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Abstract

Farmers constitute a large professional group worldwide. In developed countries farms tend to become larger, with

a concentration of farm operations. Animal farming has been associated with negative respiratory effects such as
work-related asthma and rhinitis. However, being born and raised or working on a farm reduces the risk of atopic
asthma and rhinitis later in life. A risk of chronic bronchitis and bronchial obstruction/COPD has been reported in
confinement buildings and livestock farmers. This position paper reviews the literature linking exposure information
to intensive animal farming and the risk of work-related respiratory diseases and focuses on prevention. Animal farm-
ing is associated with exposure to organic dust containing allergens and microbial matter including alive microorgan-
isms and viruses, endotoxins and other factors like irritant gases such as ammonia and disinfectants. These exposures
have been identified as specific agents/risk factors of asthma, rhinitis, chronic bronchitis, COPD and reduced FEV,.
Published studies on dust and endotoxin exposure in livestock farmers do not show a downward trend in exposure
over the last 30 years, suggesting that the workforce in these industries is still overexposed and at risk of developing
respiratory disease. In cases of occupational asthma and rhinitis, avoidance of further exposure to causal agents is rec-
ommended, but it may not be obtainable in agriculture, mainly due to socio-economic considerations. Hence, there
is an urgent need for focus on farming exposure in order to protect farmers and others at work in these and related
industries from developing respiratory diseases and allergy.
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Background

Although their numbers have declined considerably in
most developed countries, farm owners and farm work-
ers still constitute a large professional group [1]. The last
decades showed a strong tendency towards specialization
and concentration, leading to fewer but bigger farms.
Farming practices are changing with large-scale enter-
prises gradually replacing smaller scale traditional family
farms [2, 3].
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Farm workers are exposed to airborne dust, microbial
agents, and gases, particularly in livestock farming in
closed confinement buildings. The increased risks of res-
piratory disease, including work-related (WR) asthma,
rhinitis, and enhanced lung-function decline compatible
with chronic obstructive pulmonary disease (COPD),
have been well-recognized and summarized in the 80s
and 90s [4], and confirmed in more recent reviews.
Although general recommendations to lower exposure
levels have been published, there is little evidence that
these have been effectively implemented, and the risks
of respiratory health problems in farmers may have
remained high [5-8].

Given the ongoing changes in agricultural practice, it is
worthwhile to assess their impact on respiratory health
of farm workers. On the other hand, farm life has since
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the late 90s become widely known as protective against
type I allergic sensitization and disease—particularly for
children living on livestock farms, while protection seem-
ingly also extends into adulthood [9-11]. The widespread
recognition of this ‘anti-atopy protective’ effect might
however also have led to underestimation or disregard of
farm WR respiratory health risks.

An EAACI task force therefore produced a systematic
update of evidence from the last two decades with regard
to:

— prevalence and incidence of asthma/wheezing, rhini-
tis/rhinoconjunctivitis, atopic sensitization, bronchi-
tis, and COPD in livestock farmers.

— clinical features, pathogenic mechanisms and diag-
nosis of farm work-related respiratory disease.

— the ‘anti-allergy protection paradox’: that living on
a farm may protect against, while farm work would
enhance the risk of asthma and rhinitis.

— exposure: levels and determinants, and protective
measures to lower exposure.

Another major occupational risk of farm work-asso-
ciated microbial and dust exposures is hypersensitivity
pneumonitis (HP)—a potentially serious lung disease
caused by high microbial exposures, strong humoral IgG
sensitization against their—mainly fungal—allergens, and
immune complex-mediated inflammation. Since HP has
been extensively reviewed in another recent EAACI posi-
tion paper [12], it is here just mentioned, but not further
discussed.

Schenker et al. [4] have previously comprehensively
reviewed the relevant published literature prior to the
year 2000. For the present study extensive searches were
therefore performed in literature from the last 18 years,
with a primary focus on studies among farmers working
with large animals/livestock (dairy and beef cattle, pigs,
sheep, horses, poultry), and on respiratory symptoms and
diseases and pulmonary function tests (wheezing, cough,
asthma, rhinitis/rhinoconjunctivitis, chronic bronchitis,
COPD and lower airway obstruction).

Results from three MEDLINE searches were combined
(details in Appendix S1): 177 studies, 73 of which con-
sidered relevant to this document, were identified cov-
ering the years from 2000 through June 30, 2018. From
the reference lists of relevant papers published since 2012
another 4 primary papers were added.

