximum expiratory flow-volume curve reflects exposure in farming. 

65 S and Z α1-antitrypsin alleles are risk factors for BHR in young farmers indicating a 
gene/environment interaction. 

66 LDS using FEV1 is the best spirometric index to measure short time repeatability of histamine 
bronchial testing. 

47 Farming students born and raised on a farm had lower prevalence of allergic symptoms, BHR, 
positive SPT, and specific IgE than students raised on a farm. 

67 Selenium measured both in serum and urine is associated with mild asthma and atopy. 

68 For asthmatics the time domain index αl75 was found to discriminate better among the flow 
indices applied whereas for BHR the LDS using FEV1 was superior to other measures of BHR. 

69 CD3 levels in young farmers correlate with respirable dust exposure levels during work in swine-
confinement housing. 

70 Exposure to work-related levels of swine dust upregulates CD106 in human alveolar 
macrophages. 

71 A single exposure to organic dust in non-naïve non-exposed volunteers induces long lasting 
symptoms of endotoxin tolerance. 

57 CD14/-260 and CD14/-651 promoter polymorphisms associated with atopy prevalence in young 
adults with farm exposure. 

Abbreviations: BHR=Bronchial hyperresponsiveness; LDS=Log dose slope; SPT=Skin prick test. 

 

In 2006, the 15th year follow-up of the study was initiated aiming to assess the role of 

exposure to microbe-associated molecular patterns (MAMPs) on the development of allergy 

and respiratory disease, and to describe interactions between genes, diseases and 

environmental exposure both independently and within the GABRIEL post genome FP6 

project (www.gabriel-fp6.org) to which it is a part of. The Gabriel consortium is a pan 

European multidisciplinary study that aims to disentangle the genetic and environmental 

causes of asthma, and to lead the development of new preventative and therapeutic strategies 

to combat the asthma epidemic in Europe and worldwide. The SUS cohort together with 3 

other organic dust exposed cohorts comprises the industrial cohort component of the 

consortium, which is established in close collaboration between the School of Public Health, 
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Aarhus University and Institute of Risk assessment Sciences (IRAS), University of Utrecht, 

the Netherlands.  

A comprehensive quantitative exposure assessment approach based on personal 

measurements of dust and MAMP exposure was included in the follow-up study to allow 

assessment of gene-environment interactions, and to disentangle the limitations of the 

qualitative exposure assessment approach adapted at baseline. The quantitative exposure 

assessment form the core of all analysis presented in the current dissertation, and it is used to 

estimate exposure at both baseline and follow-up. As an example, the measurements are used 

to model exposure at baseline and to perform a pooled analysis within the framework of the 

GABRIEL consortium. The results of this study are summarised in Manuscript II. 

 

1.3 Dust and endotoxin exposure in animal farming populations 

Within the last decades the exposure conditions in animal farming have been the subject of 

numerous exposure assessment studies. A large part of this literature is published in 

engineering periodicals, conferences and conference proceedings, thus complicating the 

performance of any comprehensive review on the reported levels of dust and endotoxin 

exposure within animal production facilities. Nevertheless, I have made a review of the 

applied sampling methodology and the reported levels of total or inhalable personal dust and 

endotoxin exposure for studies on active sampling published in PUBMED indexed 

periodicals during the last 30 years. The literature search was performed using the following 

keywords: personal, exposure, dust, endotoxin, swine, pig, hog, poultry, broiler, layer, cattle, 

cow, dairy, farm, farmers, agricultural or agriculture. Searches were performed in blocks of 

minimum 3 words with one of the terms exposure, dust or endotoxin always included. 

Additional references were obtained through the reference list in the identified publications.   

Due to the topic of the present PhD thesis only studies related to cattle, pig, and poultry 

farming were reviewed. Experimental studies or studies involving monitoring of non-farmers 

as well as those measuring exposure solely among slaughters, processing workers, or poultry 

catchers were excluded. In case of several publications reporting exposure estimates from the 

same measurement series, the one presenting original values with the most adequate and 

detailed methodology description was used; though, supplementary information was 

extracted from the other publications. When findings were reported in one or more 

publications using both time-weighted and original estimates, the later findings were used. In 
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addition, summary statistics from log-transformed concentrations were preferred. Overall, the 

literature search resulted in 28 publications reporting dust and endotoxin levels from 27 

different measurement series among farmers (Table 2). Of those, 12 were on pig farmers, 5 

on poultry farmers, and 6 on cattle farmers; whereas the remaining 4 studies were 

comparative studies reporting exposure among several agricultural production sectors.  

Approximately half of the included publications reported the well defined “inhalable” dust 

and endotoxin exposure fraction (defined as the mass fraction of total airborne particles 

inhaled through the nose and mouth, typically these particles have a mean aerodynamic 

diameter of <100 μm), while the remaining reported the less well defined “total” fraction (all 

dust particles irrespectively of their size, in Denmark defined as dust sampled by sampler 

inlet velocity of 1.25 m/s) of dust and/or endotoxin making therefore direct comparisons 

difficult. On top of that, many of the identified studies do not have adequate descriptions of 

the applied sampling methodology. Crucial information like the type of sampler and the 

sampling flow, the applied sampling strategy (e.g. full-shift or task based monitoring), the 

monitoring time, or even the range of measured concentrations are absent, which further 

complicate comparisons of the studies. Furthermore, the studies vary considerably in methods 

of extraction and analysis used for endotoxin determination, i.e. all three methods (endpoint, 

chromogen-kinetic and turbometric-kinetic) of the Limulus amoebocyte lysate (LAL) assay 

are used, and even the newer recombinant factor C (rFC) bioassay for endotoxin 

determination is applied in a few studies. 
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Table 2 Dust and endotoxin concentrations alongside sampling characteristics from personal measurements reported in the literature.   
Reference Farm characteristics Sampling characteristics Measure Dust (mg/m3) Endotoxin (EU/m3)  Strategy 

Type n Fraction Sampler* Filter Flow 
rate 
(l/min) 

Sampling 
Time (hr)** 

N Average  Range N Average  Range CTRY 

Pig farmers                 

Haglind and 
Rylander, 198772 

n.s 19 farms Total n.s n.s n.s n.s AM ≤29  4.9 2.2-15.2 ≤29 n.s 200-19,000^ SE FS 

Holness et al., 
198773 

Finishing 36 farms Total n.s PVC 2.0 9 GM 53 2.06# 0.27-12.81 n/a n/a n/a CA FS 

Donham et l., 198974 n.s 30 buildings Total n.s n.s n.s n.s AM n.s 6.8  1.8-21.7 n.s 2,400^ 200-11,000 SE  n.s 

Christensen et al., 
199275 

Breeding 11 farms Total  CFC  CN 1.9 5.9 AM 22 4.13  1.12-6.76 22 640^ 90-1,200 DK OS 

Vinzents and 
Nielsen, 199276 

Breeding 11farms Total  CFC CN 1.9 n.s GM 23 4.00 n.s 23 702^ n.s DK OS 

Vinzents and 
Nielsen, 199276 

Breeding 2 farms Total  CFC  CN 1.9 ~3.3 GM 16 3.11# n.s 16 789#^ n.s DK TB 

Choudat et al., 
199477 

n.s 28 buildings  Inhalable n.s PVC n.s n.s AM 4 3.63 1.63-7.51 n/a n/a n/a FR n.s 

Donham et al., 
199578 

n.s 107 farms Total n.s  CA 2.0 n.s  GM 201 

 

4.53 n.s 201 

 

202 n.s US n.s 

Preller et al., 199579 All 198 farms Inhalable PAS6 TF 2.0 8.3 (5.2-10.4) GM 360  2.4# 0.3-26.6 350 920# 56-15,030 NL FS 

Simpson et al., 
199980 

Breeding 11 sites Inhalable IOM GF 2.0 4.7 GM 27 5.78 0.76-19.09 27 6,600^ 600-149,923 GB FS 

Radon et al., 200217 All n.s Inhalable GSP GF 3.5 2.3 (1.3-4.3)  MDN 40 3.95 71.1-13.8 40 580^ 13-11,017 DK OS 

Radon et al., 200217 All n.s Inhalable GSP GF 3.5 0.9 (0.2-2.8)  MDN 100 5.00 <LOD-76.7 100 763^ 0.1-20,901 DE OS 

Spaan, et al., 200681 n.s n.s Inhalable GSP GF 3.5  >1.8†† GM 6 2.6 1.6-5.4 6 1,510 992-6,970 NL FS 

Melbostad and 
Eduard, 200182 

n.s n.s Total CFC 

 

PC 1.0 <1h GM 29-32 3.1 

 

n.s 29-
32 

23,000 n.s NO TB 

Mc Donnell et al., 
200883 

Weaners 5 buildings Inhalable IOM GF n.s 6-8 MDN 12 4.69 0.25-7.6 n.s n.s n.s IE FS$ 

Mc Donnell et al., 
200883 

Finishing 5 buildings Inhalable IOM GF n.s 6-8 MDN 6 2.31 1.9-5.0 n.s n.s n.s IE FS$ 

Mc Donnell et al., 
200883 

Farrowing 5 buildings Inhalable IOM GF n.s 6-8 MDN 10 1.49 0.29-4.4 n.s n.s n.s IE FS$ 

Mc Donnell et al., 
200883 

Dry sow 5 buildings Inhalable IOM GF n.s 6-8 MDN 11 1.1 0.25-3.5 n.s n.s n.s IE FS$ 

Mc Donnell et al., 
200883 

General 5 buildings Inhalable IOM GF n.s 6-8 MDN 8 2.99 1.1-5.6 n.s n.s n.s IE FS$ 
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Table 2 Continued.   
Reference Farm characteristics Sampling characteristics Measure Dust (mg/m3) Endotoxin (EU/m3)  Strategy 

Type n Fraction Sampler* Filter Flow 
rate 
(l/min) 

Sampling 
Time (hr)** 

N Average  Range N Average  Range CTRY 

Kim et al., 200884 Finishing 150 
buildings 

Total CFC GF 2.0 2-3 AM n.s 3.02  

 

0.64–6.67 n/a n/a n/a KR TB 

Bonlokke et al., 
201085 

Finishing n.s Total CFC PVC 2.0 ~4 (0.7-7.3) MDN† 41 2.39-3.8  0.61-10.24 

 

n/a n/a n/a CA OS 

Bonlokke et al., 
201085 

Finishing n.s Total CFC GF 2.0 ~4 (0.7-7.3) MDN† n/a n/a n/a 41 6,553-
25,690  

1,800-69,096 CA OS 

O'Shaughnessy et 
al., 201086 

Gestation/ 
Farrowing  

2 facilities Inhalable IOM PVC 2.0 ~ 7 GM† 34 0.83-
3.76# 

n.s 34 400-
2,500#  

n.s US FS 

Cattle farmers                 

Virtanen et al., 
198887 

Dairy 18 farms Total n.s CA/CN  2-20 n.s AM 31 2.4 0.2-7.4 n/a n/a n/a FI n.s 

Kullman et al., 
199888 

Dairy 85 farms Inhalable IOM 
similar 

PVC 2.0 4-6 GM 159 1.78# 0.007-53.6 194‡ 647# 25.4-34,800 US OS 

Nieuwenhuijsen et 
al., 199989 

Dairy 2 farms Inhalable IOM  PVC 2.0 n.s†† GM† 17 0.3-0.62 n.s 17 10.9-
120.4 

n.s US TB 

Melbostad and 
Eduard, 200182 

n.s n.s Total CFC 

 

PC 1.0 <1h GM 33-36 1.2 n.s 33-
36 

2,200 n.s NO TB 

Berger et al., 200590 n.s 23 farms Inhalable n.s GF 3.5  n.s MDN 23 1.78 0.25-58,22 n/a n/a n/a DE n.s 

Firth et al., 200691 Dairy 18 farms Inhalable IOM  n.s 2.0 4 MDN 18 0.6 n.s n/a n/a n/a NZ TL 

Spaan, et al., 200681 Dairy n.s Inhalable GSP GF 3.5 >1.8†† GM 8 1.3 0.4-2.3 8 560 62-2,230 NL FS 

Spaan, et al., 200681 Dairy/ 
breeding 

n.s Inhalable GSP GF 3.5 >1.8†† GM 4 1.5  0.7-2.7 4 1,570 444-3,860 NL FS 

Saito et l., 200992 Diary n.s Inhalable IOM  PVC 2.0 6-8 GM n/a n/a n/a 17 752 n.s US FS 

Saito et l., 200992 Feedlot n.s Inhalable IOM  PVC 2.0 6-8 GM n/a n/a n/a 48 1,097 n.s US FS 

Burch et al., 201093 Feedlot n.s Inhalable IOM  PVC 2.0 n.s GM 55 2.4# n.s 55 943# n.s US FS 

Burch et al., 201093 Diary n.s Inhalable IOM  PVC 2.0 n.s GM 15 2.4# n.s n.s n.s n.s US FS 

Poultry farmers                 

Lenhart et al., 
199094 

Broilers 22 farms Inhalable CFC PVC 1.5 0.25-1.5 GM >26 24.2 12.9-78.2 >26 2,100^ 530-9,200 US TL 

Nieuwenhuijsen et 
al., 199989 

n.s 1 farms Inhalable IOM  PVC 2.0 n.s†† GM† 11 1.77-6.67 n.s 11 222.3-
1,861.2 

n.s US TB 

Golbabaei and 
Islami., 200095 

Parental 
stock 

4 barns Total n.s TF 1.5 n.s AM† n.s 7.1-21.3 n.s n.s 206^ n.s IR n.s 
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Table 2 Continued.   
Reference Farm characteristics Sampling characteristics Measure Dust (mg/m3) Endotoxin (EU/m3)  Strategy 

Type n Fraction Sampler* Filter Flow 
rate 
(l/min) 

Sampling 
Time (hr)** 

N Average  Range N Average  Range CTRY 

Golbabaei and 
Islami., 200095 

Layers 3 barns Total n.s TF 1.5 n.s AM† n.s 10.5-15.8 n.s n.s 142^ n.s IR n.s 

Golbabaei and 
Islami., 200095 

Broilers 6 barns  Total n.s TF 1.5 n.s AM† n.s 3.7-4.2 n.s n.s 187^ n.s IR n.s 

Golbabaei and 
Islami., 200095 

Control 
rooms  

n.s Total n.s TF 1.5 n.s AM† n.s 1.1-3.1 n.s n.s 68-138^ n.s IR n.s 

Melbostad and 
Eduard, 200182 

n.s n.s Total  CFC PVC 1.0 <1h GM 24-32 5.0 n.s 24-
32 

4200 n.s NO TB 

Donham et al., 
200296 

Layers, 
broilers, 
turkey & 
shacklers 

n.s Total CFC PVC 1.0-2.0 n.s AM 238 6.5 0.02-81.33 236  1,589 0.24-39,267 US FS 

Radon et al., 200217 Layers & 
broilers 

n.s Inhalable GSP GF 3.5 0.5 (0.2-2.2) MDN 40 7.01 0.42-21.75 40 2,576^ 190-16,348 CH OS 

Whyte, R.T. 200297 Layers, 
barn houses 

n.s Inhalable IOM  GF 2.0 n.s AM 12 10.8 n.s n.a n.a n.a UK FS 

Whyte, R.T. 200297 Layers, 
battery 

n.s Inhalable IOM  GF 2.0 n.s AM 9 4.8 n.s n.a n.a n.a UK FS 

Whyte, R.T. 200297 Layers, 
barn houses 

n.s Inhalable IOM  GF 2.0 n.s AM † 55 5-71 n.s n.a n.a n.a UK TB 

Kirychuk et al., 
200698 

Broiler & 
Turkey 

ns Total CFC GF 2.0 1.6 AM 80 9.56 n.s 80 7,484 n.s CA OS 

Kirychuk et al., 
200698 

Layers, 
cages  

ns Total CFC GF 2.0 2.7 AM 31  7.57 n.s 31 9,544 n.s CA OS 

Spaan, et al., 200681 Layers n.s Inhalable GSP  GF 3.5 >1.8†† GM 2 9.5 6.6-14 2 2090  1,716-2,550 NL FS 
Spaan, et al., 200681 Broilers n.s Inhalable GSP GF 3.5 >1.8†† GM 2 4.2 4.0-4.4 2 880 520-1,500 NL FS 
Spaan, et al., 200681 Layers, 

free-range 
n.s Inhalable GSP GF 3.5 >1.8†† GM 6 3.6  1.6-11 6 2140 360-8,120 NL FS 

Abbreviations and explanations: n=Number; n.s=Non specified; n.a=Not available; AM=Arithmetic mean; GM=Geometric mean; RNG=Range; CTRY=Country ISO abbreviation; CFCM=Close 
faced Millipore; CFC=Close faced; CN=Cellular nitrate; CA= Cellulose acetate; GF=Glass-fibre; PC=Polycarbonate; PVC=Polyvinylchloride; TF=Teflon; OS=Only stable work; TB=Task-based; 
FS=Full-shift; TL=Time limited 
# TWA values; *Total samplers defined only by the inlet function (open/closed); **Given based on the info provided; ^Transformed value using a 1ng eq to10 EU standard; $Excluding brakes; 
‡Includes area measurements; †Range of averages; ††Values given for a larger sample of measurements 
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Nevertheless, full-shift average levels of inhalable dust in the included studies were between 

0.8 and 10.8 mg/m3 and for inhalable endotoxin between 400 and 6,600 EU/m3. Pig and 

poultry farmers appear to be somewhat higher exposed than cattle farmers, and this pattern 

seems to be consistent when looking also at the “total” dust and endotoxin exposure 

estimates. The highest average for endotoxin exposure is reported among pig farmers, but it is 

derived through task based measurements and thereby it is heavily influenced by the short 

sampling duration. The results from studies measuring exposure solely during stable work 

suggest poultry farmers to be highest exposed both in respect to dust and endotoxin exposure. 

These findings are in accordance with the results from studies measuring dust and endotoxin 

exposure with the use of stationary sampling (Table 3). However, stationary sampling tends 

to somewhat underestimate the level of exposure, as supported by studies assessing exposure 

by both stationary and personal monitoring.74,77,84,87,88,90 

The evident large variation in the reported concentrations can partly be attributed to the 

different sampling and analytical methods,99-101 but most importantly to the alternating daily 

working tasks of the farmers and the several environmental and engineering factors that 

influence the dust and endotoxin exposure within animal buildings.79,102,103 Specifically, in a 

re-analysis of data from a study among Californian livestock and arable farmers, the average 

exposure concentrations within farmers were estimated to lie within a 63-folds difference for 

dust, and within 523-folds for endotoxin.13 Similarly, Preller and colleagues,104 in a study 

with repeated exposure measurements among Dutch pig farmers, reported daily dust and 

endotoxin exposure concentrations to average within a range of 9- and 21-folds, respectively. 

In the same population, variations within average personal concentrations were within a 4-

fold range. This specific study represents a landmark in the field of exposure assessment 

among farming populations as it included a detailed discussion of the implications and the 

handling of exposure variability in an epidemiological context, and was followed by a 

comprehensive evaluation of factors affecting exposure both in the personal and temporal 

(day-to-day) level. In the following chapters these findings are discussed along with those 

from other studies.   
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Table 3 Dust and endotoxin concentrations from stationary measurements reported in a sample of selected studies.  
Reference Farm characteristics Fraction Sampling 

Time (hr)* 
Measure Dust (mg/m3) Endotoxin (EU/m3)  

Type n n Average  Range n Average  Range CTRY 

Pig farmers             

Clark et al., 1983105 n.s 8 farms Total 1 AM 18 3.08 1-8 18 1200^ n.s SE 

Donham et al., 1986106 Farrowing/ 
Nursery/ 
Finishing 

21 buildings Total n.s AM 126 6.25 n.s n/a n/a n/a US 

Attwood et al., 
1986107 

Finishing 4 buildings Total 6 GM 26 1.32 0.69 – 2.29 14 627^ 80-2520 NL 

Attwood et al., 
1987102 

Finishing  ~70 buildings Total 6 GM 70 2.82 0.47- 9.55 70 1200^ 350-3130 NL 

Attwood et al., 
1987102 

Farrowing 
& nursing 

~100 buildings Total 6 GM 100 4.9 1.29 – 23.48 96 1280^ 230-4450 NL 

Donham et l., 198974 n.s 30 buildings  Total 3-6 AM  60 4.3 1.4-8.3 60 1800^ 400-3.300 SE 

Cormier et al., 1990 
108 

Farrowing/ 
finishing 

4 Total 1 AM 20 3. 85 n.s n/a n/a n/a CA 

Crook et al., 1991109 Finishing 20  houses Total n.s AM† 120 1.66-21.04 n.s n.s n.s n.s UK 

Dutkiewicz et al., 
1994110 

Farrowing/ 
finishing 

5 houses Total n.s AM† 10 3.03-14.05 n.s 10 18800-750000^ n.s PL 

Zelda et al., 1994111 All 50 buildings Total  n.s MDN n.s 2.77 1.71-5.02 n.s 5,427 438-41,307 CA 

Mackiewicz B., 
1998112 

Breeding 3 farms Total n.s  AM  n.s 8.76 2.02-14.05 n.s 228,000^ 18,800-312,500 PL 

Takai et al., 1998113 All 134 buildings Inhalable 12 AM 256‡ 2.19 n.s n.s n.s n.s EU 

Seedorf et al. 1998114 All 110 buildings Inhalable 12 AM† n.s n.s n.s n.s 523-1865^ n.s EU 

Choudat et al., 199477 ?? 28 buildings Total n.s AM 21  2.41 0.29-8.55 n/a n/a n/a FR 

Choudat et al., 199477 ?? 28 buildings Inhalable n.s AM 28 1.82 0.23-6.71 n/a n/a n/a FR 

Chang et al., 2001115 All, open 
style 

30 buildings Ambient 6 AM 90 0.24 0.03-1.11 60 140 14.4-818 TW 

Duchaine et al., 
2001116 

n.s 7 buildings Total ~4 GM† 21 0.58-1.89  21 3927 729-18425 CA 

Schierl et al., 2007117 Finishing 
houses 

4 buildings Inhalable 1 or 6 MDN  n.s n.s n.s 18 668.7 43.2-7,469 DE 

Kim et al., 200884 All 150 buildings Total 8 AM 300 1.88 

 

0.53–4.37 n/a n/a n/a KR 

Thorne et al., 2009118 Finishing 4 buildings Inhalable 4 GM 40 1.91 0.16-7,05 40 3100 59-57800 US 
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Table 3 Continued.  
Reference Farm characteristics Fraction Sampling 

Time (hr)* 
Measure Dust (mg/m3) Endotoxin (EU/m3)  

Type n n Average  Range n Average  Range CTRY 

Thorne et al., 2009118 Hoop 
finishing  

3 buildings Inhalable 4 GM 30 1.4 0.01-5.47 30 3250 48-37700 US 

Létourneau et al., 
2010119 

Finishing 18 buildings Total 4 AM† 54 1.02-1.77 0.49-2.83 54 3170-51900 n.s CA 

Cattle farmers             

Virtanen et al., 198887 Dairy  18 farms Total n.s AM† 36 1.4-1.5 0.3-6.3 n/a n/a n/a FI 

Kullman et al., 199888 Dairy 85 farms Total  4-6 GM 211 0.74# 0.007-6.5 n.s n.s n.s US 

Takai et al., 1998113 Beef/ dairy/ 
calves 

118 buildings Inhalable 12 AM 231‡ 0.38 n.s n.s n.s n.s EU 

Seedorf et al. 1998114 Beef/ dairy/ 
calves 

67 buildings Inhalable 12 AM n.s n.s n.s n.s 74-639^ n.s EU 

Berger et al., 200590 n.s 23 farms Inhalable n.s MDN 31 0.24 0.01-2.43 32 36 4-561 DE 

Schierl et al., 2007117 Dairy 4 houses Inhalable 1 or 6 MDN  n.s n.s n.s 22 16.9 2.8-16.9 DE 

Schierl et al., 2007117 Beef 1 house Inhalable 1 or 6 MDN  n.s n.s n.s 6 557.9 124-1,025 DE 

Dutkiewicz et al., 
1994110 

Dairy/ 
calves 

4 stables Total n.s AM† 8 0.25-0.8 n.s 8 12.5-125^ n.s PL 

Poultry farmers§             

Clark et al., 1983105 Layers, 
cage 

5 units Total 1 h AM 7 2.34 0.95-3.68 7 3100^ 1200-5000 SE 

Jones et al., 1984120 Broiler 3 Total 4-6 AM 9 4.4 0.02-11 9 396.7 240-590 US 

Reynolds et al., 
1994121 

Turkeys  36 facilities Total n.s GM† 23 1.2-7.6# 0.4-10.7 23 208-10,960# 16-30,544 US 

Takai et al., 1998113 Broilers and 
Layer 

81 buildings Inhalable 12 AM 162‡ 3.6 n.s n.s n.s n.s EU 

Seedorf et al. 1998114 Broilers and 
Layer 

64 buildings Inhalable 12 AM† n.s n.s n.s n.s 3389-8604^ n.s EU 

Schierl et al., 2007117 Layers 3 houses Inhalable 1 or 6 MDN n.s n.s n.s 18 463.2 21.8-21,933 DE 

Schierl et al., 2007117 Turkeys 1 houses Inhalable 1 or 6 MDN n.s n.s n.s 6 1902 467.1-5292 DE 

Rylander and 
Cavalheiro., 2006122 

n.s n.s n.s 0.5-1 AM n.s n.s n.s n.s 4100^ 100-10,030 SE 

Nimmermark et al., 
2009123 

Layers 9 facilities Total n.s GM 14 2.7 0.71-17.65 n.a n.a n.a NO 

Kirychuk et al., 
2010124 

Layers, 
cages 

15 buildings Total 4 hr GM 30 1.69 

 

n.s 30 1513.1 n.s CA 
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Table 3 Continued.  
Reference Farm characteristics Fraction Sampling 

Time (hr)* 
Measure Dust (mg/m3) Endotoxin (EU/m3)  

Type n n Average  Range n Average  Range CTRY 

Kirychuk et al., 
2010124 

Floor-
housed 

15 buildings Total 4 hr GM 30 4.62 n.s 

 

30 2504.1 n.s CA 

Rimac et al., 2010125 Layers, 
cage 

2 farms Total n.s MDN† 10 0.35-1.1 0.2-1.5 3 n.s 230-238.3 HR 

Abbreviations and explanations: n=Number; n.s=Non specified; n.a=Not available; AM=Arithmetic mean; GM=Geometric mean; RNG=Range; CTRY=Country ISO abbreviation;  
§Chicken production unless otherwise stated; # =TWA values; *Given based on the info provided; ^Transformed value using a 1ng eq to10 EU standard; †Range of averages; ‡Given as number 
of field measurements, actual number of collected samples probably larger. 
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1.4 Exposure variability and implications 

The issue of exposure variability and its implications has been discussed in details in papers 

and book chapters on exposure assessment related subjects. A thorough discussion on the 

implications of exposure variability in occupational epidemiology can be found in a review 

paper by Loomis and Kromhout,7 whereas Burdorf and Tongeren126 provide a brief overview 

of the historical discussions and developments on the issue. For epidemiological studies in 

farming populations the issue is comprehensively addressed in a relatively recent discussion 

paper by Kromhout and Heederik.13   

Variations in exposure can apply both between persons and through time, and in the case of 

groups of populations also between groups.7 In the context of a single group of workers 

variability can be distinguished into two levels: (a) between-workers (also referred to as 

personal or inter-individual) and (b) within-workers (also referred to as temporal or intra-

individual), and it is analytically characterized by a systematic and a random component 

based on the source of variation.127 Sources of systematic variation in exposure include 

differences in workplace settings, machinery and equipment, and environmental parameters 

(e.g. temperature) as well as personal working characteristics (e.g. working tasks). Random 

variation is any variations that cannot be explained by factors of the systematic component 

(e.g. individual workers habits and peculiarities, or measurement errors caused by 

investigators).127 Understanding of variability in exposure and recognition of its sources 

within a workplace is essential for the design of both measurement and exposure control 

strategies.6 

In general, the presence of a substantial variability in exposure bears a potential for 

measurement error and misclassification.7 In the presence of repeated measurements of 

exposure variability can be quantitatively estimated using random-effect ANOVA (analysis 

of the variance) models. These estimates can be used along with developed equations128 that 

allow calculations on the sample-size and attenuation in exposure-response relationships to 

optimize sampling strategies, provide guidelines on the exposure assignment in 

epidemiological studies (e.g. grouped vs. individual approach), and in combination with 

information on exposure determinants and empirical modeling techniques, to improve the 

precision of the exposure estimates.7  

One of the best examples of the implications of exposure variability in an epidemiological 

setting is found on the study among Dutch pig farmers by Preller and colleagues.104 Exposure 
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to inhalable dust and endotoxin was measured twice (summer and winter) by personal 

monitoring of 198 farmers. The authors used a one-way random effect ANOVA model and 

estimated the ratio between the within- and between-variance for measured endotoxin 

exposure to be equal to 4.7. Using this ratio (λ), the number of repeated measurements 

included (n) and the following equation as given by Liu et al.,128  

b = β (1+λ/n)-1                   where b and β are the observed and true values of the 

                    regression coefficient, respectively 

the authors estimated that a direct use of their measured endotoxin exposure levels would  

have underestimated the value of the true regression coefficient by 70%, hampering the 

chance for observing clear exposure-response relationships. To increase precision in exposure 

the authors developed an empirical model based on measured endotoxin levels and 

information on farm characteristics and work tasks. Predictions were based on information on 

the farmers’ working tasks for 7 consecutive days both summer and winter collected by the 

same self-administered activity dairy that was distributed to the farmers during the 

measurements. The developed model explained 37% of the within-workers variability in 

endotoxin exposure, and it was used to predict long-term average exposure for every farmer 

included in the study. The predicted exposure estimates decreased the potential attenuation in 

the exposure-response relationships to 50% when considering only the 2 measurement days 

and to 8% when all 14 days with information were used. The measured levels showed no 

association with lung function, whereas the modeled exposure showed a considerable 

decrease in lung function with increasing exposure, a trend significant for farmers without 

chronic respiratory symptoms.  