Main text

Epidemiology

Table 1 gives an overview of incidence and prevalence
studies in livestock farmers, arranged by respiratory
health outcome.
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Asthma and wheeze

New onset asthma in farmers was reported in the Danish
study of young farmers (SUS) [8], which found that dur-
ing the first years after farming school the risk was signif-
icantly increased for work with swine [OR (95% cfi)=3.4
(1.6-7.0)] and dairy cattle [OR=2.5 (1.1-5.3)]. The risk
was strongly associated with non-specific bronchial
hyperresponsiveness (NSBHR) at baseline, but not with
atopy, while a farm childhood was protective [OR=0.5
(0.3-0.98)].

The European Community Respiratory Health Survey
(ECRHS) follow up study found that new onset asthma
was non-significantly associated with agricultural work
in general [OR=1.9 (0.7-5.2)], but did not discriminate
between types of farm exposures [13].

In a range of other, cross-sectional studies, wheeze and
asthma were associated with exposure to swine, dairy
cattle, horse and sheep, but also with more specific expo-
sures like manure (Table 1).

Rhinoconjunctivitis

Various cross-sectional studies have confirmed the previ-
ously well-established associations between nasal irrita-
tion and high dust exposures in farming. Increased ORs
were reported for work with swine [OR=1.5 (1.2-1.9)
[14], work with horses and in horse stables [rhinitis
OR=1.8 (1.0-3.1)]; conjunctivitis [OD=3.9 (1.6-6.6)]
[15], for ‘highly exposed’ horse barn workers [OR=3.5
(1.1-10.6)] [16] and in sheep breeders [OR=3.2 (2.1-
4.6)] [17].

Kronqvist et al. reported that rhino-conjunctivitis
among farmers on the isle of @land in Sweden was asso-
ciated with dust mite sensitization, and that this sen-
sitization was related to the time in farming, and thus
work-related [18].

Chronic bronchitis and COPD

Chronic bronchitis (traditionally used to define COPD) has
been statistically significantly associated with various dusty
environments, including farms of different trades with
point estimates for work with livestock of OR 1.9 [19, 20],
dairy cattle 1.2 to 4.7 [21, 22]; swine 3.2 to 4.3 [19, 23] and
horses 1.6 to 2.3 [24, 25]. Increased risks of COPD were
reported for livestock farmers [OR=1.4 (1.1-2.6)] [20];
non-smoking farmers working in confinement buildings
[OR=6.6 (1.1-40)] [26] and traditional farming [OR=5.2
(1.7-16)] [27]. One study found associations with 3 differ-
ent exposures (i) dairy cattle [OR=1.8 (1.1-3)]; (ii) swine
[2.3(1.1-4.9)] and (iii) poultry [2.6 (1.0-4.1)] [28] (Table 2).
Thus, most animal husbandry is related to an increased
prevalence of chronic bronchitis as well as COPD, with the
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highest relative risk in non-smoking farmers and female
farm-workers from Concentrated Animal Feeding Opera-
tions (CAFOs) [23].

Lung function

The few follow up studies on lung function development
clearly indicate an increased risk of obstructive changes
over time (Table 2). However, the effects are modest
according to a recent review [29]. Non-smoking Danish
farmers showed an accelerated loss of forced expiratory
flow in the first second (FEV;) of 53 ml per year among
swine-breeders compared to 36 ml per year among dairy
farmers [30]. Studies in France where the study population
comprising of dairy farmers was followed for periods of
6 [31] and 12 years [32] showed an accelerated decline in
Tiffeneau index (FEV,/VC) of 0.3 and 1.2% year™! in com-
parison to controls. In a reinvestigation of the French 12 yr
follow-up data an accelerated decline in FEV,/FVC was cal-
culated of —0.21+£0.08% year™! among the dairy farmers
and an accelerated decline in FEV, of —9.1244.7 ml year™*
in the group handling animal feed [22].

One study additionally reported a significant interaction
for COPD between traditional farming and smoking with
ORs of 5.4 for traditional farm, 1.3 for smoking and 8.3 for
the combination of smoking and working on a traditional
farm [27].

At 15 year follow-up in the Danish SUS study, a farm
work-associated accelerated decline was noted for z-scores
FEV, (0.12 year™!) and FEV,/FVC (0.15 year™!). Further-
more NSBHR at baseline appeared to be a risk factor for
decline in FEV;, but only in farmers without farm child-
hood. Interestingly, being raised on a farm was protective
against a decline in FEV; and FEV,/FVC during follow up
[29].