The study of Preller et al. clearly shows both the effects of a substantial variability in 

exposure as well as the benefit of the use of empirical models in order to minimize these 

effects. Such approaches are essential in epidemiological studies among populations with 

predominant variation in exposure within-workers, which in principal require an increased 

number of repeated measurements per worker, a practice that can increase substantially both 

the effort and cost of research.13 Farmers, as nicely shown by Kromhout and Heederik,13 are 

clearly a population that shares the above characteristics.  

  



30 
 

1.5 Determinants of exposure to dust and endotoxin among animal farmers 

Determinants of dust and, to a lesser extent, endotoxin exposure have been a subject of 

investigation in observational and experimental studies primarily in relation to pig farming. 
16,83,84,109,111,113-115,117,129-131 In general, the results suggest use of wet feed, ad-libitum feeding 

practices, smaller animal density, use of colza oil, spraying of water, vacuum cleaning, and 

use of electrostatic filters to reduce dust exposure. Season is consistently shown as an 

important determinant for stable exposures with higher levels reported during winter than 

summer seasons. However, this pattern is stronger in pig and poultry stables than in cattle 

stables. Additionally, increased animal activity and use of litter seem to increase exposure 

levels. Full concrete and slatted floors are associated with increased exposure concentrations, 

but findings seem somewhat inconsistent. Ventilation, air temperature, and humidity seem 

also to be of importance. In poultry, as recently reviewed by Just et al.,132 additional 

important determinants include the age of the chicks and the type of the housing system 

(floor vs. cages).  

In observational settings most investigations were descriptive using stationary measurements 

and focusing on the type of stable, the season and/or type of ventilation, and the bedding and 

flooring. In one of the earliest studies assessing factors related to both dust and endotoxin 

exposure in piggeries, Atwood et al.102 reported airborne dust to be inversely related to the 

age of the animals (r =-0.36) and time interval (weeks) since last cleaning (r=-0.22), and 

positively with the indoor temperature (r=0.35) and the animals/m3 (r=0.44). Differences in 

the measured dust concentrations were found also between different feeding practices with 

stables using wet feed having the lowest levels. Endotoxin was correlated only with the level 

of carbon dioxide (CO2), which was used as an indicator for the stable air quality. In Canada, 

Duchaine et al.133 examined relationships between dust, endotoxin, ammonia, CO2 and 

bacterial counts and dirtiness (scale 1-10), ventilation, indoor air temperature and humidity, 

outdoor temperature, number of pigs, building and room size, frequency of emptying the 

manure, type of feed, and the number of ventilators in 8 buildings. The authors found 

endotoxin to associate only with the number of pigs (r=0.7), and the number of bacteria 

(r=0.6). Dust levels were reported to be significantly higher during the winter. In a more 

recent study, Thorne et al.118 assessed the effect of season, temperature, wind, number of 

pigs, type of stable, and humidity on ambient bioaerosol concentrations inside hoop and 

conventional finishing stables. The authors were able to explain more than 70% of the 
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variability in dust and endotoxin concentrations with season, barn type, number of animals, 

humidity, and temperature being the most important factors affecting exposure.  

In one of the very few studies trying to grab determinants of personal dust and endotoxin 

exposure among (but not limited to) cattle farmers, Nieuwenhuijsen et al.89 performed task-

based personal measurements during milking, feeding, animal moving, animal handling and 

scraping of cow stalls in combination with other frequently performed tasks like building or 

equipment reparations, high pressure washing, and field work. In general, animal handling, 

milking, and feeding were associated with the highest dust levels compared to all cattle-

specific working tasks included; for endotoxin the task with the highest level was feeding. 

Other non-cattle working tasks with high dust and endotoxin levels included the reparation of 

equipment, the maintenance of buildings and the harvesting of crops. It has to be mentioned, 

however, that the specific study composed a small measurement series with only 17 

measurements in cattle-related tasks.   

In a study with personal measurements among Korean pig farmers, Kim et al.84 reported 

lower dust levels in natural and mechanical ventilated buildings with a deep-pit manure 

system compared to scraped manure designs or littered buildings. In addition, Holness et al.73 

found higher dust levels in Canadian farmers using floor feeding practices compared to those 

using automatic feeding, while Vinzents and Nielsen76 were unable to observe clear 

differences in dust and endotoxin levels of pig farmers working close to and far from animals. 

On the contrary, O’Shaughnessy et al.,86 in a study among American pig breeders aiming to 

promote use of respirators in certain working processes, found greater dust concentrations in 

tasks related to animal movement during the weaning process. The authors based their results 

on task-based analysis in linear regression using photometer readings and time-weighted 

estimates derived from full-shift personal sampling.  

Finally, in the most comprehensive observational evaluation so far, Preller et al.79 used 

empirical modelling approaches to gain id-depth knowledge on the determinants of personal 

dust and endotoxin exposure of pig farmers. Exposure levels to inhalable dust and endotoxin 

were obtained by seasonal (summer/winter), personal monitoring of 198 farmers located in 

south-eastern Holland. Information on 95 distinct farm characteristics were collected though 

walk-through surveys, and all farmers filled in their working tasks on detailed activity diaries 

covering one week per measurement season. Using classical step-wise regression techniques, 

the authors fitted linear models that finally resulted in more than 30% of the variability in 

exposure being explained by 10 tasks and 10 farm characteristics for dust, and 12 tasks and 8 
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farm characteristics for endotoxin. The predictors for dust exposure included low outside 

temperature and tasks like feeding, castrating, ear tagging, floor sweeping, removal of dry 

manure, and teeth cutting. Important farm characteristics were the presence of dry manure, a 

dusty overall environment or a dusty feeding path, the use of pig starter, and wet feeding 

practices. For endotoxin, exposure decreased by the presence of a convex floor, the use of 

automated dry feeding, and the air sucking through the pit. Exposure to endotoxin increased 

as a consequence of a full slatted floor, use of floor heating and a working environment 

deteriorated by dust. Among others, the most highly associated tasks with endotoxin exposure 

included ear tagging, teeth cutting, floor sweeping, and iron injections.   

Despite animal farming being well-established as a major occupational hazard, from the 

above it becomes evident that comprehensive observational evaluations of determinants of 

personal exposures to dust and endotoxin among animal farmers are limited for pig farmers, 

and almost totally absent for cow farmers. Such studies can be integrated into 

epidemiological designs for exposure predictions, and they can be highly important for the 

establishment of preventive strategies as they benefit from allowing the assessment of 

multiple exposure determinants in real working conditions with a great degree of 

generalizability.134  

 

1.6 The primary animal production in Denmark 

The Danish primary agriculture sector has been heavily industrialized during the last decades. 

Now it is characterised by increased specialization, high productivity and one of the world’s 

most strict legislations concerning animal-welfare and production quality. Denmark is in fact 

the largest producer and exporter of mink-pelts and pork-meat, respectively. Furthermore, the 

country holds significant dairy and poultry productions that by exports contribute to the 

Danish economy with more than 2 billion Euros on an annual basis.135,136 Structurally, the 

number of professional farm holdings rapidly decreased in the last decades (Figure 2). 

Several large multi-corporate farms have emerged through this change, whereas the tendency 

for even greater land and production accumulation persists. Currently, the average size of a 

Danish farm stands at approximately 63 hectares; one of the largest averages in Europe. As of 

2008, the Danish primary agriculture sector consisted of 43,415 holdings with a size larger 

than 5 hectares. Of those, approximately 35% specialized in livestock production (mainly pig 
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and cattle farming), 39% solely produced crops, and 26% were mixing crop with livestock 

production activities.136 

 

Figure 2 Structural changes in the Danish primary animal production sector over the last 18 

years. Results are given for the overall and per farm-type change in farm numbers. Figures do 

not include farms with a size smaller than 5 hectares. (Source; Denmark statistics).  

 

In terms of human labour, during the same period (i.e. 2007) the agriculture sector provided 

direct or indirect employment to more than 100,000 individuals, a number corresponding to 

approximately 4% of the total labour force of Denmark.(Denmark statistic, 2007)   
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2 Objectives 
The overall objective of the exposure assessment part of the SUS study is to develop a model-

based assessment method for dust and MAMP exposure of farmers in order to assess current 

and retrospective exposure in the framework of the SUS cohort. The underlining hypothesis 

is that the use of modelled exposure estimates can improve precision of the risk estimates and 

thereby the ability to detect smaller effects, which is a pre-requirement of any gen-

environment interaction analysis.  

The present thesis formulates the basis for this model-based assessment method focusing on 

the initial steps for the development of the models for dust and endotoxin exposure. This 

involves the design and result of a field study measuring dust and endotoxin exposure in the 

farmers’ workplace, and the use of these measurements in a model for baseline exposure 

which results are used to estimated health effects in the framework of the GABRIEL 

consortium. Furthermore, it covers the initial steps of the data preparation and analysis 

necessary to the development of an empirical model to be used in exposure predictions within 

the cohorts’ subpopulation of pig farmers. The specific aims for the three manuscripts 

comprising the present thesis are: 

Manuscript I: To describe the levels of dust and endotoxin exposure in different types of 

Danish farmers. To provide information on the magnitude and distribution of the variability 

in exposure, and hence to deliver the basic structure for the predictive models.  

Manuscript II: To use the measured endotoxin levels in the SUS follow-up (Manuscript 1) 

in order to estimate exposure in the baseline SUS population, and then to investigate whether 

and how endotoxin exposure predicts the likelihood of allergic sensitization and airway 

disease in a pooled analysis of the four GABRIEL industrial populations.  

Manuscript III: To initiate the modeling process by exploring factors and working tasks 

determining the level of personal exposure among pig farmers.  
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3 Materials and Methods 
The SUS exposure study is multidisciplinary using different methods to assess exposure of 

farmers. Despite that all methods were included in the field work and were part of the current 

authors’ working tasks during his PhD studies, only the relevant to the presented scientific 

work in the three manuscripts are summarised in the sections that follow. Overall, all work 

presented in the present dissertation is based on the dust and endotoxin exposure 

measurements performed. Therefore, most of the present chapter is dedicated to the design 

and performance of the exposure field measurements and to the methodology used to 

determine the farmers’ personal levels of dust and endotoxin exposure. The statistical and 

epidemiological concepts applied in each of the three manuscripts are discussed briefly in 

separate paragraphs.    

 

3.1 Study population and farm selection 

The present work is an integrated component of the 15-year follow-up of the SUS cohort. 

Consequently, its study population in principal comprises all 1,964 participants of the initial 

cohort.60 In the intermediate period between the baseline and the 15-year follow-up 

investigation several changes in the occupational status of the participants of the initial cohort 

were to be expected. An a priori identification of the remaining active farming population 

was essential for the development and the design of the exposure assessment. Therefore, a 

screening exposure questionnaire addressing current and past employment in farming, type of 

farm, and basic farm characteristics (location area, size, number and type of animals) was 

distributed to all the participants. In total, 1,156 participants completed the questionnaire 

resulting in participation rate of 59%. This was increased to 63% by integrating comparable 

information on current and previous employment, and farm characteristics for another 83 

participants, available from the exposure scheme used in the clinical part of the study. 

Overall, 34% of the participants were full-time employed in farming, most (77%) in farms 

located in the area of Jutland (Table 4). Of all identified active farmers, 78% were pig and 

cattle farmers, 3.8% mink farmers, 12.3% crop farmers, 0.4% poultry farmers, and 5.4% 

combined different types of animal production. Due to increased logistics and cost, as well as 

due to the similar distribution of farm types per region in our population and the overall 

Danish farming population, we decided to restrict out investigation to the area of Jutland. 
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Table 4 Distribution of full-time farmers per type of specialization and geographical area in the 
SUS12 cohort population (n=1239).  

Farm type    Geographical area, n (%)

Denmark Jutland Zealand Funen  

Cattle, dairy  106 (25.1) 91 (28.0) 11 (16.9) 4 (12.1) 

Cattle, beef  18 (4.3) 16 (4.9) 1 (1.5) 1 (3.0) 

Pigs  206 (48.7) 159 (48.9) 28 (43.1) 19 (57.6) 

Mink  16 (3.8) 15 (4.6) 0 (0) 1 (3.0) 

Crop 52 (12.3) 25 (7.7) 22 (33.8) 5 (15.2) 

Poultry  2 (0.4) 2 (0.7) 0 (0) 0 (0) 

Other, mixed 23 (5.4) 17 (5.2) 3 (4.6) 3 (9.1) 

Total  423  325 65 33 

  

The selection and enrollment processes within the study applied different principles for the 

different types of farms to be included, and it is schematically described in Figure 3. For pig 

farmers selection was randomly performed after stratification by the farm size, which was 

calculated on the basis of animal units (AU; the needed number of type-specific animals to 

produce an equivalent of 100 kg of Nitrogen containing manure).137 In particular, 

stratification was made using the first and last quartiles of the size distribution as cut-off 

levels, and 25 pig farmers were randomly selected from each size category (75 in total). On 

the contrary, dairy cattle (n=33) and mink farmers (n=3) were selected at random from the 

corresponding sub-groups of the study population. After selection, farmers were approached 

by phone, and if they were still full-time employed in Jutland, in a primarily pig, mink or 

dairy farm, they were asked to participate and an interview date was agreed upon. For 

employed selected farmers consent for participation in the study was also requested by the 

farm owners. Of the selected 111 farmers, 16 (11 pig and 5 cattle) were excluded and 12 (11 

pig and 1 cattle) did not want to participate in the study, see Figure 3. The final population 

consisted of 54 pig farmers, 26 dairy cattle farmers, and 3 mink farmers. Through the Danish 

Agricultural Advisory Service contact was established with 3 poultry farmers (1 with broiler 

and 2 with layer production), which were all included. 
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Figure 3 Schematic description of the selection and recruitment of farmers within the SUS exposure assessment study.   



38 
 

3.2 Farm visits, measurement strategies and data collection  

Interviews were performed in person, either with the SUS participant or with the farm owner 

(when the two were different) and, in most cases, in presence of all workers of the farm. 

During each interview information related to the general production characteristics (i.e. 

number of employees, collaborations, number and type of animals, size, unit structure and 

locations, building infrastructure) and farm practices (i.e. agriculture form,  cleaning and 

disinfection schedules and frequency, manure handling) applied by the company were 

obtained using structured schemes. Explanation concerning the project was provided, 

including demonstration of the equipment and instructions regarding the surveys to be used, 

and the days of the measurement visits were established.  

For all selected pig and cattle farms two seasonal measurement visits were scheduled 

between 1st of May and 1st of October for summer and between 17th of November and 3rd of 

April for winter. In all cases, the visit day was randomly chosen among available working 

days. All workers on the farm were asked to be monitored, and more than 90% agreed to 

participate. Sampling was performed throughout the whole working shift including both 

stable and field work. All farmers were requested to document their working tasks in 

structured activity diaries with a 30 minute interval checklists. Due to the presence of non-

Danish speakers the diaries were made available also in English. The diaries covered one 

week per visit starting from the day of the measurement. Detailed instructions on the use of 

the diary were provided to all participants. In addition, farm characteristics, engineering 

parameters, and the hygienic conditions present in each department of the visited farm were 

registered through walk-through surveys performed during the visiting days. The inspections 

were usually performed during the morning and notations were kept in farm-type specific, 

pre-fixed inspection sheets designed to allow assessment for more than 120 well-defined 

characteristics. An outline of the information collected through the different schemes is given 

in Table 5. The interview form along with the walkthrough survey and the activity diary used 

for pig farmers can be found in the Appendices I, II and III. In all visits the outdoor 

temperature was measured, using a portable weather station (OBH Nordica A/S, Taastrup, 

Denmark) with a measurement accuracy of ±1 0C.  

The sampling strategy aiming at full-shift monitoring was also applied to workers in the 2 

poultry layer farms included, but each farm was only measured one time. In contrast, 

measurements in the mink and poultry broiler farms were task-based aiming to determine the 
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level of exposure in different stages of the production. Specifically, mink farms were visited 

during the breeding, whelping, furring, and pelting stages, and the broiler farm during the 

preparation of the stables and when the chicks aged 1-2 days (1st week), 21-22 days (3rd 

week), and 1-7 days before being harvested (5th week). All mink and poultry farmers were 

requested to fill in detailed activity diaries for a number of consecutive days, and their farms 

were subject to walk-through surveys performed under the same principles as for the pig and 

cattle farmers.  
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Table 5 Outline of information acquired for every company, department and worker. 

Company level (Interview) Department level (Walk-
though survey) 

Worker level (Personal 
sheets and activity diaries) 

Ownership and collaboration 
characteristics (year of acquisition, 
food supply etc.)  

Production methods (e.g. 
conventional, organic, all-in-all-out 
etc,) 

Total number and type of animals 
(overall and per unit) 

Total size in hectares 

Land usage 

Farm plan (number, location and 
type of compartment)  

Cleaning 

Disinfection 

Use of biofuels 

Slurry tank handling 

Type 

Housed animals (number and 
type) 

Animal accommodation 
(number and type) 

Ventilation type 

Flooring type 

Use of showering 

Feeding characteristics 
(method, type and 
preparation)  

Manure handling (removal 
method and frequency)  

Hygienic conditions (feed 
path, dung accumulation, 
level of floor dampness, 
overall) 

Cleaning (overall and areal  
practices including method 
and frequency) 

Disinfection (method, agent, 
frequency) 

Personal characteristics (e.g. 
age, educational level, 
working experience) 

Working tasks 

 

 

 

3.3 Dust sampling 

Dust sampling was carried out according to the basic principles for personal sampling of 

aerosols.138 Glass-fibre (GFA) filters with a 37mm diameter (Whatman international Ltd, 

Maidstone, UK) were mounted on plastic adaptations of the German GSP samplers (CIS; JS 

Holdings, Stevenage, UK).139 The samplers were attached to a silicone tube and safety 

clipped at the upper part of the chest of the farmers covering their breathing zone (Figure 4). 

Duplicate sampling was performed to allow assessment of endotoxin, glucan, allergens and 

microbial contamination using different analytical techniques. Each sampler was attached to a 

pre-calibrated AirChek XR5000 portable pump (SKC Inc., Eighty Four, PA, USA) at an 

operational flow of 3.5 l/min. Airflow calibration was preformed with a rotameter and the 
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flow consistency was re-checked at the end of each measurement. Blank filters subjected to 

the same conditions as the sampled ones, but not subjected to the sampling process, were 

included for every farm unit visited and for any worker solely working outdoors.  

 

 
Figure 4 A farmer with the two GSP 
samplers clipped near his breathing zone 
while hand feeding weaners. 

 

3.4 Gravimetric analysis  

The amount of the collected dust was estimated by weighing the filters before and after 

sampling. In both cases an equilibration period of minimum 24 hours (temperature of 22 0C, 

relative humidity of 45%) preceded the filter weighing, which was performed with an 

analytical scale (Mettler-Toledo Ltd, Greifensee, Switzerland) with a 0.1 μg precision. The 

lower limit of detection (LOD) per filter was 0.074 mg, and the results were expressed as 

mg/m3 based on the volume of the air sampled during monitoring. The later was derived 

automatically by the sampling pump, and could be verified through time measurement 

observations made by the investigators.  

 

3.5 Endotoxin extraction and analysis 

Sample extraction and endotoxin determination was performed in one of the duplicate 

samples, which was randomly chosen, as described previously.100 Briefly, the samples were 

extracted in pyrogen-free water (PFW) with 0.05% (v/v) Tween-20. Five ml of extraction 
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solution per sample was used. The samples were thoroughly rocked for 60 minutes on a Multi 

Reax digital shaker (Heidolph Instruments GmbH, Schwabach, Germany) and then 

centrifuged for 15 min at 1000 g. Then, the supernatant was harvested and stored (-20oC) in 

aliquots of 0.1 ml. One of the aliquots was used for endotoxin analysis, which was performed 

in duplicate using a quantitative kinetic chromogenic Limulus Amboecyte Lysate (LAL) test 

(Kinetic-QCL 50-650U kit, Lonza, Walkersville, Maryland, USA). The assay was prepared in 

PFW at a dilution of 1:200, and the endotoxin concentration was determined using a 12 point 

standard curve (0.01 to 25 EU/ml) obtained from an Escherichia coli (O55:B5) reference. The 

assays’ LOD was 0.0137 EU/ml, and as for dust the results were expressed in EU/m3 using 

the volume of air sampled during monitoring.  

Sample extraction and endotoxin determination was performed in one of the duplicate 

samples, which was randomly chosen, as described previously.100 Briefly, the samples were 

extracted in pyrogen-free water (PFW) with 0.05% (v/v) Tween-20. Five ml of extraction 

solution per sample was used. The samples were thoroughly rocked for 60 minutes on a Multi 

Reax digital shaker (Heidolph Instruments GmbH, Schwabach, Germany) and then 

centrifuged for 15 min at 1000 g. Then, the supernatant was harvested and stored (-20oC) in 

aliquots of 0.1 ml. One of the aliquots was used for endotoxin analysis, which was performed 

in duplicate using a quantitative kinetic chromogenic Limulus Amboecyte Lysate (LAL) test 

(Kinetic-QCL 50-650U kit, Lonza, Walkersville, Maryland, USA). The assay was prepared in 

PFW at a dilution of 1:200, and the endotoxin concentration was determined using a 12 point 

standard curve (0.01 to 25 EU/ml) obtained from an Escherichia coli (O55:B5) reference. The 

assays’ LOD was 0.0137 EU/ml, and as for dust the results were expressed in EU/m3 using 

the volume of air sampled during monitoring.  

 

3.6 Handling of Nondetectable exposure concentrations 

Overall, all measurement series involved the use of 210 field blanks. The SD of the weight 

change in all (n=210) blind filters was equal to 0.0246 mg. Thus, the “analytical limit of 

detection” for dust was equal to 0.0738 mg. The average sampling time for all the 1038 

(Table 6) collected filters was 337 min (SD 103 min). The method limit of detection (MLOD) 

for dust in our samples was therefore equal to: 0.0738mg/(3.5 l/min ൈ 337 min  0.001 l/min) 

=  0.0626 mg/m3 of dust. In respect to endotoxin only half (n=105) of the available field 

blanks were extracted and analyzed and most had levels below the detection limit of the 
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endotoxin assay. Thus, the average LOD of the assay (Mean=13.69 EU per filter; range 12-26 

EU/filter) was used. The LOD of the assay expressed as EU/ml was equal to 0.0137. The 

average sampling time of the analyzed filters (n=519) was 339 min (SD 102.3 min). The 

MLOD for endotoxin expressed in EU/m-3 was equal to 13.69231 EU/filter/(3.5 l/min ൈ 339 

min  0.001 l/min) = 11.52 EU/m-3. Three samples had non-detectable dust and endotoxin 

levels. These filters were assigned a dust and endotoxin level equal to the 2/3 of the LOD of 

the corresponding assay (0.042 mg/m3 and 7.68 EU/m3 for the dust and endotoxin assay, 

respectively).  

 

Table 6 Performed farm visits and number of collected personal samples (in duplicate) per 
type of farm during the SUS12 exposure assessment study.  
Type of measurements  Farm visits (n) Collected samples (n) 

Dairy, morning shift 52 238 

Dairy, afternoon shift* -- 16 
Pig 105 730‡ 
Mixed beef and pig 2 4 
Minks^ 4 16 
Broilers† 5 28 
Layers 2 6 
Total 170 1038 

*Afternoon measurements were performed in 5 regular visits in cattle farms where we prolonged our stay and used new 
filters during the afternoon shift. These measurements were excluded by the analysis presented in Manuscript I in order to 
maintain homogeneity in working practices. 
^Measurements in minks were performed in 4 different stages (mating, growth, grading and pelting). One measurement in 
pelting did not involve work with minks and thus was excluded.  
†Measurements in Broilers were divided into 4 production stages (stable preparation, 1st week, 3nd week, and 5th week of 
chicks age). All measurements were task-based but when possible the intermediate field work was included using separate 
filters. 3 field measurements (6 samples), were collected in this fashion, these measurements are also excluded.  
‡Includes 4 measurements from 2 workers involved in mixed dairy and pig production activities.   

 

 

3.7 Manuscript I 

Manuscript I is a descriptive paper on the design and the sampling and analytical 

methodology applied for dust and endotoxin determination within the study. In addition, it 

reports descriptive information about performed visits and number of measurements as well 

as number of workers enrolled, and it summarises the measured levels of personal exposure 

to dust and endotoxin in all four types of livestock farmers included. Finally, it touches upon 

the structure and distribution of the variability in exposure, under simple descriptive concepts 

for mink and poultry farmers, and through variance components analysis for pig and cattle 

farmers.  
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3.8 Manuscript II 

Manuscript II deals with the pooled analysis (GABRIEL industrial) on the health effects of 

adult endotoxin exposure taking farm childhood into consideration, and using data from four 

studies of endotoxin exposed workers including veterinary students, biofuel and agricultural 

industry workers, and farm apprentices (the SUS study population). The establishment of the 

common database was based on a thorough assessment of the comparability of the 

questionnaires used by the four studies, while data on IgE-mediated sensitization were 

available from either skin prick tests (2 studies) or serological test (2 studies). Exposure to 

endotoxin was estimated by study-specific job-exposure matrices based on exposure 

measurements performed within the studies; for SUS participants this was achieved by 

combining the baseline questionnaire information on the farmers’ previous occupations and 

the results of the measurement series described in Manuscript I.  

Overall, data from 3,883 individuals (Table 7) were used in the statistical analysis with 

endotoxin exposure treated consecutively as categorical and continuous, in order to explore 

relationships between endotoxin, IgE-mediated sensitization, wheeze, asthma, chronic 

bronchitis, organic dust toxic syndrome, hay fever, and self-reported allergic symptoms. 

Apart from the combined analysis, stratifications by study population, atopic status, and farm 

childhood were performed.  

Table 7 Study populations: Eligible and included subjects in the GABRIEL industrial 
populations pooled analysis. 
Study population Eligible 

subjects 
Included 
subjects* 

Country Reference 

Farm apprentices (SUS) 1964 1933 DK 60 
Biofuel workers 232 176 DK 140 
Agricultural industry workers 901 877 NL 27 
Veterinary students 901† 897 NL 141 
* Subjects were excluded due to missing information on exposure and potential confounders and due to limitation in age 
(>65 years). †Only subjects enrolled between June 16 and October 4, 2006 were included. 

 

3.9 Manuscript III 

The third paper, a working draft, deals with the initial analysis and data exploration of the 

collected survey field data along with the measurement results for pig farmers, in order to 

explore the basic determinants of dust and endotoxin exposure levels. For this purpose the 

activity diary data were used to explore tasks explaining variability in pig farmers, whereas 

the influence of stable characteristics was examined only in indoor workers at the selected pig 
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farms. For the later only a small portion of the collected data on farm characteristics mainly 

related to the applied ventilation, flooring, hygienic conditions and type of feed were used. 

Overall, the effect of 22 distinct working tasks and 22 farm characteristics was explored 

using mixed effect linear models (Table 8). 
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Table 8 Outline of the developed database and basic information for working tasks performed by 231 pig farmers employed in 54 Danish pig 
farms, and farm characteristics for a sub-group of 181 workers including direct animal exposure. 

Working tasks and environmenta n Department characteristics (cut-off time level) b n Coding (Median) ‡ 
Indoor Environment  353 Outdoor temperature 268 Continuous (12 0C) 
  Housing a   
Tasks inside animal areas  Animals in a loose housing system 58 Continuous (15 %) 

Controlling 243 Animals housed in batch pens 205 Continuous (39 %) 
Weighing 40 Animal housed in crates (including farrowing) 211 Continuous (64 %) 
Moving breeding animals 111 Ventilation    
Moving weaners and finishers 139 Mechanical with neutral pressure (>60%) 15 Present (1) or absent (0)  
Handling and nursing piglets (ear 
tagging, castrating, cutting tails) 116 

Mixed type( including natural) 19 Present (1) or absent (0)  
Mechanical with negative pressure (>60%) 234 Ref 

Inseminating 112 Mechanical with pit exhaust a 48 Continuous (10.3%) 
Scanning  13 Heating    
Injection or handling sick animals 171 Floor heating (>50%) 168 Present (1) or absent (0)  
Handling dead animals 93 Radiator heating (>50%) 63 Present (1) or absent (0)  
Feed preparation and manual feeding  181 Floor type   
Automatic feeding (adjusting/inspecting) 138 Full slatted floor (>50%) 22 Present (1) or absent (0)  
Bedding preparation and disposition  Mostly slatted (>50%) 101 Present (1) or absent (0)  
Removing manure (in pens and stalls) 86 Mostly concrete  145 Ref 
Sweeping or scraping corridors  54       Deep litter 38 Continuous (6.8 %) 
Washing with high pressure 72 Showering (water) applied a 83 Continuous (42.8 %) 
Disinfecting pens/stalls/stables 17 Feeding characteristics   
Repair and maintenance of animal 
buildings/feed room and installations 77 

Dry feed (>80%) 121 Present (1) or absent (0)  
Dry and wet feed 50 Present (1) or absent (0)  

Tasks outside animal areas  Wet feed (>80%) 97 Ref 
Office work 35 Ad-libitum feeding method 157 Continuous (33.7 %) 
Handling feed and seeds  in barns and 
work relating to silos or drying plants 

37 
Hygienic conditions   

Floor conditions   
Repairing/maintaining machinery & 
equipment (e.g. tractor, track, harvester) 

48 
Wet floor (>80%) 85 Present (1) or absent (0)  
Wet floor 83 Present (1) or absent (0)  

Handling manure tanks and dunghills 4 Dry floor (>80%) 100 Ref 
Work in the fields (working the soil, sowing, 
harvesting, applying fertilizers etc.) 15 

Very dusty feeding path 73 Continuous (11.1 %) 
Very high dung accumulation 104 Continuous (11.3 %) 

  Disinfected with bacterial agents (only endotoxin) 202 Continuous (63.6 %) 
Abbreviations and explanations: n=Number of observations; a For all pig farmers included; b Only for workers with a full-indoor working shift and time spend dealing with the characteristics, 
cut-off level indicates the level of stable working time used to consider the characteristic present; ‡Median value of portion of time spend with the presence of a characteristic for continuous 
values estimated for positive values.
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3.10 Methods of statistical analysis 

Both dust and endotoxin exposure concentrations were log-transformed prior to all analysis 

due to a log-normal distribution (evaluated graphically and with Kolmogorov–Smirnov tests). 

Descriptive statistics concerning levels of exposure were given either as geometric means 

with geometric standard deviations or as medians and range. In Manuscript II non-parametric 

statistical methods were applied for comparisons between categorical or continuous 

covariates, whereas in Manuscripts I and III parametric methods were used. Variance 

component analysis and exploration of determinants of dust and endotoxin exposure were 

performed using linear mixed effect models. These analyses were performed with the worker 

and the farm id as random effects, and, in Manuscript III, with the exposure determinants as 

fixed effects. Finally, exposure-response relationships in Manuscript II were explored using 

logistic regression and generalized additive modelling (smoothing). All analysis was 

performed using SAS software version 9.2.  
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4 Summary of Results 
The main results of the present work are summarised below in separate paragraphs for each 

of the three included manuscripts. Further details on these findings can be found in the 

manuscripts attached as appendices.  

 

4.1 Manuscript I 

Overall, 170 farm measurement visits were performed during the SUS exposure field study. 

The number of measurements performed and the number of workers participating along with 

the general measurement characteristics are shown in Table 9.  

 
Table 9 Overall and type-specific sampling characteristics of personal measurements on 
Danish pig, cattle, poultry, and mink farmers. Measurements were collected between March 
2008 and May 2010. 

Farming type n f k n/k 

Sampling duration, 
hour <LOD 

for 
dust, N 

<LOD for 
endotoxin, 

N AM (SD) Range 

Dairy cattle 124 26 77 1-2 4.8 (1.8) 0.9 - 12 2 1 
Pigs 354 53 231 1-2 6.1 (1.4) 1.1 - 9.2 1 1 
Mixed, cattle & pigs 8 4 4 2 5.4 (1.3) 3.4 - 6.9 0 1 
Poultry, broilers 11 1 5 1-5 2.5 (0.7) 1.6 - 3.7 0 0 
Poultry, layers 3 2 3 1 6.2 (1.9) 4.2 - 7.9 0 0 
Minks 7 3 7 1 6.1 (0.5) 5.6 - 6.8 0 0 
Overall 507 89 327 1-5 5.7 (1.7) 0.9 - 12 3 3 

Abbreviations: n=Total number of personal measurements taken; f=Number of involved farms; k=Number of farmers 
sampled; n/k=Number of measurements per farmer; AM=Arithmetic mean; SD=Standard deviation. 

 
The measured levels of dust and endotoxin exposure per type of production are summarized 

in Figure 5. In general, exposure was high in all four types of livestock farmers included; but 

measured exposure concentrations showed a large variation with a range between <LOD and 

47.8 mg/m3 for inhalable dust, and between <LOD and 374.600 EU/m3 for endotoxin. 

Inhalable dust concentrations were highest in poultry farmers, followed by pig, mixed, mink 

and dairy farmers. The exposure pattern for endotoxin was relatively similar. The highest GM 

exposure was seen among pig farmers (1495 EU/m3) and the lowest among mink farmers 

(214 EU/m3). The Danish occupational exposure limit (OEL) for total dust (3 mg/m3) was 

complied with only in mink farmers, whereas for endotoxin more than 93% of all our 
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measurements exceeded the recently proposed health-based exposure-limit for endotoxin (90 

EU/m3).  

 

 

Figure 5 Inhalable dust () and endotoxin () exposure levels (geometric mean ± 95% 
confidence intervals) obtained by personal sampling in different types of Danish animal 
farms.  

 

Seasonal patterns with higher measured dust and endotoxin levels during the summer season 

were observed among pig farmers. Among poultry broiler farmers the levels of exposure 

increased up to 10-folds between the 1st and the 5th week of the chicks’ growth circle. On the 

contrary, the mink production circle was not characterized by any patterns in the measured 

personal levels of dust and endotoxin exposure (Figure 6).   

 



50 
 

 
Figure 6 Inhalable dust () and endotoxin () concentrations (geometric mean ± 95% 
confidence intervals), measured in different stages of mink (A) and poultry (B) production 
farms.  

Analysis of the variance components for dust and endotoxin among pig and cattle farmers 

showed a large within-worker variability compared to between-worker variability. Among 

cattle farmers’ considerable differences in variation between workers were present for both 

dust and endotoxin. Differences in exposure between farms were small among pig farmers 

but substantial for cattle farmers. Grouping of farmers by their working environment 

(indoors, combined in- and outdoors, outdoors) showed a considerable increase in within-

workers variability when moving from indoors to outdoors.  

 

4.2 Manuscript II 

Overall, the results of the pooled analysis in the different types of regression models used 

were consistent for most of the investigated health-endpoints. The results suggested current 

endotoxin exposure to be inversely associated with allergic sensitization and hay fever, and 

positively associated with organic dust toxic syndrome (ODTS) and chronic bronchitis (for 

levels above 100 EU/m3). The effect of potential confounders (gender, age, farm childhood, 

family history, and smoking habits) was mostly small and results remain consistent even after 

adjustment for study. These findings were significant and are summarised, along with those 

for asthma and wheeze, in the smoothed curves shown in Figure 7.   
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Figure 7 Smoothed relationships between endotoxin exposure, chronic bronchitis, wheeze, 
asthma, ODTS, hay fever and atopy for the pooled study population. ········ : ± 95% confidence 
intervals. Results are adjusted for gender, age, farm childhood, atopic predisposition, smoking 
and study. 

 
 
Although that descriptive analysis showed considerable heterogeneity for both population 

characteristics and exposure across the four study populations included, no major differences 

in the estimated relationships for the sub-populations of agricultural industry workers, 

veterinary and farm apprentices were seen for most of the health outcomes under 

investigation. These three populations accounted for approximately 95% of the overall 

population. 
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Atopy was not a significant effect modifier for asthma and wheeze, and in stratified analysis 

there were no clear patterns for the relationships between endotoxin and those symptoms. 

However, when assessing the relationships between adult endotoxin exposure, farm 

childhood and health symptoms, the effect of endotoxin exposure on atopy depended on the 

presence of a farm childhood. In particular, among workers with a farm childhood there was 

no association between endotoxin exposure and atopy, but in workers without a farm 

childhood a negative dose dependent trend between endotoxin exposure and atopy was 

observed. 

The results from analysis with farm childhood as the main exposure are shown in Table 10. 

As it can be seen, farm childhood was protective for chronic bronchitis, asthma and asthma 

symptoms, hay fever, self-reported allergy and atopy, not influenced by potential 

confounders, including endotoxin exposure.   

 
Table 10 Univariate and multiple logistic regression analysis describing associations between 
farm childhood, and the health symptoms of interest. 

Symptom  Univariate analysis Model 1a Model 1b 

OR 95% CI OR 95% CI OR 95% CI 

Chronic bronchitis 0.88 0.65 to 1.19 0.97 0.69 to 1.36 1.00 0.71 to 1.40 
Wheezing 0.62 0.50 to 0.78 0.69 0.54 to 0.88 0.70 0.54 to 0.89 
Asthma 0.61 0.51 to 0.73 0.71 0.58 to 0.88 0.72 0.59 to 0.89 
Hay fever 0.50 0.40 to 0.62 0.63 0.50 to 0.79 0.63 0.50 to 0.79 
Self-reported allergy 0.49 0.40 to 0.59 0.65 0.52 to 0.81 0.66 0.53 to 0.83 
Atopy 0.61 0.50 to 0.74 0.63 0.51 to 0.77 0.62 0.51 to 0.77 

a results are adjusted for study, gender, age (continuous), atopic predisposition and smoking habits. 
b results are adjusted for study, gender, age (continuous), atopic predisposition, smoking habits and for current 
exposure to endotoxin. 

 

4.3 Manuscript III 

The results of the linear mixed effect analysis with tasks as fixed effects are presented in 

Table 11. Following stepwise regression, the working environment along with 11 distinct 

tasks explained 38% of the overall variability in dust exposure, and for endotoxin 28% was 

explained by the environment and 6 tasks. Strong exposure predictors for dust exposure 

included the “handling of feeding materials in barns and silos”, the “feed preparation and 

manual feeding”, and tasks related to the movement and handling of pigs. For endotoxin, 

apart from working tasks related to the feed barn, the high-pressure washing of stables was 

the strongest stable task related to an increased level of exposure. The performance of field 

work was the task explaining most of the variability in exposure.  
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Table 11 Effect of working activities (per 1 min) on the log-transformed personal level of 
exposure to dust (mg/m3) and endotoxin (EU/m3) among Danish pig farmers. Results 
estimated on the basis of 354 measurements performed in 231 farmers employed in 54 farms.  

 n PPE 

(n) 

MDN 
(min)

Dust Endotoxin 

β e p β e p 

Naïve Model          

Intercept    1.2114 0.0616 <.0001 7.3074 0.0806 <.0001 

bfσ
2    0.041 0.035 0.1168 0.002 0.049 0.484 

bwσ
2    0.193 0.097 0.0195 0.184 0.218 0.2004 

wwσ
2    0.663 0.088 <.0001 1.972 0.250 <.0001 

Model with tasks and environment          

Intercept    0.4213 0.1726 0.0181 5.7989 0.2821 <.0001 

Indoor working environment    0.0051 0.0019 0.0105 0.0160 0.0030 <.0001 

Moving breeding animals 111 3 55 0.0019 0.0009 0.048    

Moving weaners and finishing 
pigs 

139 4 30 0.0023 0.0007 0.0007 0.0024 0.0010 0.0198 

 

Handling and nursing piglets 
(ear tagging, castrating, cutting 
tails etc.) 

116 5 90 0.0019 0.0006 0.0028    

Injection or handling sick 
animals 

171 6 45 0.0022 0.0009 0.0209    

Feed preparation and manual 
feeding 

181 10 40 0.0033 0.0012 0.0094    

Washing with high pressure 72 9 90    0.0045 0.0011 <.0001 

Disinfection 17 4 30    -0.0178 0.0046 0.0002 

Repair and maintenance of 
animal buildings/feed room and 
stable installations 

48 0 30 0.0020 0.0007 0.0031    

Handling feed and seeds  in 
barns and work relating to silos 
or drying plants 

37 5 40 0.0070 0.0012 <.0001 0.0053 0.0019 0.0062 

 

Work in the fields (working the 
soil, sowing, harvesting, 
applying fertilizers) 

15 0 210 -0.0049 0.0009 <.0001 -0.006 0.0014 <.0001 

Office work 35 0 60 -0.0043 0.001 <.0001 -0.0048 0.0016 0.004 

bfσ
2    0.029 0.0224 0.0952 0.113 0.0638 0.0382 

bwσ
2    0.058 0.0628 0.1763 0   

wwσ
2    0.490 0.0657 <.0001 1.438 0.1164 <.0001 

Explained within worker 
variability 

   26%   28%   

Explained total variability    36%   28%   

Abbreviations and explanations: n=number of observations; PPE=number of cases reported for use of personal protection 
equipment; MDN=median time spent on an activity estimated only for positive responses on the day of the measurements; 
β=regression coefficient; e=standard error; p=p-value; bfσ

2=between-farm variance; bwσ
2=between-worker (within-farms) 

variance; wwσ
2=within-worker (day-to-day) variance.  
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An analysis in the sub-population of indoor workers on the effect of farm characteristics 

resulted in 2 relatively small models that however were able to explain almost all of the 

variability in exposure between farms (Table 12). The use of dry feed was the most 

influential stable characteristic for both dust and endotoxin exposure. Other important factors 

associated with an increase in the levels of exposure included the use of an ad-libitum feeding 

system and the type of ventilation for dust, and for endotoxin the slatted floor coverage. The 

type of animal housing used seemed also to be of importance.  

 
 
Table 12 Mixed effect models results on determinants of log-transformed personal dust 
(mg/m3) and endotoxin (EU/m3) exposure among indoor pig farmers. All characteristics are 
estimated on the worker level. 
 Dust Endotoxin 

β e p β e p 
Naïve Model       

Intercept 1.3923 0.0584 <.0001 7.5224 0.0801 <.0001 
bfσ

2 0.053 0.0315 0.0469 0.056 0.062 0.1836 

bwσ
2 0.094 0.0673 0.0806 0   

wwσ
2 0.406 0.0654 <.0001 1.325 0.124 <.0001 

Model with determinants       
Intercept 1.3077 0.1109 <.0001 7.4371 0.2014 <.0001 
Outdoor temperature -0.025 0.0048 <.0001 -0.0408 0.0085 <.0001 
Ventilation (1/0)       

Mostly neutral pressure 0.3582 0.1849 0.0563    
Mixed type  (incl. natural) 0.2640 0.1641 0.1116    
Mostly negative pressure  Ref      

Feed  type (1/0)       
Dry 0.4296 0.113 0.0003 0.5568 0.1693 0.0015 
Dry and wet  0.3577 0.1308 0.0077 0.6996 0.2056 0.001 
Wet Ref   Ref   

Ad-libitum feeding systema 0.0046 0.0016 0.0054    
Floor type (1/0)       

Full slatted     0.6146 0.2592 0.0201 
Mostly slatted    0.2086 0.1507 0.17 
Mostly concrete     Ref   

Floor condition (1/0)       
Wet floor -0.249 0.1107 0.0275    
Mixed floor condition -0.057 0.093 0.5448    
Dry floor Ref      

bfσ
2 0.010 0.0242 0.337 0   

bwσ
2 0.117 0.0558 0.0179 0.082 0.1566 0.3013 

wwσ
2 0.304 0.0495 <.0001 1.118 0.1779 <.0001 

Explained bf variability 81%   100%   
Explained total variability 23%   9%   
Abbreviations and explanations: a per portion (1%) of overall time spend on the presence of a characteristic; β=regression 
coefficient; e=standard error; p=p-value; bfσ

2=between-farm variance; bwσ
2=between-worker (within-farms) variance; 

wwσ
2=within-worker (day-to-day) variance. 
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5 Discussion 
The present work covers the foundation and the basic exposure assessment principals applied 

within the exposure part of the SUS cohort; a work that was initiated in recognition of the 

potential of the study to allow a longitudinal evaluation of the effects of the farm 

environment on allergy and lung function as well as to the different phenotypes of asthma.  

In the first manuscript using well established methodologies we explored the levels of dust 

and endotoxin that Danish animal farmers are exposed to. We reported dust and endotoxin 

levels among pig, poultry, and cattle farmers in ranges similar to previous studies that used 

comparable sampling17,81 and analytical methodologies.81 For mink farmers, though, there are 

no previous studies describing the levels of dust or endotoxin exposure, neither on a personal 

nor on a stationary level. The large reported number of samples above the currently available 

occupational exposure limits for dust and endotoxin suggest that, despite the long-running 

discussion on the health effects of farming,12,18,31 animal farmers remain exposed to 

potentially hazardous dust and endotoxin concentrations. This implies that the development 

of effective workplace exposure control and prevention strategies, including a wider 

adaptation of proven methods of exposure reduction (e.g. ionization, spraying of colza oil 

etc), optimization of the management practices and educational training of farmers (e.g. on 

the use of respiratory protection), is of outmost importance. Besides the high levels of dust 

and endotoxin exposure, the study results quantitatively demonstrated the presence of high 

variability in personal exposure among pig, cattle and poultry farmers. For poultry broiler 

farmers, in consistency with previous publications,95,142,143 this study clearly showed that the 

level of dust and endotoxin exposure is rising with the age of the chicks; a finding that can 

most likely be attributed to the increasing deterioration of the hygienic conditions inside the 

broiler houses within the growth circle, as previously reported.132 In contrast, for mink 

farmers, the task-based assessment approach that we applied showed absence of considerable 

variations in exposure between the examined production stages. This could partly be a result 

of the widely open and natural ventilated mink sheds; though, the similarity in measured 

levels within pure production stages (breeding, furring, grading) and pelting, which was 

performed in a completely enclosed environment, argues against this explanation.  

The observed large within-workers variability for pig and cattle farmers, apart from 

demonstrating a large potential for measurement error, supports our decision on using a 

modelling based approach for assessment of exposure within our study. As thoroughly 
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discussed in Manuscript I, if we solely based our future analysis on the measured exposure 

levels we should expect, for example, an attenuation of at least 50% in the estimated health 

associations for dust and 80% for endotoxin given our variability estimates among pig 

farmers.  

Our focus on farms located in Jutland, together with the applied selection of pig farmers that 

was stratified by size, and the relatively low number of collected measurements for mink and 

poultry farmers can be considered as potential limitations in our study. However, our decision 

to concentrate the investigation in Jutland was taken after considering the distribution of 

farms in our study, and the similarities to the overall farm distribution in Denmark; less than 

10% of the Danish farms involved in production and rearing of pigs and dairy cows are 

located in Zealand.144  

Our decision to sample pig farms based on their size distribution was taken at the start of the 

study with the aim to have a final sample of 75 farms with an equal size representation. For 

every drop-out a replacement was supposed to be drawn. Nevertheless, this was not fullfilled 

due to logistics and due to more power (more included subjects pr. farm) than expected. To 

clarify if selection bias took place a sensitivity analysis was performed, which compared the 

final size distributions to the initial sample as well as the derived personal dust and endotoxin 

levels across the different farm size strata. Both comparisons showed no statistically 

significant differences in the given distributions, thereby suggesting that such bias was 

unlikely to have occurred.  

The relatively small numbers of measurements and the sampling strategy that we applied for 

mink and poultry farmers were decided on the basis of the small number of mink and poultry 

farmers in our study population, and aiming on a final exposure assessment using a job-

exposure matrix. Stages included in the monitoring of mink farmers were selected taking into 

account the differences in the number of housed animals between the beginning and the end 

of the production cycle, as well as the intense animal handling required during the whelping 

and weaning stages. For broiler poultry farmers a similar approach was taken based on the 

literature that reported differences in exposure during the chicks’ growth cycle.95,120  

In the second Manuscript, the exposure level results are used to estimate dust and endotoxin 

exposure in the baseline SUS population. A pooled analysis is then established to explore the 

health effects of endotoxin exposure in adulthood taking exposures that occurred during 

childhood into consideration. Strengths of the study include an increased power to explore 
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exposure-response relationships and the chance to assess heterogeneity across different 

populations using a standardised setting. 

The study results suggest a dual-effect of endotoxin exposure in adulthood by showing a 

strong protective effect of occupational endotoxin exposure on allergic sensitization and hay 

fever and at the same time an increase in the risk for organic dust toxic syndrome and chronic 

bronchitis. The inverse associations for atopy and hay fever observed among agricultural 

workers and veterinary and farming school students compared to the biofuel workers suggest 

that the protective effects of endotoxin might be stronger when the exposure is agriculturally 

related. Nevertheless, that specific conclusion is limited to an indication due to the small size 

of the included population of biofuel workers and the much lower exposure levels that they 

experience. An earlier study among Dutch pig farmers showed inverse dose-response 

relationships between endotoxin exposure and allergic sensitization consistent with an 

increased risk for bronchial hyperresponsiveness.51 Similar findings were reported among 

agricultural industry workers,27,28 and Eduard et al., 50 in a study among Norwegian farmers, 

found endotoxin exposure to decrease the risk of atopic asthma but to increase the risk of 

non-atopic asthma. These results show the presence of diverse responses to endotoxin 

exposure especially in relation to atopic status.  

We tried to confirm the role of atopy by applying analysis for endotoxin and asthma 

symptoms stratified by atopic status. In contrast to the Norwegian study, we did not observe 

an exposure-response relationship between endotoxin and atopic wheeze despite the 

increased power that we applied. Potential explanations for this discrepancy between the two 

studies could be population exposure differences (i.e. type of endotoxin, type of organic dust, 

and level of exposure) as well as methodological and analytical differences between the two 

studies (i.e. differences in the exposure assessment strategies, cut-off levels, and in asthma 

and atopy definitions used). However, the interpretations are further complicated by the lack 

of clarification of the relevance of current exposure among subjects with a farm childhood.  

In our study farm childhood is suggested as being protective against allergic sensitization and 

allergic disease during both childhood and adulthood. However, information on farm 

childhood was not available in the studies among Norwegian50 and Dutch51 farmers. In 

another study, Dutch agricultural industry workers with a farm childhood were reported to 

have a lower prevalence of hay fever compared to those without a farm childhood.27 In 

addition, in the same population a strong decrease in allergic sensitization with endotoxin 

exposure between 35 and 1000 EU/m3 was observed, but only among individuals without a 
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farm childhood.28 For individuals with a farm childhood the prevalence of allergic 

sensitization remain constantly low irrespectively of the level of endotoxin exposure. In our 

pooled analysis, farm childhood showed strong protective associations against both allergic 

and asthma symptoms, and when stratified by farm childhood the results confirmed those 

reported in the Dutch agricultural industry workers study.  

These findings support the relevance of current endotoxin exposure with respect to the 

protective effects against sensitization. One should not, in general, expect large decreases in 

symptom occurrence among persons that already experienced the beneficial effects of 

exposure during a farm childhood. However, it could simply be the result of a healthy worker 

selection. The young age and the short time since commencement of exposure to endotoxin 

for the majority of our study population contradicts the presence of a large effect of such bias, 

but still the possibility of occurrence cannot be excluded. Given the limitations of the self-

reported exposure to farming during childhood, the importance of adult exposure in the 

presence of early life exposures to farming can be properly addressed only in studies with 

longitudinal designs. These should include studies in workers with measured exposure during 

childhood and a follow-up of both health and exposure since the beginning of their farming 

carriers.  

Besides the possibility of selection bias, the pooled analysis could be subject to further 

limitations considering the demonstrated heterogeneity in the demographic and exposure 

characteristics among the four included populations, the use of a combined skin-prick and 

specific IgE atopy definition, and the possibility of exposure misclassification within the SUS 

and the biofuled worker studies. Thorough discussions on these issues are given in 

Manuscript II.  

The study presented in Manuscript III is an integrated part of the SUS exposure assessment 

process; it is the first steps of modelling development, and an initial response to the results of 

Manuscript I, which suggested farmers to be exposed to high levels of dust and endotoxin 

consistent with an increased risk for respiratory disease. These findings were in spite of the 

current industrialization and relatively large degree of automation applied on many working 

processes inside and even outside concentrated animal feeding operations (e.g. use of milking 

robots in dairy production, computer controlled or robot delivered feeding systems etc.).   

The mixed effect models exploring relationships between personal exposure and different 

working tasks performed by the farmers suggest the environment to play a dominant role on 
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the demonstrated exposure variability. Indoor work in relation to task with active animals or 

to feed handling in storage areas is postulated as the main source of exposure, whereas field 

working tasks are shown to be associated to lower exposure levels for both dust and 

endotoxin. These findings are not unexpected given the previous results from studies among 

Polish145 and American89 farmers. It is very likely that a similar analysis on working tasks for 

cattle farmers in our study population will provide, at least to a certain extent, similar results. 