Two cross-sectional studies have reported lung function
in farmers with diverging results (Table 2). A smaller Cana-
dian study in 375 swine farmers showed no differences in
lung function between swine farmers and controls [33],
whereas a greater more general study of 4735 Norwegian
farmers found FEV, significantly reduced among animal
breeders compared to crop farmers [20].

In summary, the risk of obstructive lung function
changes has remained high in farmers engaged with ani-
mals and animal feeding operations, or as an interaction
between smoking and farm work exposures. However, the
acceleration in lung function decline seems to be modest
[34].

Pathogenesis, clinical features, diagnosis, and protective
effects

Pathogenic mechanisms

Asthma and rhinitis in farmers may vary from
IgE-mediated allergy to specific farm allergens, to
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non-IgE-dependent innate immunity responses to micro-
bial agents, or dust-, chemical-, or other irritant-induced
airway reactivity [35].

Most reported specific type I allergies are to storage
mite [20] and bovine allergens [39-42, 54], while IgE
sensitization to horse allergens has been recognized as a
growing problem in horse riders and horse stable work-
ers [15, 36]. IgE to storage mites can be found in dairy
farmers, and dust from their homes shows enhanced
concentrations of storage mite allergens, e.g. A. siro, L.
destructor and T. putrescentiae [37]; relations with stor-
age mite sensitization and ensuing rhinitis and asthma
are however not well-established. Dairy farmers are also
exposed to bovine allergens and Bos d2 is an important
major allergen in cattle barns, also found in farm house
dust [38-40].

However, there is a lack of population data to assess
whether these high exposures to farm allergens are asso-
ciated to WR rhinitis and asthma. Given the high expo-
sure levels, the sensitization frequency among farmers is
remarkably low—possibly as a result of the ‘anti-atopy’
protective effect of the farm environment, as discussed
below. Interestingly, in the Danish follow-up study, new
sensitization to storage mite (Lep d) was positively asso-
ciated with farm work, whereas sensitization to common
allergens tended to decrease at higher farm exposures
[40-42].

Most work-related upper (URT) and lower respiratory
tract (LRT) symptoms in farmers, however, are probably
caused by non-IgE mediated, innate immunity responses
to airborne agents of microbial origin, which are inhaled
at high levels in livestock farming [43]. Many of the
components of the bio-aerosols in stables are pathogen-
or microbial-associated molecular patterns (PAMPs/
MAMPs) that bind to specific receptor molecules and
activate innate immunity pathways [44]. Inhaled PAMPs
from bio-aerosols induce airway inflammation in healthy
and asthmatic subjects and symptom exacerbations to a
variable degree, likely depending on the burden of expo-
sure and some polymorphisms in the endotoxin cell
receptors and signal transduction molecules [44]. Air-
way inflammation starts in the case of endotoxin through
the TLR4-pathway, peptidoglycan by TLR2-associated
peptidoglycan recognition proteins (PGRPs), nucleotide-
binding oligomerization domain (NODs) molecules and
B(1— 3)-glucans (polymers of glucose produced in fungi,
plants and some bacteria) may act through the -glucan
receptor, Dectin-1, expressed on macrophages and neu-
trophils (Fig. 1).

Most intensively studied are the pathogenic mecha-
nisms of wheezing and asthma in pig farming, espe-
cially in swine confinement buildings, where high and
chronic airborne PAMP exposures may not only lead to
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local airway and lung inflammation, but also to systemic
effects as shown by increased levels of circulating serum
cytokines TNF-a, 1-6 and II-1B [30, 45, 46] (Fig. 1).
Symptoms are wheeze, coughing and other typical asth-
matic symptoms and features like increased NSBHR
[47-50]. In naive subjects high exposures during a few
hours in a pig stable may even lead to symptomatic sys-
temic inflammation with increased body temperature,
chills and malaise [48, 49]. Interestingly repeated Organic
Dust Toxic Syndrome (ODTS) is associated with a five-
fold increase in chronic phlegm risk [51].

Clinical features

Farm work-related URT and LRT symptoms as such do
not show typical features with which they might be dis-
tinguished from non-occupational cases. Asthma may
have several phenotypes, such as IgE-mediated asthma
characterized by high reversibility in airway obstruc-
tion [52] and non-atopic asthma with low reversibility,
NSBHR and wheezing [35, 53]. Nasal symptoms such
as congestion, rhinorrhea and pruritus are common in
farm workers across the different areas in agriculture [4,
54] including veterinarians [55]. Several cross-sectional
studies report nasal irritation without mentioning other
symptoms of rhinitis while others described rhinitis
combined with conjunctivitis. Among 6156 randomly
selected animal farmers in Denmark, Germany, Switzer-
land and Spain, the prevalence of nasal irritation was 22%
for farmers working with cattle, 29% for pig farmers, 21%
for working with sheep and 22% for mixed farming [56].