For stable characteristic our analysis demonstrated the applied feeding practices (feeding type 

and method) and the type of ventilation to be determinants of dust exposure and the feeding 

type and the slatted floor coverage for endotoxin exposure. The most important exposure 

determinant though was the type of feed, which explained all the given between-farms 

variability for both dust and endotoxin exposure. These findings, although that they do not 

give clear clues for the development of exposure control strategies, demonstrate the potential 

of our data to allow for a breakthrough on the identification of determinants of personal 

exposure. This exercise is very important given that most of the currently available 

information is derived from studies performed in the 1980s and 1990s. Since then, the pig 

production and, in general, the production of all livestock animals has evolved with new 

stable designs and new technologies implemented.  

From an epidemiological prospect, these observations have a considerable impact on our 

study design and exposure assignment as they contain valuable information for the future 

planning and performance of the modelling for pig farmers. Given the possibility of a group-

based approach, these findings will imply that the maximal contrast among pig farmers can 

possibly be obtained by a grouping strategy based on scale of involvement in outdoor 

activities and when indoor workers based on the type of feed used in the farm and their 

involvement in certain animal related tasks with high exposure including feed storage 

activities. Given the small number of included determinants and the exploratory nature of our 

study the findings on stable characteristics can be considered only as indicative considering 

their prevention and exposure control prospective. They suggest feeding practices, 

ventilation, flooring, and hygienic conditions to be potential areas for further investigation. 

Contrary to stable characteristics, the derived information from the tasks model provide vital 

information with regard to the development of prevention strategies based on the use of 

Personal Protective Equipment (PPE). Such strategies have been recently advertised as a 

cost-effective way for reducing the health effects on workers inside animal buildings.25,146  
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The external and internal validity of the specific study are subject to the same issues 

concerning the population representativeness and the possibility of selection bias as the whole 

SUS exposure assessment study. Moreover, our results, for both working tasks and stable 

characteristics, showed good agreement with the literature; especially in relation to the study 

of Preller et al.,79 which is the most comprehensive existing observational evaluation of 

determinants of personal exposure to dust and endotoxin in pig farmers.  

The modelling process was limited to two separate models for (a) working tasks and (b) 

stable characteristics. Such an approach ignores the fact that processes occur under certain 

working and environmental conditions. The variability in exposure is determined by several 

factors including human behaviour, working processes and spatial workplace characteristics. 

However, all our estimations, including dust measurements and calculations for stable 

characteristics, were performed on the personal level. Most previous studies on determinants 

in farming populations have been either experimental or source-oriented using stationary 

sampling. In general, stationary sampling tends to underestimate the personal level of 

exposure, and when a worker is not included the effect of the human factor cannot be 

determined.134 For pig farmers the identification of exposure determinants is further 

complicated by their very alternating working tasks and their tendency to work within several 

workplaces that usually bear different characteristics. As a result, task-based sampling 

approaches become inefficient because of the involved small time intervals per task and 

department.79 Nevertheless, a combined model could provide us with essential information 

regarding the development of effective exposure control strategies, and its development is 

included in our future scopes.  
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6 Concluding remarks and perspectives 
The SUS exposure assessment is one of the largest studies on personal bioaerosol exposure of 

livestock farmers, and for Denmark the first comprehensive attempt within almost two 

decades to document the exposure status of livestock farmers. The measured levels of dust 

and endotoxin exposure show that, in spite of 30 years long debates and scientific interest, 

livestock farmers in Denmark remain highly exposed to hazardous dust and endotoxin 

exposure concentrations. Also from an international perspective these findings stress the need 

for a re-evaluation of the exposure conditions in livestock environments. Most of the 

information available on dust and endotoxin exposure and its determinants in livestock 

environments is derived from studies performed during the 1980s and 1990s. During the last 

two decades production has intensified, farming practices as well as used technologies have 

been altered, and new legislations have been implemented (mainly to improve animal 

welfare).  

Our preliminary results on working tasks can be a tool for Danish authorities and agricultural 

advisors for an initial action plan based on the promotion of use of protective equipment; an 

action that seems necessary given our measured levels of exposure. Overall, our analysis on 

determinants has the potential to provide us with valuable information for the development of 

preventive initiatives including exposure control strategies. This will eventually lead to a 

safer working environment for the farmers with a reduced risk for respiratory symptoms. For 

this purpose the developed models for pig farmers will have to be extended by including 

working tasks and information on further determinants including the use of disinfectants, 

manure handling, animal intensity, and even animal housing. Different model building 

strategies and data mining approaches will have to be considered in order to optimize the 

ability to recognise factors of importance. An extension of the analysis for determinants on 

the sub-population of cattle farmers has also to be performed. The specific research activity is 

of highly importance given the currently limited information available. 

The SUS exposure assessment was initiated with the aim to provide the cohort with valid 

exposure estimates, and thereby to increase the study’s potential to identify exposures driving 

the harmful and beneficial effects of farming. The pooled GABRIEL analysis comprises the 

first use of the derived exposure estimates. The specific study serves as a good example of 

the potential strengths of performing well powered analysis by combing good quality 

exposure and health data. Its results confirmed the currently available literature, whereas the 
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pooling exercise and standardization of the study-specific methodologies enabled the 

finalization and validation of the initial GABRIEL industrial cohorts’ database. With the 

addition of collected lung function and genetic data the analysis can proceed to its next 

analytical phase, which given the current reported results appears to be very promising. The 

potential limitations of the study concerning differences in the applied health and exposure 

sampling methodologies indicate the need for a greater degree of standardization in future 

studies both in respect to the collected health and exposure data.  

The identification of determinants of personal exposure will not directly lead to an accurate 

and valid exposure assessment to be used in the context of the SUS cohort. However, it is a 

step necessary to reveal the driving sources of exposure variability within farming 

populations. Such information is essential in order to develop the most efficient exposure 

assignment to be followed within the cohort. This implies an investigation on the variability 

distribution in different levels using different grouping. Furthermore, the determinant models 

will guide the development of a short and efficient questionnaire to be used to collect 

information that will eventually allow estimation of exposure for the whole population of the 

cohort. Finally, the estimation process for dust and endotoxin are a model for the SUS study 

for the analytical approach that will be followed for the rest of the exposures of interest 

including common allergens, glucans and archae bacteria.   
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Abstract 

Studies on personal dust and endotoxin concentrations among animal farmers have been 

either small or limited to few sectors in their investigations. The present study aimed to 

provide comparable information on the levels and variability of exposure to personal dust and 

endotoxin in different types of animal farmers. 507 personal inhalable dust samples were 

collected from 327 farmers employed in 54 pig, 26 dairy, 3 poultry, and 3 mink farms in 

Denmark. Measurements in pig and dairy farmers were full-shift and performed during 

summer and winter, while poultry and mink farmers were monitored during 4 well-defined 

production stages. The collected samples were measured for dust gravimetrically and 

analyzed for endotoxin by the Limulus amebocyte lysate assay. Simple statistics and random-

effect analysis were used to describe the levels and the variability in measured dust and 

endotoxin exposure concentrations. Measured inhalable dust levels had an overall geometric 

mean of 2.4 mg/m3 (range <LOD-47.8) and endotoxin of 991 EU/m3 (range <LOD-374,579). 

The highest dust and endotoxin concentrations were measured among pig and poultry 

farmers, and the lowest among dairy and mink farmers, respectively. Exposure among pig 

and cattle farmers was characterised by a substantial day-to-day variability that increased 

from indoor to outdoor working environment. Only mink farmers complied with the Danish 

occupational exposure limit for total dust (3 mg/m3). More than 93% of our measurements 

exceeded the recently proposed Dutch exposure-limit for endotoxin (90 EU/m3). These 

findings suggest animal farmers to be exposed to high levels of dust and endotoxin consistent 

with an increased risk of developing respiratory symptoms and diseases. The development of 

preventive strategies to reduce exposure will require in-depth identification of factors that 

affect day-to-day variability in exposure.   

 

INTRODUCTION 

Denmark is a major producer and exporter of agricultural products. With an annual pig 

production exceeding 25 million and a 30% share of the global mink production, Denmark is 

the world’s largest pig-meat-exporting and mink-pelt-producing nation. Furthermore, the 

country has a substantial dairy and poultry production that annually supplies the Danish 

economy with approximately two billion Euros through its exports.1, 2 The Danish primary 

farm sector consisted in 2008 of approximately 43.000 professional holdings with an average 

size of 63 hectares. Of those, approximately 35% was specialized in livestock production 
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(mainly pig and cattle farming), 39% were solely crops producers, and 26% were primarily 

crop farms carrying out sideline livestock production activities.1  

Agricultural workers have an increased risk for acute and chronic respiratory disorders; their 

respiration is routinely challenged by intense exposure to several chemical and biological 

substances such as pesticides and odorous gases, and organic and inorganic dusts.3-6 Exposure 

to organic dust (also referred to as bio-aerosols) is suggested to have a distinctive role in the 

development of allergic and non-allergic respiratory disease and lung function impairment.7 

In particular, exposure to endotoxins, lipopolysaccharide fragments of the cell-wall of gram-

negative bacteria,7 induces non-atopic asthma, bronchial hyper-responsiveness, and lung 

function decline, but at the same time it appears to decrease the risk of atopic disease.8-10 

Most agricultural environments are highly contaminated with endotoxins,11 but, most 

frequently, peak levels in personal exposure are reported among workers in livestock 

confinement buildings, particularly pig and poultry farmers.3, 11-13 However, exposure 

intensities within farming environments are known to vary considerably temporally,  spatially 

as well as personally, depending on type of production, performed task, and different 

environmental and farm characteristics that are present.14 In addition, sampling in exposure 

assessment studies of farming populations is hampered by the small size of the operations and 

the large distances between farm entities.4 

Numerous studies have assessed dust and endotoxin concentrations present in primary animal 

production environments. However, simultaneous investigations of multiple types of 

production with comparable measurement strategies and devices are sparse.11, 13, 15-18 Most of 

these studies determined exposure using area measurements,15-17 while the rest either 

included only a limited number of farming types,13, 18 or few personal measurements among 

animal farmers.11 In addition, the magnitude of the variability in dust and endotoxin exposure 

concentrations in animal farmers has also rarely been reported, and always without the ability 

to compare between different types of animal farmers.19, 20 Furthermore, despite the size of 

the Danish primary agriculture, reports of personal exposure levels of Danish farmers are 

limited,13, 21 and to our knowledge, no study has described exposure levels among mink 

farmers. 

Therefore, the present paper aims: a) to provide comparable information on personal dust and 

endotoxin exposure levels of farmers in different types of primary animal production, b) to 

elucidate the nature and magnitude of exposure variability within and between livestock 
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farmers, and c) to gain insight into the temporal variability in personal exposure 

concentrations throughout different stages of poultry and mink production.  

The study is part of the exposure assessment for the fifteenth year follow-up of the SUS 

project, a Danish prospective cohort study that aims to investigate the effect of farming 

exposures on respiratory diseases and allergy in a population of 1,964 young Danish 

farmers.22  

 

MATERIALS AND METHODS 

Selection of farms 

Details on the design and methodology of the SUS study can be found elsewhere.22, 23 A 

screening exposure questionnaire addressing current and past employment in farming, type of 

farm and basic farm characteristics (location area, size, number and type of animals) was 

used to identify the remaining active farming population of the initial SUS cohort. In total, 

1,156 participants (participation rate 59%) completed the questionnaire. In addition, 

information on current and previous employment, and farm characteristics for another 83 

participants was available from an exposure scheme, comparable to the screening 

questionnaire, used in the clinical investigation part of the study. Overall, 423 (34%) 

participants reported still to be full-time employed in farming, most of them (77%) in farms 

located in the area of Jutland. Of those, 78% were pig and cattle farmers, while the remaining 

were mink (3.8%), crop (12.3%), poultry (0.5%), and combined animal production (5.4%) 

farmers (see appendix, Table A1 for details). For efficiency reasons and due to no systematic 

differences when compared to the distribution of different farms in Denmark,24 we decided to 

restrict our investigation to Jutland. 

The size of the pig farms was estimated from animal units (AU),25 and the population was 

divided into three groups using the first and the last quartiles of the size distribution as cut-off 

levels. Twenty five pig farmers were randomly selected from each size group (75 in total). In 

addition, 33 dairy cattle and 3 mink farmers were randomly selected from the corresponding 

groups of farmers in the study population. The selected farmers were approached by phone 

and if they were still full-time employed in Jutland, in a primarily pig, mink or dairy farm, 

they were asked for an interview date. When the farm owner and the SUS participant were 

not the same individual, then the farm owner was also asked to give consent. Of the selected 

111 farmers, 12 (11 pig and 1 cattle) were reluctant to participate in the study, and 16 (11 pig 
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and 5 cattle) were excluded due to poor health (n=2), inability to establish contact (n=3), part-

time employment (n=6), or due to migration or change of occupation (n=5). The resulting 

population consisted of 54 pig farmers, 26 dairy cattle farmers and 3 mink farmers. In 

addition, contacts with 2 layer (one with enriched cages and one with a single tier system) 

and 1 broiler poultry farms were obtained from the Danish Agricultural Advisory Service. A 

graphical representation of the selection process can be seen in the appendix (Figure A1).  

Farm visits  

During the interview general information on the company (e.g. number of employees and 

units, type of production, locations, number and type of animals, etc) were obtained. Two 

(summer and winter) measurement visits were scheduled for all selected pig and dairy cattle 

farms. All measurements were performed on randomly chosen working days during 2008-

2009. Summer visits were carried out between 1st of May and 1st of October and winter visits 

between 17th of November and 3rd of April. Almost all farms combined animal with crop 

production and four (2 pig and 2 cattle) combined pig with cattle farming. All workers on the 

selected farms were included in the personal measurements, and more than 90% participated. 

Sampling was performed during the whole working-shift of the farmers including both field 

and stable work. Daily tasks were documented by all farmers in detailed activity diaries 

covering one week per season, starting from the measurement day. 

A full-shift measurement approach was also applied for workers in the 2 layer farms. In 

contrast, measurements in the broiler and mink farms were task based. Mink farms were 

visited during the breeding, whelping, furring, and pelting production stages and the broiler 

farm during the preparation of the stables and when the chicks aged 1-2 days (1st week), 21-

22 days (3rd week), and 1-7 days before being harvested (5th week).  

Sampling and analytical methods 

Dust sampling was carried out using a plastic inhalable GSP sampler (CIS; JS Holdings, 

Stevenage, UK)26 mounted with a 37mm glass-fibre (GFA) filter (Whatman international Ltd, 

Maidstone, UK).The samplers were strapped on duplicate (one at each side) at the upper part 

of the chest of the farmers, and a silicone rubber tube connected each sampler to a pre-

calibrated at an operational flow of 3.5 l/min AirChek XR5000 portable pump (SKC Inc., 

Eighty Four, PA, USA). Field blanks were included at a rate of at least one per farm unit 

visited. The collected dust was estimated gravimetrically. An equilibration period of 
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minimum 24 hours (22 0C, 45% relative humidity) preceded filter weighing, which was 

performed using a Mettler UMT2 analytical scale (Mettler-Toledo Ltd, Greifensee, 

Switzerland) with a 0.1 μg precision. The lower limit of detection (LOD) was 0.074 mg per 

filter. Results were expressed as mg/m3.  

Sample extraction and endotoxin analysis was performed as described by Spaan et al. 27 in 

one of the duplicate dust samples that was randomly chosen.  Briefly, the extraction of the 

samples was performed in 5 ml of pyrogen-free water (PFW) with 0.05% (v/v) Tween-20. 

The samples were initially shaken for 60 minutes on a Multi Reax digital shaker (Heidolph 

Instruments GmbH, Schwabach, Germany) and then centrifuged for 15 min at 1000 g. 

Subsequently, 1 ml of the supernatant was removed, aliquoted in four 0.1 ml portions, and 

stored at -20oC. The extracts were analysed for endotoxin in PFW (1:200 dilution) using a 

quantitative kinetic chromogenic Limulus Amboecyte Lysate (LAL) test (Kinetic-QCL 50-

650U kit, Lonza, Walkersville, Maryland, USA). Analysis was performed in duplicate, and 

the endotoxin concentration was estimated by an Escherichia coli (O55:B5) derived standard 

curve with 12 potency points (0.01 to 25 EU/ml). The assays’ LOD was 0.0137 EU/ml and 

results were expressed as EU/m3. Dust results only from samples analysed for endotoxin were 

used for the present analysis.  

All measured inhalable dust and endotoxin concentrations below the limits of detection were 

assigned a 2/3 value of the corresponding LOD.  

Statistical analysis 

All statistical analyses were performed using log-transformed values because exposure 

distributions appeared to be lognormal. As a result, measures of spread and location of 

exposure are presented as geometric means (GM) with a geometric standard deviation (GSD). 

The corresponding arithmetic mean (AM) is also given. Analysis of the variance (ANOVA) 

and paired Student’s t-tests were used to compare groups and seasons, respectively. 

Relationships between dust and endotoxin concentrations were investigated using Pearson 

correlation coefficients.  

Mixed effect linear models (PROC MIXED) were used to estimate variance components of 

dust and endotoxin exposure for pig and dairy cattle farmers.28, 29 A multilevel approach was 

applied as a two-steps procedure. At first the models were fitted with only the worker id as a 

random effect, while in a second step also farm was introduced to allow assessment of 

exposure variability at three levels: between-farms (bfσ
2), between-workers (bwσ

2), and 
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within-workers (wwσ
2). The models were further stratified by the farmers usual working 

environment (indoors, outdoors, mixed in- and outdoor) using the information from the 

activity diaries. With only two repeated measurements available, a compound symmetric 

covariance structure was assumed, and estimations were based on the restricted maximum 

likelihood (REML) approach. The fold-range variations in dust and endotoxin exposure 

between farms, between workers, and within workers were estimated as the ratio between the 

97.5 and 2.5 percentiles of the distribution of the log-transformed corresponding variance 

component.30 

All data were analysed in SAS version 9.2 (SAS Institute Inc, Cary, NC, USA) using two-

sided hypothesis testing at a 5% level.   

 

RESULTS 

Only one of the initially selected 80 pig and dairy farms was not visited twice due to the 

owners loss of interest in the study. Overall, 327 workers employed in 86 farm corporations 

(in the further treated as 89 due to the presence of the mixed production farmers) were 

monitored resulting in the collection of 507 personal inhalable dust samples within the 170 

measurement visits performed. Details with respect to the number of farms, workers and 

measurement characteristics along with the number of repeated measurements per worker are 

given in Table 1. The measurement duration varied considerably between farmers. The 

longest measurements were performed in farmers involved in field work and the shortest 

among cattle farmers nursing calves or heifers. Only 3 samples were below the LODs for dust 

and endotoxin respectively, mainly in relation to short-duration sampling in office or outdoor 

performed tasks.   
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Table 1 Overall and type-specific sampling characteristics of personal measurements on Danish pig, 
cattle, poultry, and mink farmers. Measurements were collected between March 2008 and May 2010. 

Farming type n f k n/k 

Sampling duration, hour <LOD 
for dust, 

N 
<LOD for 

endotoxin, N AM (SD) Range 

Dairy cattle 124 26 77 1-2 4.8 (1.8) 0.9 - 12 2 1 

Pigs 354 53 231 1-2 6.1 (1.4) 1.1 - 9.2 1 1 

Mixed, cattle & pigs 8 4 4 2 5.4 (1.3) 3.4 - 6.9 0 1 

Poultry, broilers 11 1 5 1-5 2.5 (0.7) 1.6 - 3.7 0 0 

Poultry, layers 3 2 3 1 6.2 (1.9) 4.2 - 7.9 0 0 

Minks 7 3 7 1 6.1 (0.5) 5.6 - 6.8 0 0 

Overall 507 89 327 1-5 5.7 (1.7) 0.9 - 12 3 3 

n, total number of personal measurements taken; f, number of involved farms; k, number of farmers sampled; n/k, number of 
measurements per farmer; AM, arithmetic mean; SD, standard deviation. 

 

A summary of the measured inhalable dust and endotoxin levels per type of farming is shown 

in Table 2 and Figure 1. The results of the seasonal personal measurements in pig and cattle 

farmers are also shown. The GM exposure for all monitored farmers was 2.4 mg/m3 (GSD 

3.0) for personal inhalable dust and 991 (GSD 4.7), EU/m3 for endotoxin. Average inhalable 

dust and endotoxin concentrations differed significantly between farm categories (p<0.0001). 

The highest average dust and endotoxin exposure concentrations were seen among poultry 

and pig farmers, with the later group having the highest observed individual concentrations. 

Pig farmers were on average 3-folds higher exposed than cattle farmers, who had the lowest 

GM inhalable dust exposure. The average endotoxin concentrations were lowest for mink 

farmers.  

The observed exposure concentrations for both pig and cattle farmers were higher in winter 

than in summer, statistically significant only among pig farmers (p<0.0001). Pearson 

correlations between seasons were modest for both dust (r=0.48, p<0.0001) and endotoxin 

exposure (r=0.32, p<0.0001) with a relatively similar pattern for pig and cattle farmers (see 

appendix, Figure A2 for details). The overall Pearson correlation coefficient between dust 

and endotoxin was 0.69, whereas the farm type-specific correlations ranged from moderate to 

strong (Table 2).   

 
 



109 
 

Table 2 Personal inhalable dust and endotoxin exposure levels in different types of Danish animal 
farmers. Results are presented overall, per type and (if applicable) per season.  

Farming type and 
season 

n 
Inhalable dust (mg/m3) Endotoxin (EU/m3) 

r 
AM GM (GSD) Min-Max AM GM (GSD) Min-Max 

Pigs         

       Overall 354 4.9 3.4 (2.6) <LOD - 47.8 6241 1495 (4.3) <LOD - 374579 0.62*** 

       Summer 181 4.3 2.8 (2.6) 0.1 - 47.8 5949 1088 (4.2) 14.4 - 374579 0.66*** 

       Winter 173 5.5 4.0 (2.5) <LOD - 20.0 6546 2085 (4.2) <LOD - 285264 0.54*** 

Cattle         

       Overall 124 1.6 1.0 (2.7) <LOD - 9.8 759 361 (3.6) <LOD - 5886 0.61*** 

       Summer 62 1.5 0.9 (2.6)  0.2 - 9.8 512 286 (3.2) 18 - 3401 0.64*** 

       Winter 62 1.8 1.1 (2.9) <LOD - 9.4 1006 455 (3.9)  <LOD - 5886 0.59*** 

Mixed, cattle & pigs        

       Overall 8 2.9 1.8 (2.8) 0.4 - 8.9 900 448 (6.0) <LOD - 2910 0.71* 

       Summer 4 2.9 2.2 (2.5) 0.7 - 6.0 1232 868 (2.7) 251 - 2910 0.46 

       Winter 4 3.0 1.6 (3.6) 0.4 - 8.9 569 231 (9.9) <LOD - 1090 0.80 

Poultry         

       Overall 14 5.7 3.5 (3.0) 0.7 - 18.3 1955 805 (4.9) 61 - 7092 0.83** 

       Layers 3 5.9 5.5 (1.6) 3.1 - 8.3 3329 2426 (2.6) 1162 - 7092 0.85 

       Broilers 11 5.6 3.1 (3.3) 0.7 - 18.3 1580 596 (5.1) 61 - 6424 0.82** 

Minks 7 1.4 1.3 (1.6) 0.5 - 2.3 301 214 (2.2) 93 - 1054 0.62 

Overall 507 4.0 2.4 (3.0) <LOD - 47.8 4615 991 (4.7) <LOD - 374579 0.69*** 

n,  number of measurements; AM, arithmetic mean; GM, geometrical mean; GSD, geometrical standard deviation; r, Pearson 
correlations between measured dust and endotoxin concentrations; *p<0.05, **p<0.01, ***p<0.0001. 
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Figure 1 Inhalable dust () and endotoxin () exposure levels (geometric mean ± 95% confidence 
intervals) obtained by personal sampling in different types of Danish animal farms.  

 

The dust and endotoxin exposure concentrations in the different stages of the mink and 

poultry broiler production are given in Table 3. Overall, exposure was moderate through 

almost all the different stages of the mink production. The highest concentrations for dust 

were measured during the pelting stage and for endotoxin during whelping (Figure 2A). On 

the contrary, exposure measurements in broiler farmers showed a wide range in exposure 

levels primarily in relation to the presence and growth of chicks and the conditions inside the 

stable (i.e. accumulation of manure and feed residues). In particular, the personal exposure 

concentrations for both dust and endotoxin exposure showed a greater than 10-fold increase 

between the 1st and the 5th week of the chicks age. In comparison to the layer production, 

lower dust and endotoxin exposure levels were found when the chicks were young, but this 

pattern reversed when the chicks reached their final growth stage (Figure 2B).    
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Table 3 Personal dust and endotoxin exposure levels measured in different stages of the Danish mink 
and poultry production. 
Farming type and stage 
 of production  

n Inhalable dust (mg/m3) Endotoxin (EU/m3) 

AM GM (GSD) Min-Max AM GM (GSD) Min-Max 

Minks       

     Overall 7 1.4 1.3 (1.6) 0.5 - 2.3 301 214 (2.2) 93 - 1054 

         Breeding 1 0.5       --       -- 121       --       -- 

         Whelping 1 2.0       --       -- 1054       --       -- 

         Furring/grading 2 1.2 1.2 (1.0) 1.1 - 1.2 121 118 (1.4) 93 - 149 

         Pelting 3 1.7 1.7 (1.3) 1.4 - 2.3 231 228 (1.2) 178 - 264 

       

Poultry Broilers       

     Overall 11 5.6 3.1 (3.3) 0.7 - 18.3 1580 596 (5.1) 61 - 6424 

          Stable preparation 4 1.6 1.4 (1.9) 0.7 - 3.0 115 107 (1.6) 61 - 179 

          1st week 2 1.0 1.0 (1.2) 0.9 - 1.1 389 379 (1.4) 302 - 476 

          3rd week 2 5.0 4.8 (1.6) 3.4 - 6.6 1874 1818 (1.4) 1421 - 2326 

          5th week 3 14.5 14.3 (1.3) 11.5 - 18.3 4132 3788 (1.7) 2314 - 6424 

n, number of measurements; AM, arithmetic mean; GM, geometrical mean; GSD, geometrical standard deviation. 

 

 
Figure 2 Inhalable dust () and endotoxin () concentrations (geometric mean ± 95% confidence 
intervals), measured in different stages of mink (A) and poultry (B) production farms.  

 

The results of the random effects models with and without the farm level are summarized in 

Table 4. Overall, considerable variability in exposure concentrations was seen both between- 

and within-workers. In all cases, the within-workers variability (day-to-day variability) was 

larger than the between-workers variability in exposure concentrations irrespective of type of 
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exposure. The between-worker variance was similar for dust and endotoxin, but day-to-day 

variability for endotoxin was considerably higher than for dust. Cattle farmers had higher 

between-workers variability than pig farmers, whereas pig farmers showed larger day-to-day 

variability especially for endotoxin concentrations in which daily concentrations varied 

within a 250-fold range. Introduction of farm level (Model 2) into the models had limited 

effect on the estimated variance components for dust and endotoxin among pig farmers. For 

cattle farmers, however, farm explained 28% and 55% of the between-worker variance for 

dust and endotoxin exposure concentrations, respectively. When grouped by farm, pig and 

cattle farmers appeared to have similar between- and within-variance for inhalable dust 

concentrations, implying that variance components can be pooled across groups of farmers 

for inhalable dust.  

 
Table 4 Variance components for dust and endotoxin exposure in Danish pig and dairy cattle farmers. 

 n Inhalable dust Endotoxin 

bfσ
2 bwσ

2 wwσ
2 bwR0.95 wwR0.95 λ bfσ

2 bwσ
2 wwσ

2 bwR0.95 wwR0.95 λ 

Model 1a              

     Pigs 354  -- 0.25 0.65 6.98 23.79 2.7   -- 0.19 1.97 5.40 245.97 10.6 

  Cattle 124 -- 0.46 0.58 14.10 19.74 1.3   -- 0.47 1.16 14.62 67.71 2.5 

Model 2b             

     Pigs 354 0.04 0.19 0.66 5.60 24.30 3.4 0.00 0.18 1.97 5.36 245.90 10.7 

  Cattle 124 0.20 0.21 0.61 6.11 21.30 2.9 0.12 0.34 1.17 9.67 69.57 3.5 
aModel with worker as random effect; bModel with farm and worker (within farm) as random effects; n, total number of 
personal measurements taken; bfσ

2, between-farm variance; bwσ
2, between-worker (within-farms) variance; wwσ

2, within-
worker (day-to-day) variance; bwR0.95, ratio of the 2.5th and 97.5th percentile of the between-worker variance of the log-
normally distributed exposure; wwR0.95, ratio of the 2.5th and 97.5th percentile of the within-worker variance of the log-
normally distributed exposure; λ, ratio of within- and between-worker variance. 

 

When farmers were grouped by animal type and working environment, the day-to-day 

variability in dust and endotoxin concentrations increased substantially from an enclosed to 

an open (outdoor) working environment among both pig and cattle farmers (Table 5). For pig 

farmers, the day-to-day variability clearly dominated variability in all working environments, 

whereas for cattle farmers’ within- and between-workers variability was mostly similar. 

Division of the total variability into 3 components (between-farm, between-worker and 

within-workers) was possible only among workers working indoors due to the small number 

of repeated measurements in other working environments (Table 5). The between-farm 

component did not considerably affect the within- and between-worker variability structure 

for dust and endotoxin exposure among cattle indoor workers. Among pig indoor workers the 
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between-farms variation for both dust and endotoxin exposure was also small, indicating the 

presence of minimal differences in average exposure concentrations between individual pig 

farmers employed in different farms.  
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Table 5 Variance components by usual working environment for dust end endotoxin exposure in Danish pig and dairy cattle farmers. 
 

n f k
Inhalable dust Endotoxin 

bfσ
2 bwσ

2 wwσ
2 bfR0.95 bwR0.95 wwR0.95 bfσ

2 bwσ
2 wwσ

2 bfR0.95 bwR0.95 wwR0.95 

   Pigs              

        Indoora 266 45 177 0.04 0.12 0.47 2.24 3.94 14.82 0.09 0.08 1.53 3.16 2.98 126.98 

        Mixed,  in- & outdoorb 62 26 35 -- 0.21 0.76 -- 5.94 30.19 -- 0.00 1.90 -- 0.00 221.23 

        Outdoorb 26 15 19 -- 0.00 2.05 -- 0.00 274.30 -- 0.00 4.45 -- 0.00 3911.45 

   Cattle              

        Indoora 71 20 47 0.06 0.60 0.49 2.54 20.81 15.36 0.13 0.50 1.00 4.15 16.09 50.84 

        Mixed,  in- & outdoorb 43 20 24 -- 0.13 0.67 -- 4.08 24.59 -- 0.58 0.61 -- 19.68 21.17 

        Outdoorb 10 5 6 -- 0.45 0.89 -- 13.93 40.43 -- 0.00 2.80 -- 0.00 702.23 
aModel with farm and worker (within farm) as random effects; bModel with worker as a random effect; n, number of personal measurements; f, number of farms visited; k, number of farmers 
sampled; bfσ

2, between-farm variance; bwσ
2, between-worker (within-farm) variance; wwσ

2, within-worker (day-to-day) variance; R0.95, ratio of the 2.5th and 97.5th percentile of the corresponding 
(between-farm, between-worker, within-worker) variance of the log-normally distributed exposure.  
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DISCUSSION 

The present study describes the inhalable dust and endotoxin exposure levels in different 

types of livestock farmers in Denmark. This is one of the largest exposure assessment studies 

using personal measurements in primary animal farming and one of the very few that report 

the magnitude of the variability in dust and endotoxin exposure concentrations among 

different types of animal farmers. To our knowledge this is also the first study to report 

personal dust and endotoxin concentrations among mink farmers.   

We have included a large number of pig and cattle farms in our study; though, the 

representativeness of the Danish farms in our sample might have been altered by our choice 

to randomly select pig farms based on their size distribution. However, participating pig 

farms did not differ significantly in size from farms in the initial sample population, and they 

even had an average size that was comparable to the one reported (232 vs. 239 AU) for all 

pig farms in Denmark.1 Participating pig farms covered production systems from both the 

breeding improvement and production branches of the Danish pig industry, including 

breeding, multiplying, sow, integrated (farrow-to-finish), finishing and multi-site herds. Farm 

characteristics like animal housing, ventilation, feeding equipment, flooring type, manure 

storage, litter usage as well as farming practices varied considerably both between and within 

farms, primarily depending on the applied production system and the year of construction of 

the individual farm compartments. In addition, analysis of the variance by farm size showed 

no statistically significant differences in the personal dust and endotoxin exposure levels 

between small, medium, and large sized farms (not shown). Therefore, it is unlikely that the 

applied selection process has biased the representativeness of our pig farm sample.  

Overall, Danish animal farmers in our sample were exposed to substantial dust and endotoxin 

concentrations, irrespectively of the applied type of production; though, as expected, the 

highest dust and endotoxin exposure concentrations were measured among pig farmers (47.8 

mg/m3 and 374,600 EU/m3, respectively) and poultry farmers (18.3 mg/m3 and 7,092 

EU/m3, respectively). A notion for the health impact of these levels can be obtained by 

looking at the number of exceedances in relation to currently available Occupational 

exposure limits (OELs). In general, although not directly comparable, 47% of our 

measurements exceeded the 3 mg/m3 Danish OEL for total organic dust.31 A number of 

methods for extrapolation of the “total dust” to inhalable dust have been suggested.32-34 Liden 

and colleagues,35 in a comparative study of the Swedish open-face sampler with the IOM 

sampler, which included measurements of organic dust, proposed a conversion factor of 2 for 



116 
 

the recalculation of the OELs from total to inhalable dust. Madsen et al. 36 in an exposure 

assessment study among Danish greenhouse workers reported a mean ratio of 1.6 between the 

personal dust levels measured with the GSP inhalable sampler and the closed-face Millipore 

cassette (the standard aerosol sampler used for total dust measurements in Denmark). Using 

this conservative conversion factor of 1.6 the Danish OEL for total dust can be recalculated to 

an exposure level of approximately 4.8 mg/m3 of inhalable dust. Twenty-eight % of our 

measurements were above this level. For endotoxin, the Health Council of the Netherlands 

recently recommended a health-based exposure limit of 90 EU/m3.37 This newly proposed 

limit was exceeded by more than 93% of our measurements. Several recent studies have 

indicated exposure related respiratory symptoms and bronchial hyperresponsiveness starting 

at levels between 100 and 200 EU/m.9, 38, 39 Thus, it is evident that Danish farmers are 

exposed to dust and endotoxin concentrations consistent with an increased risk of developing 

respiratory symptoms and diseases.   

When compared with earlier studies, our personal exposure dust levels for pig, cattle and 

poultry farmers (GMs of 3.4, 1.0, and 3.5 mg/m3; respectively) are similar to those previously 

reported among Dutch farmers (GMs of 3.6, 1.4 and 4.6 mg/m3 for pig, cattle and poultry 

farmers; respectively),11, 20 but slightly lower compared to the levels found within the 

“European farmer’s” study (median of 4.0, 5.0 and 7.0 mg/m3 for Danish pig, German pig 

and Swiss poultry farmers, respectively).13 Both studies preformed their sampling using 

similar techniques with the ones used in the present study. The observed slightly higher dust 

levels for German pig and Swiss poultry farmers in the European farmer’s study can, at least 

partly, be explained by differences in farm characteristics and practices between countries,17 

and most importantly by the cyclic measurement strategy that we followed for poultry 

farmers.  

Our inhalable endotoxin exposure levels for pig, poultry and cattle farmers are comparable to 

those reported in other studies that used personal measurements.11, 20, 40, 41 However, the 

interpretation of such comparisons is complicated by the lack of standardization in sampling 

and analytical methods across studies.27, 42 Our endotoxin results can best be compared to the 

results from the Dutch study of Spaan et al. 11 as similar measurement and analytical 

protocols were used. In the Dutch study the endotoxin exposure concentrations for cattle and 

poultry farmers ranged from 62 to 3,860 EU/m3 and from 360 to 8,120 EU/m3 respectively, 

which are similar to the ranges we found (range <LOD-5996 and 61-7,092 EU/m3 for cattle 

and poultry farmers, respectively). The higher endotoxin levels among pig farmers in our 
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study (range: <LOD-374,600 EU/m3) compared to the levels (range 992-6,970 EU/m3) of 

Spaan and colleagues probably reflect the larger number of measurements and consequently 

the wider variety of working tasks that we included. Inter-laboratory variations43, 44 are of 

minor importance in the context of interpreting the percentage of measurements above 

exposure limits; even in case of an overestimation of the exposure concentrations of up to 10-

folds several measurements will still be above the proposed exposure limit for endotoxin.   

In our study, the measured dust and endotoxin exposure levels among pig farmers were 

significantly higher during winter than summer season. These findings are in agreement with 

results of earlier studies that measured dust or endotoxin concentrations in different seasons 

using either personal 41, 45, 46 or stationary 15, 17 measurements. The higher dust and endotoxin 

exposure concentrations found in the winter can largely be attributed to higher ventilation 

rates that are normally used inside pig stables during the summer season.17, 47, 48 Though, 

potential differences in the applied farming practices between the two seasons may also play 

a role.  

We examined dust and endotoxin exposure patterns at a personal level within different stages 

of mink and poultry broiler production. Our poultry broiler results are supported by those 

from a recent Canadian study 49 that included personal winter and summer measurements in 2 

stages (0-2nd week and 4-6th week) of the broiler fattening period, and reported dust and 

endotoxin levels to significantly increase with flocks’ age during the summer season. 

Similarly, Oppliger et al. 50 in a Swiss study that described levels of microbial exposure in 12 

poultry broiler operations, found stationary measured dust and endotoxin exposure levels to 

increase by up to 4- and 10-folds, respectively, between the beginning (chicks aged 1 to 2 

days) and end (1 day before harvest) of the chicks’ growth circle. The routine activity 

patterns followed by the workers during the broiler fattening stage suggest this trend to be 

primarily associated to increased animal activity and size, which are aggravated by 

deterioration of stables’ hygienic conditions during the chicks’ growth. However, other 

factors, such as air temperature, relative humidity and ventilation rate may also have played a 

role.51 Measurements on stable preparation were performed one day prior to arrival of the 

chicks. The moderately high dust concentrations observed during this stage probably reflect 

the performed litter (wood chips) disposal. We did not include measurements during the bird 

catching and stable cleaning stages as both are being performed by external contractors in 

Denmark. Personal dust and endotoxin exposure concentrations across mink production, in 

contrast with the poultry broiler production, were not characterised by any clear patterns. The 
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variability in exposure concentrations between breeding, furring, and pelting stages was small 

despite differences in working tasks or in numbers of housed animals between the three 

stages. Differences in environmental settings seem also to be of minimal influence as pelting 

in contrast to animal tending is performed in a completely enclosed environment. However, 

as pointed by the higher levels measured during the whelping stage, the small variability 

could be a result of the few measurements that we included.   

A prime objective of the present study was to provide information on size and variability in 

personal dust and endotoxin exposure concentrations for pig and cattle farmers. In general, 

day-to-day variability in dust and endotoxin exposure concentrations exceeded between-

worker variability in both farming groups, but the pattern was strongest among pig farmers. A 

recent analysis of a large database with more than 2000 measurements in endotoxin exposed 

workers also reported higher within- than between-worker variability among primary animal 

production workers (mainly pig farmers).20 Moreover, in an earlier study that included 

repeated seasonal (summer/winter) measurements on 198 Dutch pig farmers,19 the average 

endotoxin concentrations between and within farmers were estimated to lie within a 4- and 

20-fold difference, respectively. Our results for pig farmers showed a similar range in the 

average endotoxin concentrations between farmers (bwR0.95=5.4), but our fold-range in 

average daily concentrations was somewhat higher (wwR0.95=245) suggesting the presence of 

even larger day-to-day variability than the one reported by Preller et al. In addition, the 

observed increasing day-to-day variability when moving from an indoor to an outdoor 

environment is in accordance with the findings from another large database on inhalatory 

chemical exposures.52 The larger between-farm and between-worker variability observed 

among cattle farmers can probably be explained by more distinct differences in farm 

characteristics, larger degree of task specialization, and more continuous working tasks seen 

among this group compared to pig farmers. As an example, the milking system (robots, 

parlours or pipes) used in a farm determines the performance and time that a farmer will 

spend on milking activities; farmers using parlour or pipe milking systems will spent large 

portions or even their whole working-shifts just milking.  

These findings have implications for both exposure assessment and epidemiological risk 

assessment studies. In general, prospective exposure assessment studies in farming 

populations should design their sampling strategies always in view of the size of the exposure 

variability depending on type of production and working environment. The large between-

farm and within-worker variability among cattle farmers stresses the need for inclusion of 
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sufficient repeated measurements on a large number of farms in order to increase the 

precision of the personal exposure estimates. On the contrary, precision of exposure estimates 

for pig farmers seems to greatly depend on the day-to-day variability, and hence to the 

number of repeated personal measurements included. Mathematical equations that allow 

sample-size and bias estimations based on the presence and magnitude of exposure variability 

within-workers have been available in literature.53 For example, given our sample and dust 

results (Table 4, Model 1) for pig farmers a minimal bias on exposure estimation of 50% 

should be expected. A bias reduction to a maximum value of 10% will require acquisition of 

at least 10-times more measurements per worker. Though, collection of such amounts of 

samples per individual are not an option as they are much too expensive and time-consuming 

given the distances between farms and large number of farms involved. The consequences of 

this substantial variability for epidemiological studies in agricultural populations have been 

addressed in details in a previous discussion paper by Kromhout and Heederik.14 The direct 

or indirect use of individual exposure estimates without proper handling of the issue of 

variability will usually result in a misclassification error that will, in most cases, tend to 

attenuate or even totally obscure exposure-response associations. This problem can largely be 

handled by the use of predicted exposure estimates based on empirical modelling 

approaches.19  

CONCLUSIONS 

The present study shows that animal farmers in Denmark are exposed to high and variable 

dust and endotoxin exposure levels. Pig and poultry farmers are highest exposed, but levels 

above the currently available exposure limits are common also among cattle and mink 

farmers. The chicks’ growth circle is an important determinant for dust and endotoxin 

exposure of broiler farmers. Exposure levels among pig and cattle farmers are characterised 

by a predominant, large, and increasing from indoor-to-outdoor working environment day-to-

day variability. In order to optimize exposure assessment for epidemiological studies of these 

farmer populations collection of information on tasks for several days alongside repeated 

measurements will be of crucial importance. Gaining in-depth knowledge of determinants 

affecting exposure will also be essential in order to develop effective control and prevention 

strategies to reduce dust and endotoxin exposure among animal farmers.   
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Table A1 Distribution of full-time farmers per type of specialization and geographical area in 
the SUS12 cohort population (n=1239).  

Farm type    Geographical area, n (%)

Denmark Jutland Zealand Funen 

Cattle, dairy  106 (25.1) 91 (28.0) 11 (16.9) 4 (12.1) 

Cattle, beef  18 (4.3) 16 (4.9) 1 (1.5) 1 (3.0) 

Pig 206 (48.7) 159 (48.9) 28 (43.1) 19 (57.6) 

Mink  16 (3.8) 15 (4.6) 0 (0) 1 (3.0) 

Field/crop 52 (12.3) 25 (7.7) 22 (33.8) 5 (15.2) 

Poultry  2 (0.4) 2 (0.7) 0 (0) 0 (0) 

Other, mixed 23 (5.4) 17 (5.2) 3 (4.6) 3 (9.1) 

Total  423  325 65 33 
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Figure A1 Flow chart describing the recruitment of farmers within the study.   
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Figure A2  Correlations between repeated measurements for measured dust (A, C and E) and 
endotoxin (B, D and F) concentrations in pig (black dots, n=123), dairy cattle (white dots, n=47), and 
mixed farmers (black squares, n=4), respectively.  
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ABSTRACT 

Objective: To test the hypotheses that current endotoxin exposure is inversely associated 

with allergic sensitization and positively with non-allergic respiratory diseases in four 

occupationally exposed populations using a standardised analytical approach.  

Methods: Data were pooled from four epidemiological studies including 3883 Dutch and 

Danish employees in veterinary medicine, agriculture, and power plants using biofuel. 

Endotoxin exposure was estimated by quantitative job-exposure matrices specific for the 

study populations. Dose-response relationships between exposure, IgE-mediated sensitization 

to common allergens and self-reported health symptoms were assessed using logistic 

regression and generalized additive modelling. Adjustments were made for study, age, sex, 

atopic predisposition, smoking habit, and farm childhood. Heterogeneity was assessed by 

analysis stratified by study.  

Results: Current endotoxin exposure was dose-dependently associated with a reduced 

prevalence of allergic sensitization (ORs of 0.92, 0.81 and 0.66 for low mediate, high mediate 

and high exposure) and hay fever (ORs of 1.16, 0.81 and 0.58). Endotoxin exposure was a 

risk factor for organic dust toxic syndrome (ODTS), and levels above 100 EU/m3 

significantly increased the risk of chronic bronchitis (p<0.0001). Stratification by farm 

childhood showed no effect modification except for allergic sensitization. Only among 

workers without a farm childhood endotoxin exposure was inversely associated with allergic 

sensitization. Heterogeneity was primarily present for biofuel workers.  

Conclusions: Occupational endotoxin exposure has a protective effect on allergic 

sensitization and hay fever but increases the risk for ODTS and chronic bronchitis. 

Endotoxins’ protective effects are most clearly observed among agricultural workers.  
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INTRODUCTION 

Several adult population studies show that early life exposure to farming decreases the risk of 

allergic sensitization and asthma throughout life.[1-4] This association is commonly 

attributed to high exposure of farm children to microbial agents of bacterial and fungal origin 

like endotoxin and β(1→3)-glucans.[5] In particular, exposure to such agents is speculated to 

stimulate the innate immune system, either by suppression of the atopic Th2 responses or by 

the induction of an increase in the shift from Th2 to the Th1 phenotype.[5] Evidence exists 

that this protective effect may not be limited to exposure during childhood. Studies in adult 

populations have indicated that farmers[6] and rural dwellers[1] have a lower risk of asthma 

and allergic sensitization. These results were confirmed by studies using animal contact as a 

proxy for microbial exposure, demonstrating the lowest risk of allergic sensitization in 

subjects combining farm childhood and farm animal contact in adulthood.[2, 4, 7] In 

addition, inverse associations between measured endotoxin exposure and atopy or allergic 

asthma, were found in studies among Norwegian[8] and Dutch farmers,[9] and among 

agricultural industry workers.[10]   

Beside its protective effects, bacterial endotoxin is well-known for its pro-inflammatory 

capability. High occupational exposure to airborne endotoxin has long been associated with a 

number of acute and chronic health effects like organic dust toxic syndrome (ODTS), 

bronchial hyper-responsiveness, asthma-like symptoms, chest tightness, cough, shortness of 

What this paper adds 

 Adult-onset endotoxin exposure is a well-known risk factor for respiratory 

disorders, but recent studies on farming populations suggest that it may also 

protect from allergic disease. 

 Evidence on this dual effect of endotoxin exposure is limited, and whether the 

protective effects apply to other populations than farmers remains unclear.  

 Occupational endotoxin exposure significantly increased the risk of chronic 

bronchitis and ODTS symptoms. 

  Inverse relationships between endotoxin and atopy and hay fever were found 

most clearly among workers with agricultural related exposures. 
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breath, wheezing, chronic bronchitis, inflammation in the airways, and accelerated lung 

function decline.[10-17] Interestingly, these adverse health effects were also found by studies 

in which inverse dose-response relationships between endotoxin exposure and allergic asthma 

or atopy were reported.[8-10, 14] These intriguing findings indicate both a positive and 

negative role of endotoxin on the development of health effects in humans. Nevertheless, the 

information on this dual effect of endotoxin remains limited as half of the studies that 

reported it,[8, 9] did not consider farm exposures that occurred during childhood and were 

exclusively performed in farming populations where selection out of farming might also 

explain the observed inverse associations between endotoxin exposure and atopy. 

In the present study, we pooled data from four studies of employees including veterinary 

students, farm apprentices, and biofuel and agricultural industry workers exposed to 

microbial exposures at work. We performed combined analysis and explored relationships 

between endotoxin exposure and allergic sensitization, asthma and other respiratory diseases, 

taking early-life exposures to farming into consideration. Furthermore, we investigated 

whether dose-response relationships differed between the four subpopulations in order to 

explore the hypothesised extension of the effects of endotoxin exposure in other occupational 

groups than farmers.[10] The study was performed in the framework of the GABRIEL 

project (www.gabriel-fp6.org).  

 

MATERIALS AND METHODS 

Study Design  

The present study is a pooled analysis of the baseline data from four studies from Denmark 

and the Netherlands: i) a cross-sectional investigation that explored relationships between 

current endotoxin exposure and respiratory and allergic outcomes in a population of 525 

farmers (participation rate 61%) and 376 workers in 23 agricultural processing companies 

(participation rate 90%) in the Netherlands.[10] ii) A Danish prospective cohort study (SUS) 

including 1964 farm apprentices (participation rate 79%) that explored the role of farm 

exposures on the development of atopy and respiratory diseases in young farmers.[3, 18, 19] 

iii) A cross-sectional study among Danish power plant workers which assessed relationships 

between bio-aerosol exposure, allergy and respiratory health.[17] The latter study included 94 

power plant workers using straw (participation rate 75%) and 138 power plant workers using 



134 
 

wood chip (participation rate 74%). iv) A cross-sectional study that addressed the effect of 

bio-aerosol exposure on the development of allergic and non-allergic respiratory diseases in 

veterinary students (the veterinarians’ health study). The study population consisted of 

veterinary students at Utrecht University participating in the study from June to October 2006 

(n=901, participation rate 65%). More details on the design and methodology of the specific 

study are given in the online supplement (supplement A). 

All four studies used detailed questionnaires on asthma, atopy, familial history of asthma 

and/or allergy, smoking and occupational history. The comparability between questionnaires 

was assessed based on the meaning and timing of questions referring to the same airway or 

atopic symptom or personal characteristic (see supplement B, Table S1 for details).  

The questionnaire was followed by a comprehensive health investigation in all four studies. 

Allergic sensitization against common inhalant allergens (pollen, house dust mite, cat, dog) 

was assessed by means of skin prick tests in the Danish studies, and by serological testing of 

specific IgE using enzyme immunoassays [20] in the Dutch studies. 

Ethics approval was provided for the original studies by the Ethical Committees of Aarhus 

County and University of Utrecht for Danish and Dutch studies, respectively.  

Pooled population 

Questionnaire information was available for all 3998 subjects in the four studies. In addition, 

information on IgE-mediated sensitization was available for 434 (342 processing workers, 92 

famers) agricultural industry workers, 641 veterinary students, 1959 farm apprentices and 

200 (120 wood chip workers, 80 straw workers) biofuel workers. Twenty-one farm 

apprentices, 4 veterinary students and 46 biofuel workers without data on exposure as well as 

one biofuel and 15 agricultural industry workers aged >65 years were excluded from the 

analysis. A further 28 workers (10 farm apprentices, 9 agricultural industry and 9 biofuel 

workers) with incomplete data on potential confounders (farm childhood, age, familial 

history of allergic diseases or smoking status) were also removed resulting in 3170 and 3883 

subjects available for statistical analysis with sensitization and symptoms, respectively. 

Supplement C, Figure S1 represents a schematic overview of the pooling process.  
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Health Outcome Definitions 

Asthma was defined as a positive response to any of the following questions: “Are you 

currently taking any medicine for asthma?”, “Have you ever had asthma?”, “Have you 

sometimes had wheezing in the chest, during the last year?” and “During the last 12 months 

have you, sometimes been woken up with a feeling of tightness in your chest?”. Chronic 

bronchitis was defined as “coughing up phlegm almost daily, for 3 months in a row during 

the last year" and wheezing as “at least one attack of wheezing during the last year”. A 

combination of self-reported pollen allergy accompanied by eye (itching or watery eyes) or 

nose (sneezing) symptoms or a positive answers to the question “Have you ever had hay 

fever?” was used to define hay fever. Atopy was determined as elevated serum IgE levels or 

positive skin-prick tests (the mean of the longest diameter and the midpoint orthogonal 

diameter of the weal >3 mm) to one or more of the following common allergens: pollen 

(grass or birch), house-dust mites, cat and dog (details in supplement B, Table S1). Self-

reported allergy was defined as self-reported allergic reactions (lung, nose and/or eye 

symptoms) against pollen, animal or house dust allergens. An affirmative answer to the 

question “Have you, during the past 12 months, had sudden episodes of flu-like symptoms 

such as fever, chills, malaise, muscle- or joint pains, and felt completely well within 1-2 

days?” was used as a proxy for  ODTS episodes.  

Exposure Assessment 

Information on the participant’s occupational and exposure history including information on 

specializations, tasks, areas and the duration of exposure (e.g. hours per day or weeks per 

year) were available from the study questionnaires. In addition, endotoxin levels were 

available from more than 1200 personal and stationary measurements performed within the 

investigations of the Danish biofuel and the Dutch agricultural and veterinary studies and 

during the 15th year follow-up of the Danish SUS study.[10, 17, 18, 21, 22] The current 

personal endotoxin exposure was estimated for every worker by means of quantitative Job-

Exposure Matrices (JEMs) developed from measurements and the available questionnaire 

information in each of the participating studies (for details, see the supplement D). For 535 

farm apprentices, who had complete information on exposure but considered non-exposed in 

the corresponding JEM, a background exposure concentration of 1 EU/m3 was assumed 

based on levels reported in non-industrial occupational[23, 24] and residential[25] indoor 

environments.  
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Data Analysis 

Data analysis was performed using SAS statistical software (version 9.2; SAS Institute Inc, 

Cary, NC, USA), for Windows. The pooled study population was divided into four exposure 

categories (low, low mediate, high mediate and highly exposed). Earlier  proposed exposure 

standards of 50 and 200 EU/m3 for endotoxin exposure by the National Health Council and 

the Social and Economical council of the Netherlands [12, 26] along with the suggested “no-

effect level” of 100 ng/m3 (~1000 EU/m3) [27] were used as cut-off points. Differences in 

prevalence of diseases and characteristics between sub-groups of the pooled study population 

were assessed with chi-square tests. Kruskal-Wallis and Mann-Whitney tests were used for 

comparison of continuous variables. Associations between endotoxin exposure and health 

outcomes were assessed with logistic regression analysis (PROC LOGISTIC), using the 

lowest exposure group as reference. Potential confounders (atopic predisposition, gender, 

smoking, age and exposure to farming during childhood) were considered in the analysis. The 

reliability of the demonstrated associations and the heterogeneity across populations were 

investigated by adjustment for study and by stratified analyses. Effect modification by farm 

childhood and atopic status was assessed using interaction terms in the multiple regression 

models and by stratified analyses. 

The linearity and the shape of the estimated associations in the main analysis was further 

tested (a) by using endotoxin exposure as a continuous variable in the final multivariate 

logistic regression models and (b) by generalized additive modelling (smoothing).[28] All 

analyses with endotoxin exposure as a continuous variable were performed on log-

transformed endotoxin exposure concentrations. The statistical significance level was set at 

5% (two-sided) for all the applied tests and models. 

 

RESULTS 

Basic characteristics of the four studies and the pooled population are shown in table 1. 

Overall, the median estimated current average endotoxin exposure was 219 EU/m3 (range: 

0.01-10645 EU/m3). Exposure differed significantly between study populations (p<0.0001) 

and the estimated levels ranged (median) from between 14-10645 EU/m3 (219 EU/m3) for 

Dutch farmers and agricultural industry workers to 1-1495 (215 EU/m3), 3.2-749 (309 

EU/m3) and 0.01-294 EU/m3 (3.4 EU/m3) for farm apprentices, veterinary students and 
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biofuel workers, respectively. In addition, the study populations differed significantly also in 

gender, farm childhood, smoking habits and atopic predisposition. Farm apprentices were 

younger and reported less frequently allergic and respiratory symptoms than other 

occupational groups. Most of the participants (75%) who reported ODTS symptoms were 

Dutch farmers and agricultural industry workers. The prevalence of atopy was highest among 

veterinary students.  
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Table 1 Basic characteristics of 3883 workers in the pooled population and by participating study.  

 

Netherlands Denmark 
Pooled 
population 
(N=3883)* 

Agricultural 
industry 
workers 
(n=877)* 

Veterinary 
students 
(n=897)* 

Farm 
apprentices 
(n=1933)* 

Biofuel 
workers 
(n=176)* 

      

Demographics      
     Age, years  43.6 ±10.5 23.7±3.5 19.2 ±2.6 47.6±8.6 27.0 ±12.2 
     Gender, female 155 (17.7) 722 (80.5) 229 (11.9) 7 (4.0) 1113 (28.7) 
     Farming environment during childhood † 509 (58.0) 90 (10.0) 854 (44.2) 63 (35.8) 1516 (39.0) 
   Atopic predisposition      
     Asthma or allergy in parents or siblings  273 (31.1) 674 (75.1) 587 (30.4) 30 (17.1) 1564 (40.3) 
     Asthma or allergy in parents 147 (16.8) 496 (55.3) 350(18.1) 16 (9.1) 1009 (26.0) 
     Asthma or allergy in siblings 181 (20.7) 509 (56.7) 346(17.9) 16 (9.1) 1052 (27.1) 
   Smoking habits,      
      Past smoker 292 (33.3) 79 (8.8) 91 (4.7) 53 (30.1) 515 (13.3) 
      Current smoker 199 (22.7) 94 (10.5) 568 (29.4) 54 (30.7) 915 (23.6) 
      Smoking history, pack-years * 6.9 ±11.4 0.6 ±1.8 1.1 ±2.6 14.4 ±21.2 2.9 ±8.1 
      

Endotoxin exposure      
       EU/m3, median (range) 219 (14-10645) 309 (3-749) 215 (1-1495) 3 (0.01-294) 219 (0.01-10645) 
                 <50 EU/m3 68 (7.8) 263 (29.3) 535 (27.7) 134 (76.1) 1000 (25.8) 
            50-200 EU/m3 172 (19.6) 45 (5.0) 153 (7.9) 30 (17.1) 400 (10.3) 
        200-1000 EU/m3 506 (57.7) 589 (65.7) 1076 (55.7) 12 (6.8) 2183 (56.2) 
             >1000 EU/m3 131 (14.9) 0 (0) 169 (8.7) 0 (0) 300 (7.7) 
      

Health symptoms      
      Chronic bronchitis§ 64 (7.3) 51 (5.7) 62 (3.2) 11 (6.3) 188 (4.9) 
      Wheezing§ 101 (11.5) 100 (11.2) 172 (9.2) 30 (17.2) 403 (10.5) 
      Asthma§§ 156 (17.9) 187 (20.9) 245 (12.8) 40 (23.3) 628 (16.3) 
      ODTS§ 161 (18.6) 17 (1.9) 11 (0.6) 26 (14.9) 215 (5.6) 
      Hay fever§§ 94 (10.7) 177 (19.7) 186 (9.7) 36 (20.8) 493 (12.7) 
      Self reported allergy§§ 155 (17.7) 252 (28.1) 151 (7.8) 34 (19.9) 592 (15.3) 
      Atopy‡ 83 (19.4) # 157 (24.6)$ 345 (17.9) 30 (17.4) 615 (19.4) 

Demographic data and data on health symptoms are presented as n (%) or as mean ±SD; EU, endotoxin unit.  
*Numbers may vary due to missing values in the health outcome variables.  
§Self-reported symptoms during the last 12 months.  
§§Self-reported symptoms at any point in life.  
‡Determined by serum IgE (the Netherlands) or skin-prick tests (Denmark) against pollen, house-dust mites, and cat and dog 
allergens.  
#Based on information for 429 (91 famers, 338 agricultural processing workers) participants.  
$Based on information from 639 participants. †Born, raised or lived in a farm for at least a year till the age of 5.   

 

Table 2 summarizes the results of univariate and multiple logistic regression analysis between 

occupational endotoxin exposure and health outcomes of interest. Significant positive 

associations between endotoxin exposure, chronic bronchitis and ODTS were found. In 

contrast, endotoxin exposure was associated, in a dose dependent manner with a decreased 

prevalence of atopy, self-reported allergy and hay fever. Exposure to high levels of endotoxin 

was significantly associated with asthma and wheezing symptoms. Adjustment for 

confounders did not substantially change the associations between endotoxin exposure and 

the health outcomes (0% to 12% difference between crude and adjusted ORs), except for 
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ODTS where the association became less prominent but remained statistically significant 

(OR [95%CI] = 2.07 [1.24-3.46], 1.77 [1.16-2.70], and 3.20 [1.87-5.49] for the low mediate, 

high mediate and high exposure groups; respectively). Further analysis with adjustment for 

participating study barely attenuated the estimated ORs for most of the health outcomes.  

 
Table 2 Univariate and multiple logistic regression results describing the association between 
occupational endotoxin exposure and respiratory and allergic disorders. 

Symptom and Exposure 
group 

Univariate model Adjusted model* P value for 
trend* OR 95% CI OR 95% CI 

Chronic bronchitis§      
 Low 1.00  1.00    
 Low mediate 1.34 0.75 to 2.40 1.38 0.74 to 2.54 < 0.0001 
 High mediate 1.40 0.94 to 2.07 1.49 0.97 to 2.31  
 High 3.66 2.23 to 6.00 4.11 2.36 to 7.15  
      

Wheezing§      
 Low 1.00  1.00   
 Low mediate 0.74 0.49 to 1.13 0.80 0.51 to 1.24   0.2040 
 High mediate 1.01 0.79 to 1.29 1.10 0.83 to 1.45  
 High 1.69 1.16 to 2.45 1.72 1.14 to 2.60  
      

Asthma§§      
 Low 1.00  1.00   
 Low mediate 0.76 0.55 to 1.07 0.80 0.56 to 1.14   0.5676 
 High mediate 0.93 0.76 to 1.14 0.96 0.77 to 1.20  
 High 1.42 1.03 to 1.96 1.52 1.07 to 2.15  
      

ODTS§      
 Low 1.00  1.00   
 Low mediate 3.30 2.02 to 5.39 1.68 0.95 to 2.96   0.0078 
 High mediate 1.71 1.14 to 2.56 1.80 1.07 to 3.02  
 High 3.89 2.34 to 6.46 2.44 1.30 to 4.60  
      

Hay fever§§      
 Low 1.00  1.00   
 Low mediate 0.95 0.69 to 1.32 1.16 0.82 to 1.63   0.0177 
 High mediate 0.71 0.57 to 0.88 0.81 0.64 to 1.02  
 High 0.45 0.29 to 0.71 0.58 0.36 to 0.93  
      

Self reported allergy§§      
 Low 1.00  1.00   
 Low mediate 0.88 0.65 to 1.20 0.90 0.64 to 1.25   0.0018 
 High mediate 0.71 0.58 to 0.87 0.70 0.56 to 0.87  
 High 0.60 0.41 to 0.88 0.72 0.47 to 1.08  
      

Atopy‡      
 Low 1.00  1.00   
 Low mediate 0.90 0.64 to 1.26 0.92 0.65 to 1.30   0.0299 
 High mediate 0.83 0.68 to 1.01 0.81 0.66 to 1.00  
 High 0.66 0.45 to 0.97 0.66 0.44 to 0.99  
*Results adjusted for gender, age, farm childhood, atopic predisposition, smoking habits, and participating study 
§Self-reported symptoms during the last 12 months.  
§§Self-reported symptoms at any point in life.  
‡Determined by serum IgE or skin-prick tests against pollen, house-dust mites, and cat and dog allergens. 
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Analysis of the data with non-parametric methods (smoothing) confirmed the demonstrated 

pooled associations for chronic bronchitis and hay fever (Figure 1). A clear rise (Table 2; p 

value for trend <0.0001) in risk for chronic bronchitis from an exposure of 100 EU/m3 and 

higher was seen, whereas for hay fever, the prevalence steadily decreased with exposure 

levels exceeding the 50 EU/m3. In addition, endotoxin levels above 20 EU/m3 tended to 

decrease the risk of atopic sensitization (supplement E, Figure S2). A similar but steeper 

association was found for self-reported allergy. Despite the overall low frequency of ODTS, 

its prevalence tended to increase gradually with elevated levels of endotoxin exposure. A 

weak increasing trend was seen for symptoms of wheeze (supplement E, figure S2). 

 

 
 
Figure 1 Smoothed relationships between endotoxin exposure, chronic bronchitis and hay fever for 
the pooled study population. : Chronic bronchitis; : Hay fever; ········ : ± 95% confidence intervals 
for chronic bronchitis. −−−−: ± 95% confidence intervals for hay fever. Results are adjusted for 
gender, age, farm childhood, atopic predisposition, smoking habits and participating study.  

 

Study stratified analyses were undertaken to investigate possible heterogeneity between the 

involved populations (Table 3). Overall, there were no major differences in the estimated 

relationships across the three sub-populations of agricultural industry workers, veterinary and 

farm apprentices for most of the health outcomes under investigation. However, the 

protective effects of endotoxin exposure on atopy and hay fever appeared to be more 
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prominent in the Dutch agricultural study. Similarly, stronger dose-response relationships 

between endotoxin exposure, wheeze and asthma were seen among Dutch agricultural 

industry workers compared to veterinary students and farm apprentices. The sub-population 

of biofuel workers showed biggest differences compared to the other studies in the estimated 

associations for ODTS, atopy and hay fever. Nevertheless, sensitivity analysis by excluding 

Danish biofuel workers hardly changed associations (Table 2) for any of the health outcomes 

under investigation (not shown).   
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Table 3 Multiple logistic regression results describing the association between endotoxin exposure 
and health outcome on each of the involved studies (results are adjusted for farm childhood, gender, 
age (continuous), atopic predisposition and smoking habits). 

Symptom and 
Exposure group 

Agricultural 
industry workers 

Veterinary students Farm apprentices Biofuel workers 

OR 95% CI OR 95% CI OR 95% CI OR 95% CI 

Chronic bronchitis§         
 Low 1.00  1.00  1.00  1.00  
 Low mediate 1.80 0.37 to 8.82 1.66 0.51 to 5.44 1.15 0.31 to 4.21 11.05a 1.27 to 96.35a 
 High mediate 2.65 0.61 to 11.43 1.09 0.56 to 2.15 1.37 0.69 to 2.72 8.44a 0.49 to 145.09a 
 High 6.04 1.35 to 27.14   3.34 1.48 to 7.53   
         

Wheezing§         
 Low 1.00  1.00  1.00  1.00  
 Low mediate 1.81 0.48 to 6.81 0.31 0.07 to 1.37 1.02 0.50 to 2.08 1.78 0.62 to 5.09 
 High mediate 3.32 0.98 to 11.25 0.79 0.50 to 1.24 1.01 0.68 to 1.49 5.09 1.28 to 20.24 
 High 5.92 1.67 to 20.99   1.14 0.64 to 2.05   
         

Asthma§§         
 Low 1.00  1.00  1.00  1.00  
 Low mediate 0.84 0.37 to 1.87 0.96 0.43 to 2.14 0.80 0.44 to 1.48 1.32 0.50 to 3.49 
 High mediate 1.26 0.62 to 2.56 0.91 0.64 to 1.31 0.87 0.63 to 1.20 3.60 0.93 to 13.94 
 High 1.91 0.88 to 4.14   1.24 0.76 to 2.01   
         

ODTS§         
 Low 1.00  1.00  1.00  1.00  
 Low mediate 1.45 0.64 to 3.30 xb  7.31 c 0.64 to 83.09c 2.59 0.95 to 7.05 
 High mediate 1.80 0.85 to 3.82 1.45c 0.46 to 4.61c 2.21 c 0.26 to 19.14c 0.77 0.09 to 6.82 
 High 2.17 0.95 to 4.95   6.28 c 0.61 to 64.82c   
         

Hay fever§§         
 Low 1.00  1.00  1.00  1.00  
 Low mediate 0.94 0.45 to 1.96 0.98 0.44 to 2.20 1.19 0.66 to 2.12 0.68 0.21 to 2.24 
 High mediate 0.44 0.22 to 0.88 0.92 0.64 to 1.33 0.84 0.59 to 1.20 1.61 0.36 to 7.08 
 High 0.26 0.10 to 0.67   0.66 0.36 to 1.22   
         

Self reported allergy§§         
 Low 1.00  1.00  1.00  1.00  
 Low mediate 1.10 0.56 to 2.18 0.63 0.30 to 1.32 1.11 0.58 to 2.11 0.34 0.09 to 1.30 
 High mediate 0.71 0.38 to 1.34 0.68 0.49 to 0.94 0.78 0.53 to 1.15 0.55 0.06 to 5.07 
 High 0.72 0.34 to 1.50   0.74 0.39 to 1.41   
         

Atopy‡         
 Low 1.00  1.00  1.00  1.00  
 Low mediate 0.73 0.32 to 1.70 0.71 0.27 to 1.88 0.86 0.54 to 1.39 0.83 0.25 to 2.82 
 High mediate 0.35 0.17 to 0.69 0.78 0.52 to 1.17 0.90 0.69 to 1.18 1.36 0.24 to 7.79 
 High 0.25 0.10 to 0.61   0.75 0.46 to 1.20   

§Self-reported symptoms during the last 12 months.  
§§Self-reported symptoms at any point in life.  
‡Determined by serum IgE or skin-prick tests against pollen, house-dust mites, and cat and dog allergens. 
acalculated only for males  
bnot calculated due to infinitive likelihood  
ccalculated only for current and non-smokers 
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We investigated whether associations between endotoxin exposure and asthma, wheeze and 

hay fever were modified by atopic status. Atopic and non-atopic subjects had approximately 

the same age, gender distribution, smoking habits, and exposure distribution. But atopic 

workers were less likely to be exposed to farming during childhood (28.3 vs. 39.3%) and had 

significantly more asthma (30.3 vs. 12.1%), wheezing (21.1 vs. 7.7%), and hay fever (43.0 

vs.5.3%) symptoms than non-atopic workers.  

Interestingly, in stratified multivariate analysis the prevalence of wheeze and asthma 

increased with exposure above 200 EU/m3 among non-atopic workers and not in atopic 

workers (Table 4). In addition, the previously demonstrated inverse association between 

endotoxin exposure and hay fever was present only among atopic subjects. However, all p 

values for the interaction between endotoxin exposure and atopy were >0.05 (i.e. there were 

no formal interactions). Atopic status was available for only 18% (91 subjects) of the sub-

population of farmers in the Dutch agricultural industry study. A sensitivity analysis 

excluding the Dutch farmers’ population from the analysis had only a small influence on the 

estimated relationships for both atopic and non atopic subjects (not shown).   

 
 

 
Table 4 Logistic regression analysis stratified by atopic status describing the associations 
between endotoxin exposure and the health symptoms of interest. 

Symptom and 
Exposure group 

Non-atopic workers (n=2555) Atopic workers (n=615) 
OR 95% CI OR 95% CI 

Wheezing§     
 Low 1.00  1.00  
 Low mediate 0.96 0.49 to 1.88 1.45 0.69 to 3.05 
 High mediate 1.25 0.83 to 1.87 1.03 0.64 to 1.66 
 High 2.04 1.17 to 3.55 0.80 0.30 to 2.11 
     

Asthma§§     
 Low 1.00  1.00  
 Low mediate 0.75 0.43 to 1.30 1.52 0.79 to 2.95 
 High mediate 1.03 0.76 to 1.41 0.99 0.65 to 1.50 
 High 1.99 1.26 to 3.12 0.84 0.37 to 1.94 
     

Hay fever§§     
 Low 1.00  1.00  
 Low mediate 1.37 0.72 to 2.62 1.28 0.68 to 2.41 
 High mediate 1.01 0.65 to 1.56 0.76 0.52 to 1.11 
 High 1.00 0.46 to 2.20 0.31 0.13 to 0.74 

ORs are adjusted for gender, age, farm childhood, atopic predisposition and smoking habits and participating study. 
§Self-reported symptoms during the last 12 months.  
§§Self-reported symptoms at any point in life.  
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Univariate analysis showed a clear protective effect of farming exposure in childhood for 

atopy, self-reported allergy, hay fever, asthma, and wheeze, with ORs [95%CI] of 0.61[0.50-

0.74], 0.49[0.40-0.59], 0.50[0.40-0.62], 0.61[0.51-0.73], and 0.62[0.50-0.78]; respectively. 

Adjustment for potential confounders and study did not considerably affect the estimated 

relationships for farm childhood and the respective health endpoints which remained strong 

and significant. Associations were not confounded by current exposure to endotoxin either 

(see supplement F, Table S2 for details).  

Stratification of the population by farm childhood showed no evidence of effect modification 

for asthma, wheeze, self-reported allergy, hay fever and chronic bronchitis (p value for 

interaction >0.2). However, the relationship between endotoxin exposure and atopy was 

dependent on the presence of farm exposures in early life (p value for interaction =0.0086). In 

workers with a farm childhood no association was found between endotoxin exposure and 

atopy (OR [95%CI] = 0.90 [0.47-1.75], 1.31 [0.86-2.00], and 1.49 [0.73-3.05] for the low 

mediate, high mediate and high exposure groups; respectively). In contrast, a negative dose 

dependent trend between endotoxin exposure and atopy was found in workers without a farm 

childhood (OR [95%CI] = 0.98 [0.65-1.49], 0.68 [0.53-0.87], and 0.48 [0.30-0.79] for the 

low mediate, high mediate, and high exposure groups; respectively). 

 

DISCUSSION 

In this study we used pooled health data from four epidemiological studies (veterinary 

students, farm apprentices, and biofuel and agricultural industry workers) and exposure 

estimates based on measurements to investigate whether and how endotoxin exposure 

predicts the likelihood of allergic sensitization and airway disease. We found significant, 

inverse dose-response relationships between endotoxin exposure, hay fever and atopy, while 

current endotoxin exposure was associated with an increased prevalence of chronic bronchitis 

and ODTS. A farm childhood was a protective factor for hay fever and asthma symptoms, 

independent of current exposure to endotoxin. However, current endotoxin exposure showed 

an inverse dose-response relationship with allergic sensitization only in workers without a 

farm childhood.  
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Endotoxin exposure, farm childhood and atopic sensitization 

Our results confirm the previously demonstrated[9, 10, 14] protective effect of current 

endotoxin exposure in adulthood by showing clear inverse relationships between 

occupational endotoxin exposure and atopy and hay fever. Like previous studies suggesting 

that the protective effect of early childhood exposure to farming on atopic diseases is 

persistent in adulthood,[1-4] we found significantly less atopy and asthma symptoms in 

workers with than without a farm childhood. These associations were not confounded by the 

level of current exposure, and farm childhood did not significantly modify the effect of 

current endotoxin exposure on hay fever. On the other hand, the prevalence of atopic 

sensitization was only inversely related to current endotoxin exposure in workers who did not 

live on a farm during childhood. These findings further support the hypothesised protective 

effect of adult-onset endotoxin exposure on allergic disorders. The absence of an association 

among workers with a farm childhood may be due to the very low prevalence of atopic 

sensitization in this particular group.[14] Yet the use of farm childhood as surrogate for early 

life exposures can be prone to misclassification and is short in ability to classify intensity and 

type of exposure. A recent multicenter European study on children showed that atopic and 

asthma responses can vary depending on type of farming and applied farming practices.[29] 

Therefore, studies with additional measured early life exposures and with follow-up of health 

and exposure of workers since commencement of current exposures are of particular interest 

in revealing whether early-life or current-onset exposure is of highest relevance. 

Similar trends were found for study-specific endotoxin-atopy and endotoxin-hay fever 

associations in the subpopulations of Dutch farmers, veterinary students and farm 

apprentices. These three populations are all closely related to agriculture (veterinary students 

handle farm animals as well and those are the ones with the highest exposure levels) 

suggesting that agricultural related exposures is of importance. However, our population of 

biofuel workers, the only non-agricultural related, is relatively small and lower exposed 

compared to the other occupational groups. Further studies with larger non-agricultural 

related populations and with more comparable exposure levels to those found in agricultural 

environments are needed in order to confirm this finding. 

Endotoxin exposure, chronic bronchitis and ODTS 

We found endotoxin exposure to be a dose-dependent risk factor for both ODTS and chronic 

bronchitis from exposure levels of 100 EU/m3 and higher. Smit and colleagues in two recent 
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studies among Dutch agriculture seed[15] and wastewater[30] workers showed high 

occupational exposure to endotoxin to significantly induce ODTS-like symptoms. Elevated 

endotoxin exposure was found to significantly increase the likelihood of chronic bronchitis 

and cough with phlegm symptoms among Norwegian[16] and Dutch[10] farmers, 

respectively. 

Approximately 46% of the participants with self-reported chronic bronchitis also reported 

asthma symptoms. The prevalence of smoking was relatively similar (39.9 vs. 33.6%) in 

persons with chronic bronchitis and persons with asthma symptoms; but asthmatic persons 

with chronic bronchitis were more likely to be smokers than persons with only chronic 

bronchitis or asthma symptoms (53 vs. 28 vs. 30%, respectively). Asthmatic subjects with 

chronic bronchitis had a longer (7 vs. 3.6 pack-years) smoking history than asthmatic subjects 

without chronic phlegm symptoms. Exclusion of asthmatic cases from the analysis did not 

affect the relationship between endotoxin exposure and chronic bronchitis which remained 

positive and significant (OR [95%CI] = 1.21 [1.08-1.35], p value for trend 0.0007). Thus, the 

dose-dependent association between endotoxin exposure and chronic bronchitis is unlikely to 

be due to misclassification between cases of asthma and chronic bronchitis.  

Endotoxin exposure, atopic and non-atopic asthma 

A Norwegian study in farmers that used personal exposure measurements [8] showed no 

association between asthma per se and endotoxin exposure, but after stratification for atopic 

status endotoxin exposure was positively associated with non-atopic asthma and negatively 

with atopic asthma. In our analysis, we were also unable to find clear patterns in the 

relationships between endotoxin exposure, asthma per se, and wheezing; but when trying to 

confirm the presence of the two asthma phenotypes current endotoxin levels above 1000 

EU/m3 appeared to increase the prevalence of both asthma and wheezing in non-atopic 

workers. Nevertheless, there were no clear inverse dose-response relationships between 

endotoxin and atopic wheeze, and the patterns were similar even in further analysis using 

doctor-diagnosed asthma (at any point in life) as an endpoint (not shown). This lack of 

association in atopic wheezing participants is difficult to understand. It could be due to 

differences in the nature (i.e. type of endotoxin, other organic dust exposures) and level of 

exposure, or it could be a result of methodological and analytical differences (i.e. differences 

in the exposure assessment strategies and cut-off levels and in the asthma and atopy 

definitions) between the two studies. The combined skin-prick and blood test definition of 
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atopy that we used may also have an impact on the result. The lower sensitivity of the IgE 

test, compared with the skin-prick test,[20]  could have underestimated the prevalence of 

atopic sensitization, and thereby attenuated the endotoxin-wheeze relationships among atopic 

workers. Nevertheless, a major effect of such bias seems unlikely; when we stratified by 

method of atopy assessment, we found no systematic differences in the exposure-response 

relationships for hay fever and self-reported allergy (see supplement G, Table S3).  

Heterogeneity across studies 

A major concern in pooled analysis is the heterogeneity of the estimates between the involved 

studies.[31] Indications for heterogeneity existed mainly for Danish biofuel workers. 

However, the pooled estimates were not considerably affected by the exclusion of the specific 

study population and adjustment for study had only a small influence on the estimated ORs 

for the pooled population (Table 2). Furthermore, the results were similar in separate analyses 

with adjustment and stratification by country (not shown). Thus, although present, 

heterogeneity between the involved studies is unlikely to have substantially influenced the 

results.  

Exposure misclassification 

A previous exposure assessment study in biofuel plants showed that personal exposure levels 

are higher than levels measured by stationary sampling.[32] The use of stationary levels in 

the exposure estimations for biofuel workers most likely resulted in an underestimation of 

their personal exposure levels. This, probably, also reflects to the lower than background 

exposure levels (0.1 vs. 1 EU/m3) estimated within the specific population. However, biofuel 

workers accounting for only 5% of the total population of the present study, and, as discussed 

in the results section, their exclusion did not considerably affect the results of the main 

analysis. 

It could be argued that the estimation of exposure based on endotoxin levels obtained from 

recent measurements does not accurately represent the exposure of the baseline SUS 

population at the early 90’s. The Danish primary agriculture sector underwent major 

structural and technological changes through the last 20 years. However, the currently 

measured endotoxin concentrations for pig, poultry and dairy farmers in the SUS study are 

comparable to the personal levels reported from studies in Dutch pig [33] and American 

poultry [34] and dairy cattle [35] farmers performed during the early 90’s. In order to check 
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for the possibility of misclassification in the specific study we re-analysed the data. We used 

the livestock endotoxin exposure levels obtained from stationary measurements within the 

Danish part of a large European exposure assessment study [36] conducted in the same time 

period as the “SUS” study along with the external field work measurements from the Dutch 

agricultural industry study.[10] The estimated trends in the exposure response relationships 

for the pooled and the SUS study populations remained essentially similar to the currently 

presented ones (not shown) despite that the use of external exposure levels resulted in 

differences in the exposure estimates. Although the possibility of exposure misclassification 

cannot be completely excluded we have no reason to believe that it has been differential to 

the health outcome. 

Healthy worker effect 

Because of its cross-sectional design the present study is prone to the occurrence of both hire 

and survivor healthy worker effects.[37] However, the protective effect of current endotoxin 

exposure on hay fever was independent of the occurrence of allergic diseases in the family 

suggesting a limited impact of hire selection effects through multiple generations. The 

occurrence of survivor effects among Dutch agriculture industry workers has been addressed 

in an earlier publication.[14] Inverse associations between endotoxin exposure and IgE-

mediated sensitization against grass pollen were found also among persons without self-

reported allergic symptoms indicating the absence of self-selection on the specific population. 

In addition, the subpopulations of farm apprentices and veterinary students consisted of 

individuals who only recently started their working careers. These young populations 

accounted for 73% of our study population and most of them (67%) were not exposed to 

farming during childhood. Exposure-dependent selection or survivor effects are unlikely to 

have occurred in these subpopulations, due to the short time interval, that they have been 

exposed to endotoxin. The homogeneity in the estimated associations between endotoxin 

exposure and hay fever on these subpopulations further supports the reliability of the pooled 

estimates. Thus, a healthy-worker effect is unlikely to have a major impact on the results of 

the present study.  
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CONCLUSION 

In conclusion, the present pooled study is one of very few studies that used quantified 

exposure estimates in order to assess dose-response relationships between current endotoxin 

exposure, atopy and respiratory symptoms and diseases among adults. Furthermore it enabled 

the assessment of differences in exposure-response relationships across a variety of 

occupationally exposed populations using a standardised approach that minimised existing 

methodological differences. Its results confirm earlier published associations and further 

suggest that the protective effects of endotoxin might be stronger when the exposure is 

agricultural related.  
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Supplement A. Description of the Veterinarians Health study.  

The Veterinarians health study contains both a cross-sectional and a prospective component. 

It aims to assess the effect of occupational exposures on the development of allergic and non-

allergic respiratory diseases in veterinary students. In the current study only data from the 

cross-sectional part collected between June 16 and October 4, 2006 have been included. All 

1400 veterinary students at the University of Utrecht during 2006 were invited to participate 

in this investigation and in the specific period 901 students (participation rate 65%) filled in a 

detailed questionnaire on allergic and non-allergic respiratory symptoms, zoonotic diseases, 

medication usage, smoking status, family history, job-history, and previous and current 

contact with animals besides their studies. 641 of the included participants (71% of the 

eligible) provided a blood sample. The blood samples were used to determine specific IgE 

against common (house dust mite, grass pollen, tree, cat and dog) and animal allergens (pig, 

cow, horse, goat, chicken, guinea pig, Budgerigar), as well as to measure total serum IgE 

using enzyme immunoassays as previously described.[1] Quantitative measurements of 

exposure were conducted using personal, stationary, and passive dust collection methods at 

various locations within the different animal clinics associated with the veterinary 

educational program.[2, 3] Personal dust measurements were collected during typical 

practical activities of the students. The collected dust samples were extracted and analysed 

for endotoxin, β(1→3)-glucan, as well as common and specific animal allergens.[2, 3] 
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Supplement B. Availability, comparability and usage of information within the study 

Table S1 Summary of the available and comparable information from questionnaires and health investigations of the different participating study populations and 
definitions used in the pooled study.  

Symptom/ characteristic and 
definition used 

Agricultural industry workers Veterinary medicine students Farming school students Bio-fuel plant workers 

Basic characteristics  

Farm childhood, defined as Born, 
raised or lived in a farm for at least a 
year till the age of 5.  

Did you grow up on a farm/agricultural 
company? 

Have you ever lived in an operative or 
hobby farm? Answers: No, Yes-period 

Extracted from a broader exposure 
anamneses table. Assessing work 
before(age: 1-5 years), during and 
after basic education. Information 
available on years, type and amount 
(%) of farming.  

Are you born in the countryside? 
Answers: yes on a farm, yes, but not in 
a farm, no 

Smoking status Have you smoked more than 100 
cigarettes/50 cigars/500 g of pipe 
tobacco in your whole life? Answers: 
No, Yes but I quit smoking, Yes I am a 
current smoker. 

Have you smoked more than 100 
cigarettes/50 cigars/500 g of pipe 
tobacco in your whole life? Answers: 
No, Yes but I quit smoking, Yes I am a 
current smoker. 

Extracted from 2 questions: 1) Have 
you ever smoked one or more 
cigarettes per day for a period longer 
than 14 days? Answers: Yes, No; 2) 
Do you still Smoke? Answers: Yes, No 

Extracted from 2 questions: 1) Have 
you ever smoked? (This means at 
least one cigarette, cigar or pipe a day 
for at least a year)? Answers: Yes, No; 
2) Do you still Smoke? Answers: Yes, 
No 

Smoking amount Can you indicate the average number 
of cigarettes, cigars and g of pipe 
tobacco you are smoking per day (or 
smoked, when you used to smoke)? (1 
pack of shag = 40 cigarettes) 

How many cigarettes, cigars and g of 
pipe tobacco you are smoking per 
day? (1 pack of shag = 40 cigarettes 

Extracted from 3 questions: 1) How 
many cigarettes did you on average 
smoke per day?; 2) How many cigars 
did you on average smoke per day?; 
3) On average, how many grams of 
tobacco did you smoke per month? 

Extracted from 3 questions: 1) How 
many cigarettes did you on average 
smoke per day?; 2) How many cigars 
did you on average smoke per day?; 
3) On average, how many grams of 
tobacco did you smoke per month? 

Smoking period  Extracted from 2 questions: 1) At what 
age did you start smoking?; 2) If you 
used to smoke, how old were you 
when you stopped or quit smoking? 

Extracted from 2 questions: 1) At what 
age did you start smoking?; 2) If you 
used to smoke, how old were you 
when you stopped or quit smoking? 

Extracted from 2 questions: 1) If you 
stopped smoking, when did you stop?; 
2) For how many years did you smoke 
a) cigarettes, b) cigars (cheroots), c) 
pipe? 

Extracted from 2 questions: 1) If you 
used to smoke, how old were you 
when you stopped or quit smoking?; 2) 
How many years have you been 
smoking in total? 

Asthma and/or allergy in parents Extracted from 2 questions: 1) Did 
your father or mother ever have 
asthma?; 2) Did your father or mother 
ever have hay fever or other nose 
allergies? 

Extracted from 2 questions: 1) Did 
your father or mother ever have 
asthma?; 2) Did your father or mother 
ever have hay fever or other nose 
allergies? 

Did any of your parents have: Asthma, 
Allergic hay-fever, Atopic eczema? 
Answers: mother, father, both  for 
every symptom  

Have anyone of your relatives 
(parents, grandparents, children or 
siblings) atopic eczema, hay fever or 
asthma? Answers: 1) Father, 2) 
Mother, 3) Grandparents, 4) Children, 
5) Siblings   

Asthma and/or allergy in siblings 2 individual questions: 1) Did any of 
your brothers or sisters ever have 
asthma?; 2) Did any of your brothers 
or sisters ever have “hay fever” or any 
other nose allergy? 

Extracted from 3 questions: 1) Did any 
of your brothers or sisters ever have 
asthma?; 2) Did any of your brothers 
or sisters ever have “hay fever” or any 
other nose allergy?; 3) Did 1 or more 
of your brothers or sisters ever have 
eczema? 

Did any of your siblings have: Asthma, 
Allergic hay-fever, Atopic eczema? 
Answers: None, one, two for every 
symptom 

Have anyone of your relatives 
(parents, grandparents, children or 
siblings) atopic eczema, hay fever or 
asthma? Answers: 1) Father, 2) 
Mother, 3) Grandparents, 4) Children, 
5) Siblings   
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Table 1. Continued 

Symptom/ characteristic and
definition used 

Agricultural industry workers Veterinary medicine students Farming school students Bio-fuel plant workers 

Airway symptoms  
Chronic bronchitis defined as 
“Coughing up phlegm almost daily, for 
3 months in a row during the last year" 

Did you cough up phlegm almost daily, 
for 3 months in a row in the last 12 
months? 

Did you cough up phlegm sometimes 
almost daily, for 3 months in a row in 
the last 12 months? 

Do you usually bring up any phlegm 
from your chest on most days for as 
much as 3 months a year? 

Do you usually bring up any phlegm 
from your chest on most days for as 
much as 3 months a year? 

Chest tightness, defined as “During 
the last 12 months have you, 
sometimes been woken up with a 
feeling of tightness in your chest?” 

During the last 12 months have you, 
sometimes been woken up with a 
feeling of tightness in your chest? 

During the last 12 months have you, 
sometimes been woken up with a 
feeling of tightness in your chest? 

Extracted from 2 questions: 1) Do you 
wake in the morning with chest 
tightness?; 2) How often are you 
disturbed by this? Answers : 1-2 times 
per year, 1-2 times per month, 1-2 
times per week, Daily, Irrelevant 

Have you been woken up with a 
feeling of tightness in your chest, 
during the last 12 months? 

Wheeze, defined as “Have you 
sometimes had wheezing in the chest, 
during the last year?” 

Have you sometimes had wheezing in 
the chest, during the last year? 

Have you had an attack of wheezing in 
the chess during the last 12 months? 

How often are you troubled from 
whistling / wheezing breathing? 
Answers : 1-2 times per year, 1-2 
times per month, 1-2 times per week, 
Daily, Irrelevant 

How often are you bothered by 
wheezing? Answers : daily, daily in 
periods, 1-2 times a week, 1-2 times a 
month, 1-2 times a year, <2 times a 
year  

Ever asthma, defined as “Have you 
ever had asthma?” 

Have you ever had asthma?  Have you ever had asthma?  Have you ever had asthma? Have you ever had asthma? 

Asthma medication, defined as “Are 
you currently taking any medicine for 
asthma?” 

Are you currently taking any medicines 
(e.g. inhalers, aerosols, tablets) for 
asthma? 

Did you use any medicines for asthma 
within the last 12 months? 

Do you take medicines for your 
asthma? If yes, how often you take the 
medicines? 

Are you currently taking any medicines 
(e.g. inhalers, aerosols, tablets) for 
asthma? 

ODTS, defined as “Have you, during 
the past 12 months, had sudden 
episodes of flu-like symptoms such as 
fever, chills, malaise, muscle- or joint 
pains, and felt completely well within 
1-2 days?” 

Have you, during the past 12 months, 
had sudden episodes of flu-like 
symptoms such as fever, chills, 
malaise, muscle- or joint pains, and 
felt completely well within 1-2 days?) 
How many times did this occur during 
the last 12 months? Answer: …..times 

How frequently during the last 12 
months have you had sudden attacks 
of flu-like symptoms such as fever, 
shivers, malaise,   joined muscle 
pains, in which you get completely 
better after 1-2 days. Answers: Never, 
1-2/motnh, 1-2/week, daily/almost 
daily 

Extracted from 2 questions; 1) Have 
you ever, in connection with your work, 
had attacks of fever, shivering or chills 
or sensations of influenza (common 
cold or influenza are not considered 
here)?; 2) How many attacks did you 
have per year during the last 2 years? 
Answers: 1-2, 2-5, 6-10, > 10. 

Have you, during the past 12 months, 
had sudden episodes of flu-like 
symptoms such as fever, chills, 
malaise, muscle- or joint pains, and 
felt completely well within 1-2 days?) 
How many times did this occur during 
the last 12 months? Answer: …..times 

Allergy     

Self-reported allergy, defined as ”self-
reported, positive, allergic reactions 
with airway, nose and/or eye 
symptoms against pollen, animal or 
house dust allergens” 

Extracted from the following question: 
Are you sensitive or allergic to one or 
more substances / materials? If yes, 
please tick which of the following 
materials you are sensitized or allergic 
to and indicate the symptoms that you 
have? materials: house dust, certain 
food, house animals, plant or grass 
pollen; symptoms: nose (sneezing, 
runny nose), airway (asthma, 
tightness), skin (blushing, itching), eye 
(watering, itching) 

Extracted from the following question: 
Are you sensitive or allergic to one or 
more substances / materials? If yes, 
please tick which of the following 
materials you are sensitized or allergic 
to and indicate the symptoms that you 
have? materials: house dust, certain 
food, house animals, plant or grass 
pollen; symptoms: nose (sneezing, 
runny nose), airway (asthma, 
tightness), skin (blushing, itching), eye 
(watering, itching) 

Extracted from 3 identical questions, 
one for every type of symptoms: Have 
you experienced that some of the 
following things have worsened your 
a) eye , b) nose, c) chest tightness 
problems: “Something” in your home, 
Cold, Exercise (cycling, running, hard 
work), Pollen (e.g. birch, grass or 
artemisia), Animal (e.g. dog, cat, 
horse), Other. Eye & nose symptoms 
during the last 12 months. Chest 
tightness see note 1 below  

Extracted from 3 identical questions, 
one for every type of symptoms: Have 
you experienced that some of the 
following things have worsened your 
a) eye , b) nose, c) chest tightness 
problems: “Something” in your home, 
Cold, Exercise (cycling, running, hard 
work), Pollen (e.g. birch, grass or 
artemisia), Animal (e.g. dog, cat, 
horse),Tobacco smoke, strong smells, 
Other. All questions refer to symptoms 
within the last 12 months. 

 



158 
 

Table 1. Continued 
Symptom/ characteristic and 
definition used 

Agricultural industry workers Veterinary medicine students Farming school students Bio-fuel plant workers 

Hay fever, defined as “Have you ever 
had hay fever?” 

Extracted from the question for self-
reported allergy (see above). The 
answers for eye and nose symptoms 
on the section for plant and grass 
pollen  were used 

Extracted from the question for self-
reported allergy (see above). The 
answers for eye and nose symptoms 
on the section for plant and grass 
pollen  were used 

Have you ever had hay fever? Have you or have you had hay fever: 
(Please fill in every line)? Answers: 1) 
Before I went to school, 2) During 
school age, 3) As grown up, 4) During 
the last 12 months 

Atopy, defined as elevated serum IgE 
levels or a positive skin-prick test 
against at least one allergen. 

In vitro tested, IgE levels against grass 
pollen (mix of timothy and perennial 
ryegrass) or house-dust mite or cat or 
dog allergens 

In vitro tested, IgE levels against 
house dust mite, grass pollen (mix of 
timothy and perennial ryegrass), birch, 
cat, dog 

In vivo tested, skin-prick test against 
house dust mite, grass pollen (mix of 
five species), birch, cat, dog 

In vivo tested, skin-prick tests against 
house dust mite, grass pollen (mix of 
five species), birch, cat, dog 

1= The following questions used: “Do you ever have chest tightness?” and “Do you wake in the morning with chest tightness?” 
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Supplement C. Description of the pooling process 

 

Figure S1 Schematic description of the pooling process in the study 
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Supplement D. Description of the developed Job-exposure matrices (JEMs).  

 

The job-exposure matrices (JEM) that were used to estimate the current personal endotoxin 

exposure level for each of the participating studies are described below. The descriptions are 

given per study population and in an alphabetical order.  

Agricultural process industry workers (The Netherlands) 

Details on the modelling of exposure on the specific study have been published elsewhere.[5] 

Briefly, exposure assessment was based on 249 personal full-shift inhalable dust 

measurements collected in a sample of 82 farmers and 116 workers throughout the study. 

Mixed effects models, stratified by sector with worker identity as a random effect and job-

title as a fixed effect were used to estimate exposure for different job-titles. The resulting 

equations were subsequently used along with the job-title of all subjects to assign personal 

levels of endotoxin exposure. 

Biofuel process industry workers (Denmark) 

Details on the exposure assessment in the biofuel process industry study have been published 

elsewhere.[6] Briefly, the current personal endotoxin exposure level was estimated based on 

information on the time spent on each working task or area from one week exposure diaries 

and endotoxin levels obtained from 181 stationary dust samples collected in all main working 

areas of the participating workers. 

Farming school students, SUS study (Denmark) 

Information about the student’s farming work history was collected at the baseline interview 

questionnaire. There was information available on amount (years, weeks and hours/week) 

and type of farm work (% with pig, cattle, poultry and crop-field) that they performed before 

(1-6 years), during (7-16 years) and after (>16 years) basic school education. Mean livestock 

personal inhalable endotoxin exposure levels were pooled from 507 personal full-shift 

measurements in farmers performed during the 15th year follow-up of the study. The 

measurements were performed between 2008-2009 using 37 mm glass-fiber filters on GSP 

sampling heads[7] with a flow rate of 3.5 L/min. The collected samples were sequentially 

extracted and analysed for endotoxin as described previously.[4] For field-crop work the 

endotoxin results of 21 task-specific measurements obtained within the previously mentioned 

measurement series were used. The current exposure to endotoxin for every student was 
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calculated by merging the measurements with the questionnaire information on the type of 

work (%) after basic school education.  

Veterinary medicine students, The Veterinarians health study (The Netherlands)  

Students were classified into categories according to their specialization (companion animals, 

farm animals and horses) and study phase. Personal exposure levels were assigned to students 

based on these categories and endotoxin levels obtained from personal inhalable dust 

measurements performed within the study. In particular, for specializations on horses and 

companion animals endotoxin exposure was assessed using endotoxin levels obtained from 

38 measurements in workers in horse stables[2] and 55 measurements in veterinary medicine 

students working in a companion animal hospital,[3] respectively. For the farm animal 

specialization, endotoxin exposure levels were available from 160 study phase-specific 

measurements in students working with ruminants and poultry within the study and 18 time-

weighted measurements on students attending pigs from a preceding pilot study. Exposures to 

endotoxin through part or full time jobs with regular animal contact outside the veterinary 

medicine study were added to the assigned specialization levels based on the same exposure 

data as described above, and the total estimate was regarded as the current endotoxin 

exposure for each subject.  
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Supplement E. Results from Generalized additive modelling (smoothing).   

 

Figure S2 Smoothed relationships between endotoxin exposure, wheeze, asthma, self-reported allergy, 
atopy and ODTS for the pooled study population.. ········ : ± 95% confidence intervals for the symptom 
under investigation. Results are adjusted for gender, age, farm childhood, atopic predisposition and 
smoking habits and participating study.  
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Supplement F. Results from the analysis with farm childhood as a main independent 

variable.   

 
 
TABLE S2 Univariate and multiple logistic regression analysis describing associations between farm 
childhood, and the health symptoms of interest. 
Symptom  Univariate analysis Model 1a Model 1b 

OR 95% CI OR 95% CI OR 95% CI 
Chronic bronchitis 0.88 0.65 to 1.19 0.97 0.69 to 1.36 1.00 0.71 to 1.40 
Wheezing 0.62 0.50 to 0.78 0.69 0.54 to 0.88 0.70 0.54 to 0.89 
Asthma 0.61 0.51 to 0.73 0.71 0.58 to 0.88 0.72 0.59 to 0.89 
Hay fever 0.50 0.40 to 0.62 0.63 0.50 to 0.79 0.63 0.50 to 0.79 
Self-reported allergy 0.49 0.40 to 0.59 0.65 0.52 to 0.81 0.66 0.53 to 0.83 
Atopy 0.61 0.50 to 0.74 0.63 0.51 to 0.77 0.62 0.51 to 0.77 

a results are adjusted for study, gender, age (continuous), atopic predisposition and smoking habits. 
b results are adjusted for study, gender, age (continuous), atopic predisposition, smoking habits and for current 
exposure to endotoxin. 
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Supplement G. Results from stratified analysis by assessment method of atopy  

 
 
TABLE S3 Logistic regression analysis stratified by method of assessment of atopy describing 
associations between endotoxin exposure and the health symptoms of interest. 
Symptom  IgE test (n=1068) Skin-prick test (n= 2102) 

OR 95% CI OR 95% CI 
Hay fever     
 Low 1.00  1.00  
 Low mediate 1.35 0.73 to 2.49 1.05 0.63 to 1.76 
 High mediate 0.71 0.48 to 1.03 0.83 0.59 to 1.16 
 High 0.12 0.03 to 0.53 0.64 0.35 to 1.18 
     

Self reported allergy     
 Low 1.00  1.00  
 Low mediate 1.11 0.63 to 1.93 0.82 0.46 to 1.46 
 High mediate 0.64 0.46 to 0.89 0.72 0.50 to 1.04 
 High 0.42 0.20 to 0.92 0.71 0.38 to 1.33 

ORs are adjusted for study, gender, age (continuous), atopic predisposition, smoking habits and farm childhood. 
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Abstract 

Objective: To examine the effect of working tasks and stable characteristics on the personal 

level of dust and endotoxin exposure among pig farmers. 

Methods: 354 personal full-shift measurements were performed in 231 farmers employed in 

53 Danish pig farms. Filters were gravimetrically analysed for inhalable dust and for 

endotoxin by the Limulus amebocyte lysate assay. Information on working tasks and stable 

characteristics were collected using self-reported activity diaries and through walk-through 

surveys performed during the measurement day. Relationships between log-transformed dust 

and endotoxin exposure and working tasks and stable characteristics were examined using 

linear mixed effects analysis. Worker and farm identity were treated as random effects in 

models separate for working tasks and stable characteristics treated as fixed effects. For 

stable characteristics, analysis was restricted to indoor workers.  

Results: Measured concentrations for inhalable dust ranged between <LOD-47.8 mg/m3 and 

between <LOD – 374,600 EU/m3 for endotoxin. The working environment (indoor vs. 

outdoor) was seen to play a dominant role on the exposure variability. Indoor working tasks 

related to intense animal activity or handling of feed material in storage areas increased 

exposure, which in contrast decreased during field work. High pressure washing was an 

factor increasing endotoxin exposure.  

Stable characteristics related to feeding practices and the ventilation type were determinants 

of dust exposure. For endotoxin the most important determinants were the use of dry feed and 

the slatted floor coverage. Feeding practices could solely explain all the between-farms 

variability in dust and endotoxin exposure.  

Conclusion: These findings provide relevant information for the use of personal protection 

equipment during performance of specific working tasks, and indicate feeding practices as a 

prospective area for the development of prevention strategies. However, further investigation 

is needed, especially considering the combined influential role of tasks performed under 

certain stable characteristics. 
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INTRODUCTION 

The respiratory tract of animal farmers is exposed to various gases and aerosols of chemical, 

mineral, plant, animal and microbial origin.1 Of those the aerosols of organic origin are 

widely accepted as the main and most important influence on the farmers’ respiratory 

health.2, 3  One of the most active and well investigated constituents of organic dusts is 

endotoxin.3 Endotoxins are lipopolysaccharides primarily of gram-negative bacteria origin 

very common in workplaces involved in plant and animal material processing or with strong 

presence of human or animal faeces.2, 4 Endotoxins have strong pro-inflammatory 

capabilities, and can induce several respiratory and systemic disorders including chronic 

bronchitis, bronchial hyperresponsiveness, non-atopic wheeze, fever and chills, malaise, and 

chronic obstructive pulmonary disease (COPD).2, 5, 6 Animal farmers are well-documented as 

highly exposed to both dust and endotoxin.7-11 However, accurate estimation of dust and 

endotoxin exposure for animal farmers is difficult, because of the  large day-to-day variability 

in their personal levels of exposure.12 For example, Dutch pig farms were estimated to have 

their average daily dust and endotoxin concentrations laying within 9- and 21-folds, 

respectively, while the range between subjects mean personal concentrations did not exceed 

the 4-folds.12, 13 Similarly, in an analysis of a database with more than 6000 personal dermal 

exposure measurements the average daily exposure concentrations of agricultural workers to 

pesticides were estimated to lie within a range of 10- to 40-folds.14 Even larger day-to-day 

variations in daily average concentrations have been reported among American livestock and 

arable farmers.10, 12  

Recently, we also reported on the variability in personal dust and endotoxin concentrations 

among animal farmers.15 Using personal repeated measurements on 231 pig and 77 dairy 

cattle farmers we found average daily dust and endotoxin concentrations to range up to 25- 

and 250-folds, respectively. We observed an up to 30-folds increase in average daily 

exposure concentrations among stable workers compared to field workers. These findings 

suggest a potential for error in exposure estimations, stressing the need for improvement in 

sampling and estimation strategies within prospective exposure assessment attempts. 

Knowledge of determinants of exposure (that is factors explaining systematic differences in 

exposure through time or between individuals) is an essential component in the process of 

developing exposure prevention and controlling strategies.16, 17 Moreover, in-depth 

knowledge of factors affecting workplace exposure can be used to effectively reduce the 
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measurement error and thereby the attenuation in the risk estimates in epidemiological studies 

in populations with large variability in exposure,17 such as agricultural workers and farmers.12 

Observational evaluations of determinants of personal exposures in workplaces are vital 

because they allow the assessment of multiple factors in real working conditions with a great 

degree of generalizability.16 However, comprehensive observational investigations of 

determinants of personal exposure to dust and endotoxin in animal farmers have been sparse, 

with, to our knowledge, only one study so far examining the effect of both multiple farm 

characteristics and working tasks influencing the level of personal dust and endotoxin 

exposure among pig farmers.18  

In view of the surprisingly high levels of personal exposure to dust and endotoxin that we 

recently found we initiated the present analysis with the aim to explore factors that determine 

the level and variability of personal exposure to dust and endotoxin among pig farmers. To 

identify activity patterns and stable characteristics that predict the level of personal exposure 

to dust and endotoxin of pig farmers we used data collected from self-reported activity diaries 

and walk-through surveys along with the results from more than 300 personal repeated 

exposure measurements in thorough statistical analysis using linear-mixed effect models.  

 

MATERIALS AND METHODS 

Study design 

The design, selection process and the sampling and analytical methods applied within the 

SUS12 exposure assessment have been described in details in a previous publication.15 

Briefly, the SUS study was initiated in 1992 with the aims a) to describe the prevalence and 

incidence of respiratory symptoms in a farming environment and b) to investigate the effect 

of farming on the development of allergy, asthma and respiratory disease.19 The study 

population included all 2458 second year students at all farming schools of Denmark, and a 

control group of 967 conscripts in the Danish army. Overall 1964 farming school students (80 

%) and 592 conscripts (61%) gave consent to participate in the study. The final population 

sample consisted of the 1964 students and 407 randomly selected conscripts.  

The present work is an integrated component of the follow-up of the SUS cohort. In the 15-

year follow-up period several changes in the occupational status of the participants were to be 

expected. Therefore, a priory identification of the remaining active farming population of the 
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initial SUS cohort was essential for the development and the design of the exposure 

assessment. Information on current and previous employment in farming, type and related 

farm characteristics (location, size, number of animals) for 1,239 participants (66% 

participation rate) was obtained from a preliminary selection questionnaire and an exposure 

scheme filled out during the clinical investigations. Of the participants, 433 emerged as still 

active and full-time employed in farming and 76 pig farmers located in the area of Jutland 

were selected randomly after stratified by farm size. Of those, 22 were either excluded or 

refused to participate in the personal measurements. The remaining 54 pig farmers were 

asked for an interview date.  

The interview was performed in person with standardized developed schemes assessing 

production characteristics (i.e. number of employees, collaborations, number and type of 

animals, size, unit structure and locations, building infrastructure) and farm practices (i.e. 

agriculture form,  cleaning and disinfection schedules and frequency, manure handling) at the 

company level. The content of the project was explained, and the measurement visits were 

scheduled.   

Farm visits, measurements and data collection  

For all the selected farms two measurement visits were scheduled in randomly chosen 

working days during summer (1st of May and 1st of October) and winter (17th of November 

and 3rd of April) 2008 and 2009. The vast majority of workers in the selected farms were 

included in the measurement series, which were performed throughout working-shifts 

including both field and stable work. Overall, 233 farmers were monitored resulting in 358 

personal measurements. For the present analysis 4 measurements from 2 farmers, 

representing a whole farm in our population, were excluded due to their involvement in 

mixed pig and cattle production activities. 

The performed tasks were registered by the farmers in structured, farm-type-specific, activity 

diaries with a 30 minute interval checklists. More than 25 distinct working tasks were 

included in each diary, which covered one week per season starting from the measurement 

day.  

Farm characteristics, engineering parameters, and the hygienic conditions present in each 

department of the visited farm were registered through walk-through surveys performed 

during the visiting days. Notations were kept in pre-fixed inspection sheets designed to allow 
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assessment for more than 120 well-defined characteristics. The outdoor temperature was 

measured locally, using a portable weather station (OBH Nordica A/S, Taastrup, Denmark) 

with a measurement accuracy of ±1 0C.  

Dust measurements and endotoxin analysis 

All farmers were equipped with a waist belt carrying 2 portable AirChek XR5000 pumps, 

each connected through a flexible tube to a conical inhalable sampler (CIS; JS Holdings, 

Stevenage, UK) mounted with a 37mm glass-fibre (GFA) filter (Whatman international Ltd, 

Maidstone, UK). The samplers were pinned in the farmers’ pectoral area, and sampling was 

performed at airflow of 3.5 l/min. Filters were gravimetrically measured (pre- and post-

sampling weighing) in a room with controlled climatic conditions, and then extracted in 

pyrogen-free water (PFW) with 0.05% (v/v) Tween-20. Analysis for the endotoxin content in 

the extracts was performed in PFW (1:200 dilution) using a quantitative kinetic chromogenic 

Limulus Amboecyte Lysate (LAL) test (Kinetic-QCL 50-650U kit, Lonza, Walkersville, 

Maryland, USA).20 The limit of detection (LOD) for dust was 0.074 mg/filter and for 

endotoxin 0.0137 EU/ml; results were expressed in mg/m3 and EU/m3, respectively. For 3 

samples with measured dust or endotoxin concentration below the limits of detection (LOD) 

a 2/3 value of the corresponding LOD was used.   

Data preparation and management 

The time that a farmer spent on the presence of a farm or environmental characteristic was 

expressed as a portion of his overall working time on the day of the measurements. 

Estimations were made for all work allocated in areas where animals were present and stable 

characteristics (e.g. ventilation) were functional. When time was spent on insemination and 

early handling of piglets (i.e. castration, tail clipping, teeth cutting), as stated in the workers 

activity dairy, these activities were pre-allocated on the insemination and farrowing 

departments, respectively. The remaining animal-related working time was allocated on the 

involved compartments based on the number of animals present. Weighting factors of 

10:2:1:1 per animal housed in (a) farrowing, (b) serve or gestation, (c) weaning and (d) 

finishing stables were used, respectively. These weighting factors were estimated based on 

the average time needed for daily nursing (excluding insemination and early piglet handling) 

of an animal in a specific stage of the production as published by the “Expertise Centre for 

Agriculture” (previously known as “Danish Agricultural Advisory Service”) in the ‘Hand 

Book of operation and planning’ database.21 Due to the large amount of collected information 
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on exposure determinants the above exercise was applied to only a number of farm 

characteristics considered in the literature as potentially influential on the level of dust and 

endotoxin exposure i.e. the type of accommodation, feeding, ventilation, flooring, heating, 

and the basic hygienic conditions present.  

Data analysis 

All data were analysed using the SAS statistical software version 9.2 (SAS Institute Inc, 

Cary, NC, USA) on the log-scale in order to acquire normality in exposure distributions and 

in the derived model residuals. Log transformation was preceded by formal tests of the 

exposure distributions using Kolmogorov–Smirnov tests. Exposure distribution 

characteristics are therefore summarised as geometric means (GM) with geometric standard 

deviations (GSD) provided along with arithmetic mean (AM) values. Relationships between 

exposure, stable characteristics, and working tasks were assessed using mixed effect linear 

models (PROC MIXED)22, 23  with farm and worker included as random effects. Fixed effects 

(tasks and characteristics) were initially introduced as single covariates and those showing a 

p-value of 0.2 or smaller were included in further stepwise regression. The final model 

included only covariates with a significance <0.05. Two different models for a) work tasks 

and environment and b) stable characteristics were established for both dust and endotoxin 

exposure. For the later the population was restricted to only workers working indoors with 

time spent on dealing with the stable characteristics of interest. Forty nine measurements 

from 38 indoor workers involving outdoor work were excluded as well as measurements 

from further 26 workers who either worked whole days outdoors (n=23) or indoors, but in an 

environment irrelevant (e.g. high-pressure wet cleaning on empty stables for a whole shift) to 

the determinants investigated (n=14). Models for tasks were performed on the basis of the 

time spent by the farmers on performing the task, whereas stable characteristics were used 

either as continuous (portion of overall time spent on the presence of a characteristic) or 

dummy variables (Table 1). A compound symmetric covariance structure was assumed, and 

all estimations of variance components were based on the restricted maximum likelihood 

(REML) method. Model adequacy was assessed through influence diagnostic and residual 

plots. Correlations between tasks and stable characteristics were assessed prior to the 

modelling process, and rechecked when the final model derived. Pearson correlation 

coefficients were used to describe relationships between endotoxin and dust, and seasons.  
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Table 1. Outline of the developed database and basic information for working tasks performed by 231 pig farmers employed in 54 Danish pig 
farms, and stable characteristics for a sub-group of 181 indoor workers including direct animal exposure. 
Working tasks and environmenta n Department characteristics (cut-off time level) b n Coding (Median) ‡ 
Indoor Environment  353 Outdoor temperature 268 Continuous (12 0C) 
  Housing a   
Tasks inside animal areas  Animals in a loose housing system 58 Continuous (15 %) 

Controlling 243 Animals housed in batch pens 205 Continuous (39 %) 
Weighing 40 Animal housed in crates (including farrowing) 211 Continuous (64 %) 
Moving breeding animals 111 Ventilation    
Moving weaners and finishers 139 Mechanical with neutral pressure (>60%) 15 Present (1) or absent (0)  
Handling and nursing piglets (ear 
tagging, castrating, cutting tails) 116 

Mixed type( including natural) 19 Present (1) or absent (0)  
Mechanical with negative pressure (>60%) 234 Ref 

Inseminating 112 Mechanical with pit exhaust a 48 Continuous (10.3%) 
Scanning  13 Heating    
Injection or handling sick animals 171 Floor heating (>50%) 168 Present (1) or absent (0)  
Handling dead animals 93 Radiator heating (>50%) 63 Present (1) or absent (0)  
Feed preparation and manual feeding  181 Floor type   
Automatic feeding (adjusting/inspecting) 138 Full slatted floor (>50%) 22 Present (1) or absent (0)  
Bedding preparation and disposition  Mostly slatted (>50%) 101 Present (1) or absent (0)  
Removing manure (in pens and stalls) 86 Mostly concrete  145 Ref 
Sweeping or scraping corridors  54       Deep litter 38 Continuous (6.8 %) 
Washing with high pressure 72 Showering (water) applied a 83 Continuous (42.8 %) 
Disinfecting pens/stalls/stables 17 Feeding characteristics   
Repair and maintenance of animal 
buildings/feed room and installations 77 

Dry feed (>80%) 121 Present (1) or absent (0)  
Dry and wet feed 50 Present (1) or absent (0)  

Tasks outside animal areas  Wet feed (>80%) 97 Ref 
Office work 35 Ad-libitum feeding method 157 Continuous (33.7 %) 
Handling feed and seeds  in barns and 
work relating to silos or drying plants 

37 
Hygienic conditions   

Floor conditions   
Repairing/maintaining machinery & 
equipment (e.g. tractor, track, harvester) 

48 
Wet floor (>80%) 85 Present (1) or absent (0)  
Wet floor 83 Present (1) or absent (0)  

Handling manure tanks and dunghills 4 Dry floor (>80%) 100 Ref 
Work in the fields (working the soil, sowing, 
harvesting, applying fertilizers etc.) 15 

Very dusty feeding path 73 Continuous (11.1 %) 
Very high dung accumulation 104 Continuous (11.3 %) 

  Disinfected with bacterial agents (only endotoxin) 202 Continuous (63.6 %) 
n, Number of measurements; a For all pig farmers included; b Only for workers with a full-indoor working shift and time spend dealing with the characteristics, cut-off level indicates the level of stable working time 

used to consider the characteristic present; ‡ Median value of portion of time spend with the presence of a characteristic for continuous values estimated for positive values. 
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RESULTS 

The measured levels of dust and endotoxin exposure along with the numbers of participating 

farms and workers are given in Table 2. The mean sampling time was 368 min (SD=89.4) 

during summer and 366 min (SD 84.3) during winter. Measured inhalable dust and endotoxin 

concentration in winter were significantly higher than those in summer. Correlations between 

dust and endotoxin were moderate (overall r = 0.62) and between seasons low (r = 0.30 for 

dust and 0.15 for endotoxin).  

 

 

Table 2. Basic measurement characteristics and personal levels of dust and endotoxin 
exposure of Danish pig farmers.  

Period n f k 
Dust Endotoxin 

r 
AM GM (GSD) Range AM GM (GSD) Range 

Overall 354 53 231 4.9 3.4 (2.6) <LOD - 47.8 6241 1494 (4.3) <LOD - 374579 0.62* 

Summer 181 52 181 4.3 2.8 (2.6) 0.1 - 47.8 5949 1088 (4.2) 14.4 - 374579 0.66* 

Winter 173 53 173 5.5 4.0 (2.5) <LOD - 20.0 6546 2085 (4.2) <LOD - 285264 0.54* 

n=number of measurements; f=number of farms; k=number of workers; AM=arithmetic mean; GM=geometrical mean; 

GSD=geometrical standard deviation; r,=Pearson correlations between measured dust and endotoxin concentrations; 

*p<0.0001. 

 

Model a (Work tasks and environment) 

The results from the applied linear mixed models with working tasks for dust and endotoxin 

exposure among the overall population are shown in Table 3. The basic characteristics in 

respect to task occurrence, the average working time needed for each task, and the use of 

personal protective equipment (PPE) are also given. Overall, the tasks included in the final 

model along with the working environment explained 29% of the within-workers variability 

for dust exposure and 20% for endotoxin exposure. In univariate analysis injection and 

handling of sick animals was the most influential task (β = 0.009, p = 0.002) associated with 

dust exposure, and high pressure washing the most influential task (β = 0.005, p = 0.002) for 

endotoxin exposure. Field work alone explained 14% of the within-workers variability for 

both dust and endotoxin.  

The final models consisted of 11 tasks for dust and 6 for endotoxin, which along with the 

environment explained 38% of the overall variability in dust exposure and 28% in endotoxin 
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exposure. Handling of feeding materials related to silos and barns was the strongest predictor 

for both dust and endotoxin exposure. Given a time for task performance of 40 min (the 

average time performed in our population) that specific task will increase the level of dust 

exposure by 30% and that of endotoxin exposure by 23%. When high pressure washing for 

90 min an increase by a factor of 1.5 (e0.0045*90) in endotoxin exposure is to be expected. 

Interestingly the use of personal protection equipment was overall low with prevalence above 

10% only for high pressure washing.  
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Table 3. Effect of working activities (per 1 min) on the log-transformed personal level of 
exposure to dust (mg/m3) and endotoxin (EU/m3) among Danish pig farmers. Results 
estimated on the basis of 354 measurements performed in 231 farmers employed in 54 farms.  

 n PPE 

(n) 

MDN 
(min)

Dust Endotoxin 

β e p β e p 

Naïve Model          

Intercept    1.2114 0.0616 <.0001 7.3074 0.0806 <.0001 

bfσ
2    0.041 0.035 0.1168 0.002 0.049 0.484 

bwσ
2    0.193 0.097 0.0195 0.184 0.218 0.2004 

wwσ
2    0.663 0.088 <.0001 1.972 0.250 <.0001 

Model with tasks and environment          

Intercept    0.4213 0.1726 0.0181 5.7989 0.2821 <.0001 

Indoor working environment    0.0051 0.0019 0.0105 0.0160 0.0030 <.0001 

Moving breeding animals 111 3 55 0.0019 0.0009 0.048    

Moving weaners and finishing 
pigs 

139 4 30 0.0023 0.0007 0.0007 0.0024 0.0010 0.0198 

 

Handling and nursing piglets 
(ear tagging, castrating, cutting 
tails etc.) 

116 5 90 0.0019 0.0006 0.0028    

Injection or handling sick 
animals 

171 6 45 0.0022 0.0009 0.0209    

Feed preparation and manual 
feeding 

181 10 40 0.0033 0.0012 0.0094    

Washing with high pressure 72 9 90    0.0045 0.0011 <.0001 

Disinfection 17 4 30    -0.0178 0.0046 0.0002 

Repair and maintenance of 
animal buildings/feed room and 
stable installations 

48 0 30 0.0020 0.0007 0.0031    

Handling feed and seeds  in 
barns and work relating to silos 
or drying plants 

37 5 40 0.0070 0.0012 <.0001 0.0053 0.0019 0.0062 

 

Work in the fields (working the 
soil, sowing, harvesting, 
applying fertilizers) 

15 0 210 -0.0049 0.0009 <.0001 -0.006 0.0014 <.0001 

Office work 35 0 60 -0.0043 0.001 <.0001 -0.0048 0.0016 0.004 

bfσ
2    0.029 0.0224 0.0952 0.113 0.0638 0.0382 

bwσ
2    0.058 0.0628 0.1763 0   

wwσ
2    0.490 0.0657 <.0001 1.438 0.1164 <.0001 

Explained within worker 
variability 

   26%   28%   

Explained total variability    36%   28%   

n=number of observations; PPE=number of cases reported for use of personal protection equipment; MDN=median time 
spent on an activity estimated only for positive responses on the day of the measurements; β=regression coefficient; 
e=standard error; p=p-value; bfσ

2=between-farm variance; bwσ
2=between-worker (within-farms) variance; wwσ

2=within-
worker (day-to-day) variance.  
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Model b (Stable characteristics) 

Table 4 summarizes the basic characteristics for the measurements used in the mixed effect 

analysis examining the influence of different pig stable characteristics on the personal 

exposure concentrations of dust and endotoxin. The average sampling time for these 

measurements was 367 min (SD 85), and similarly to the overall population significant 

seasonal differences in dust and endotoxin exposure concentrations were observed. The 

average (GM) exposure level for these measurements was 4.0 mg/m3 for dust and 1,837 

EU/m3 for endotoxin. The sole sample with an endotoxin exposure level beneath the LOD 

value could probably be attributed to the long time interval (240 min) the specific farmer 

spent on handling and distribution of disinfection substances.      

 

Table 4. Basic characteristics and personal levels of dust and endotoxin exposure for indoor 
measurements dealing with stable characteristics related to the presence of animals among 
Danish pig farmers. The given population is a sub-set of an overall population of 232 farmers 
monitored during 2008-2009.  

Period n f k 
Dust Endotoxin 

AM GM (GSD) Range AM GM (GSD) Range 

Overall 268 51 181 5.3 4.0 (2.1) 0.46-47.8 5,250 1837 (3.2) <LOD-374,578 

Summer 135 47 135 4.7 3.3 (2.2) 0.46-47.8 5,200 1,412 (3.2) 154-374,578 

Winter 133 49 133 5.8 4.8 (1.9) 0.47-20.0 5,300 2,399 (3.1) <LOD-107,579 

n=number of measurements; f=number of farms; k=number of workers; AM=arithmetic mean; GM=geometrical mean; 
GSD=geometrical standard deviation; r=Pearson correlations between measured dust and endotoxin concentrations; *p<0.05, 
**p<0.01, ***p<0.0001. 

 

In univariate analysis the type of feed explained all given variability between farms for both 

dust and endotoxin exposure, whereas the outdoor temperature explained 17% of the within-

worker variability for endotoxin. Other factors showing clear associations with endotoxin 

exposure included batch pen (β = 0.008, p = 0.0006) and crate animal housing (β = -0.008, p 

= 0.0002), use of ad-libitum feeding system (β = 0.006, p = 0.0014), and the presence of a 

dusty feeding path (β = 0.008, p = 0.0326). Similar trends were observed for dust exposure. 

Apart from the above, factors eligible to enter the multivariate model for endotoxin included 

floor exhaust ventilation, feed path dustiness, dung accumulation, and slatted floor coverage. 

For dust the eligible factors were the type of ventilation, the heating parameters, the slatted 

floor coverage, the feed path dustiness, and the level of floor dampness.  
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The final models are shown in table 5. The model for dust consisted of 5 factors explaining 

81% of the variability between farms, but only 23% of the total variability. 

 For endotoxin only 3 factors remained in the final model that, though, explained all the 

between-farms variability. The use of dry feed remained a strong determinant of both dust 

and endotoxin exposure. Farmers with more than 80% of their stable working time spent on 

stables with dry feeding had a 1.5 to 1.7 factor increased levels of exposure when compared 

to those exposed for the same time in an environment with wet feeding. Time spent on a 

department with an ad-libitum feeding installation elevated the level of personal dust. Dust 

exposure was decreased in workers spending most of their time working under mechanical 

ventilation with negative pressure. Ventilation did not seem to be associated with the level of 

endotoxin exposure even in univariate analysis, though increased slatted floor area coverage 

was related to increased levels of endotoxin. A wet floor decreased dust, but not endotoxin 

exposure.  
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Table 5. Mixed effect models results on determinants of log-transformed personal dust 
(mg/m3) and endotoxin (EU/m3) exposure among indoor pig farmers. All characteristics are 
estimated on the worker level.  
 Dust Endotoxin 

β e p β e p 
Naïve Model       

Intercept 1.3923 0.0584 <.0001 7.5224 0.0801 <.0001 
bfσ

2 0.053 0.0315 0.0469 0.056 0.062 0.1836 
bwσ

2 0.094 0.0673 0.0806 0   
wwσ

2 0.406 0.0654 <.0001 1.325 0.124 <.0001 
Model with determinants       

Intercept 1.3077 0.1109 <.0001 7.4371 0.2014 <.0001 
Outdoor temperature -0.025 0.0048 <.0001 -0.0408 0.0085 <.0001 
Ventilation (1/0)       

Mostly neutral pressure 0.3582 0.1849 0.0563    
Mixed type  (incl. Natural) 0.2640 0.1641 0.1116    
Mostly negative pressure  Ref      

Feed  type (1/0)       
Dry 0.4296 0.113 0.0003 0.5568 0.1693 0.0015 
Dry and wet  0.3577 0.1308 0.0077 0.6996 0.2056 0.001 
Wet Ref   Ref   

Ad-libitum feeding systema 0.0046 0.0016 0.0054    
Floor type (1/0)       

Full slatted     0.6146 0.2592 0.0201 
Mostly slatted    0.2086 0.1507 0.17 
Mostly concrete     Ref   

Floor condition (1/0)       
Wet floor -0.249 0.1107 0.0275    
Mixed floor condition -0.057 0.093 0.5448    
Dry floor Ref      

bfσ
2 0.010 0.0242 0.337 0   

bwσ
2 0.117 0.0558 0.0179 0.082 0.1566 0.3013 

wwσ
2 0.304 0.0495 <.0001 1.118 0.1779 <.0001 

Explained bf variability 81%   100%   
Explained total variability 23%   9%   
a per portion (1%) of overall time spend on the presence of a characteristic; β=regression coefficient; e=standard error; p=p-
value; bfσ

2=between-farm variance; bwσ
2=between-worker (within-farms) variance; wwσ

2=within-worker (day-to-day) 
variance.  

 

DISCUSSION 

Study approach 

In the present study we tried to identify tasks and stable characteristics that potentially 

influence the level and the variability of personal exposure to dust and endotoxin among 

Danish pig farmers using an observational approach based on collected repeated 

measurements of exposure. We applied a “real-life” scenario using a random sampling design 

by performing measurements on common working days for the farmers without restricting 

monitoring to indoor environments. This approach enabled a comparative assessment of 

working tasks performed indoors and outdoors as well as in stables and other enclosed farm 
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areas where work is commonly performed by the farmers. Our results suggest specific tasks 

and the working environment to influence within workers variability, and they highlight the 

feed type as the most important determinant of the between farms variability.  

Considering the validity of our reported inhalable dust and endotoxin exposure levels, these 

are in good agreement with the results of previous studies that used comparable sampling7, 8 

and analytical methodologies.8 The partly systematic selection of farms in our study is 

unlikely to have biased the representativeness of Danish pig farms in our farm sample. The 

distribution of farms in Denmark in our initial sampling was similar to the one reported by 

the Danish authorities, with more than 85% of the farms located in the areas of Jutland and 

Funen.24 When we preformed sensitivity analysis to assess whether our selected farms differ 

in size from our initial sample of farms we observed no statistically significant differences, 

and analysis of the variance comparing the measured personal dust and endotoxin levels 

between the different farm size strata gave similar results (not shown).  

Influence of field work 

Using the farmers self-reported survey information on performed activities and a  statistical 

approach based on unbalanced linear mixed effect analysis, we were able to explain 26% of 

the given within-workers variability for dust exposure and 28% for endotoxin exposure. 

Performance of field work was a strong protective factor for both dust and endotoxin 

exposure. Our measurements were distributed over a long time period, and the field working 

tasks performed consisted mostly of common tasks related to soil preparation (e.g. ploughing, 

land rolling, tilling), sowing and post sowing handling (e.g. manure and fertilizer spreading), 

and less to crop harvesting. All farms in our study were equipped with cabined tractors. The 

protective effect of field work is generally supported by a previous study among Norwegian 

farmers that reported lower levels of dust and endotoxin exposure during hay and grain 

harvesting compared to pig animal tending.25 Similarly, in an earlier study among Californian 

farmers,10 task-based measured endotoxin levels were in general lower for field crop related 

tasks compared to those related to livestock tending. However, in a large Dutch exposure 

assessment study on different branches of the primary agricultural production, workers 

involved in potato cultivation and grain harvesting were exposed to considerable levels of 

dust and endotoxin exposure.8 These measurements were worst-case scenarios; given the 

cyclic nature of field related activities, lower concentrations are generally to be expected.  
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Influence of tasks requiring near contact with animals 

Considering animal related working tasks, the movement of pigs and tasks that included 

intense animal handling like castration, teeth cutting as well as the injection and handling of 

sick animals (a very common task for workers in weaning and finishing herds) were 

significantly associated to an increased exposure to organic dust. These tasks are associated 

with increased animal activity, which is known to increase the levels of exposure.26-28 In a 

recent study among American pig breeders, O’Shaughnessy et al.29 also reported greater dust 

concentrations in tasks related to animal movement during the weaning process. A task-based 

estimation approach based on linear regression models with photometer readings and time-

weighted estimates derived from full-shift personal sampling was used. Activities related to 

intense animal handling (castration, teeth cutting, ear tagging) and movement (re-penning) 

were also related to higher dust and even endotoxin exposure concentrations in a study 

among Dutch pig farmers that used a data collection and analysis strategy similar to ours.18  

Influence of the tasks related to food preparation, feeding and cleaning 

The same study of Preller et al.18 reported increased dust and endotoxin exposure during tasks 

related to animal feeding and aerial cleaning (e.g. floor sweeping, cleaning of food storage 

and removal of dry manure). Most of these tasks were included in our investigation and feed 

preparation and manual feeding as well as the removal of manure were included in our initial 

models. Their absence from our final models might reflect the different modeling approach 

that we followed, the inclusion of outdoor work, and the stronger impact on exposure 

variability in our population by other tasks such as high pressure washing (for endotoxin) and 

feed handling in barns. The strong effect of the later activity on dust and endotoxin exposure 

is not unexpected, considering the high exposure levels measured among animal feed and 

seed processing workers,8, 30 and among farmers performing farm indoor activities.31 

Moreover, Preller et al.18 found a strong relationship between tasks related to cleaning of food 

storage areas and dust exposure.  

Influence of feed, floor and ventilation 

Our analysis showed the type of feed along with the ventilation as the most important 

determinants for dust exposure, and the type of feed along with the flooring for endotoxin 

exposure. Feed was the most influential parameter, and in univariate analysis explained all 

the given between-farms variability. These findings are in agreement with those from the 



183 
 

study of Preller et al.,18 who reported a more than 20% decrease in dust exposure when wet 

feeding was used, and an increase of 16% when full slatted floor was present. Feed is 

recognized as a source of dust and endotoxin exposure within pig buildings,30, 32 and in their 

exposure assessment study of 171 Dutch pig stables Atwood et al.33 reported considerably 

lower dust concentrations in stables using wet feed compared to stables using dry feed. The 

positive association between the ad-libitum feeding and exposure we demonstrated 

contradicts previously reported results as summarised by Gustafsson.26 Considering the 

strong correlation that we found between ad-libitum feeding and batch pen housing (a system 

applied primarily in weaning and finishing houses), the effect of ad-libitum could reflect the 

expected higher animal movement and animal intensity. These are both strong exposure 

determinants,26, 33-35 in weaning and finishing houses compared to departments housing sows 

where restricted feeding is most commonly used. In both our study and the one of Preller et 

al.18 an increased outdoor temperature was associated with a decrease in the exposure levels. 

This can probably be attributed to the higher rate of ventilation used at higher temperatures. 

The outdoor temperature can be an indirect indicator of the ventilation rate,26 and to optimize 

production pigs require temperatures within specific ranges.36 The observed increase in levels 

of dust exposure in relation to workers mostly exposed to a neutral ventilation system 

compared to those mostly exposed to a negative pressure ventilation system is difficult to 

explain, but it could relate to air movement and distribution within the animal house. Further 

investigation will be needed to validate this finding.  

The strong association between the slatted floor coverage and endotoxin probably reflects the 

increased exposure to faeces, a known source for endotoxin exposure.1, 37  

Our univariate analysis results on hygienic conditions, in general, are supported by Preller et 

al.18 who showed high levels of overall and feed path dustiness to increase exposure. The 

protective effect of a damped floor in comparison to a dry floor could be a result of lower 

dust resuspension due to binding of dust on the floor, including the wasted feeding materials, 

and probably the lower presence of dry manure.27 

Variability issues 

Our analysis with stable characteristics as fixed effects revealed several potential 

determinants of personal dust and endotoxin exposure among pig farmers. Though, the final 

derived statistical models were relatively small with only 4 parameters for dust and 3 for 

endotoxin, they explained almost all variability between farms in our study population. Most 
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farms in our study comprised of several departments, and in most cases of several units. 

Expansion of these farms occurred periodically within several years and consequently 

different stable characteristics (e.g. ventilation, heating, feed system) were installed across 

departments based on the building recommendations for maximum productivity existing in 

that specific period. Accordingly, farmers in most cases were exposed to different conditions 

throughout a working shift, and many characteristics correlate when used directly as portions 

of time dealing with a stable characteristic (not shown). By examining the distribution of the 

individual time spent on stable characteristics we tried to maximize contrast and perform 

comparisons based on characteristics where farmers mostly spent their time. This practice 

minimized discrepancies in involved stable characteristics between most persons within a 

farm unit. However, personal working patterns were different between seasons, and workers 

on the same farm were not always working on the same areas. Thus, given the large 

discrepancy in stable characteristics within a farm, it is not surprising that the farm 

characteristics affected the between-workers and the within-workers variability.  

Use of personal protection equipment 

Our findings on the low frequency of PPE use are comparable to results previously reported 

among American38 and Brazilian39 farmers. Recently, the Agricultural Safety and Health 

Council of  America in a recommendation paper advocated the development of a respiratory 

protection program based on the use of personal respiratory protection equipment during 

performance of specific tasks.40 This recommendation was based on results from 

experimental studies among subjects previously unexposed to pig farming, which 

demonstrated a significant decrease in inflammatory reactions among those wearing a 

respirator compared to those unprotected.41-43 Our study, apart from showing the need for a 

similar educational program among Danish farmers, provides suggestions on potential tasks 

to be subject of PPE usage.  

 

CONCLUSIONS 

Overall, the present study suggests activities related to nursing and movement of animals, 

work related to feed storage areas as well as high pressure water cleaning to increase the level 

of personal exposure to dust or endotoxin. Several farm characteristics showed a relation to 

the level of dust and endotoxin exposure, but dry feeding showed the strongest effect, 
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explaining all given variability between-farms. These findings provide information relevant 

to the use of personal protection equipment during performance of specific working tasks, 

and indicate feeding practices as a prospective area for the development of prevention 

strategies. However, further investigation is needed especially considering the combined 

influential role of tasks performed under certain stable characteristics. We will therefore in 

the future expand our models by including working tasks and examine the role of more farm 

characteristics that are available in our databases.   
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