The role of atopy-defined as positive skin prick or IgE
tests to common allergens—is not always clear. In cases
with specific type I allergy to farm allergens like stor-
age mites or bovine allergens, sensitization to common
allergens is one known risk factor [57, 58]. However, in a
community based sample of farmers, no association was
found between sensitization to cow dander and occupa-
tional symptoms [59]. In several studies in farmers and
other agricultural workers the prevalence of common
atopy was low (10-15%) compared to contemporary
population studies (>25%), but atopics were at higher
risk to develop URT- and LRT-symptoms, including non-
IgE mediated airway inflammation induced by microbial
agents [10]. In contrast, in Danish young farmers preva-
lence and incidence of asthmatic disease was independ-
ent of common atopy, while NSBHR at baseline was a
risk predictor [8].

Repetitive farming exposure can result in chronic lung
inflammatory disease with significant decline in lung
function over time [29, 30, 32]. In a substantial fraction
of workers there might also be a “chronic inflammatory
adaptation response” as a significant attenuation of the
initial, robust inflammatory response following repetitive

Page 12 of 30

exposure, of which the precise mechanism is not clear
[60]. Such tolerance is however definitely not a general
feature common to all farm workers exposed to high lev-
els of microbial dusts [10].

Diagnosis

Diagnosis is complicated by the variety of etiologic
agents and pathogenic mechanisms present in farm-
ing environments. Since the majority of cases may not
be due to specific allergic sensitization to occupational
allergens, negative results of skin prick or IgE tests may
easily lead to a failure to identify farm-related causal
factors. It is of crucial importance that the diagnostic
anamnesis of a farm worker presenting with respiratory
symptoms includes a careful inventory of work-related
exposures that might induce or aggravate allergic symp-
toms. Practitioners must be well aware that neither
atopic sensitization to common allergens, nor a lack of
specific sensitization to farm allergens should be inter-
preted as negative evidence against farm exposures as
primary or secondary causes of the farmer’s respiratory
ailment. Asthma diagnosis is performed according to the
statement by an earlier position paper [61]. In the pres-
ence of work-related rhinitis or asthma, serial recordings
of nasal symptoms and peak flow measurements can be
performed. In some cases objective assessment using
provocation challenges in the laboratory or at the work-
place can be recommended for asthma and rhinitis [62].

Diagnostic tests for specific allergies are only helpful
in the minority of patients with type I allergies to farm-
related antigens, e.g. in Finland where cow dander has
been recognized as an important type I occupational
allergen, since the majority of farmers with allergic rhi-
nitis had a positive reaction to nasal challenge with cow
dander [57]. Similarly, suspected type I allergy to storage
mites or horse allergens may be tested with appropriate
skin prick tests (SPTs) or IgE tests if available, but even in
case of proven sensitization the link between exposure to
the allergen and occurrence of symptoms must be con-
firmed by a careful anamnesis or by specific inhalation
challenge (SIC) tests.

SICs with specific allergens can be conducted either
with the suspected specific agent in the laboratory or at
the subject’s workplace [61]. These tests should be con-
ducted only by specialized centers. SICs may be espe-
cially useful when a) alternative procedures have failed to
identify with sufficient accuracy the diagnosis of occupa-
tional allergy; b) the patient is no longer exposed at work;
or ¢) there is need to identify a particular agent/s; d) if an
agent has not previously been recognized as a causal fac-
tor; and e) for medico-legal requirements.

There is no single diagnostic test available to con-
firm or exclude a diagnosis of disease caused by innate
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immunity reactions to airborne PAMPs at the workplace.
A controlled inhalation challenge test may be performed
at the workplace, but the nature of innate immunity reac-
tions implies that also naive subjects may vigorously
respond to such exposures. Hence, such challenges alone
do not confirm a specific responsiveness to work-related
exposure.

Nasal provocation tests can be performed also either
in the laboratory under controlled conditions or at work
under natural conditions to confirm the presence of
occupational allergic rhinitis.

Nonspecific inhalation challenges—with e.g. hista-
mine, methacholine, cold air or hypertonic saline—may
be helpful in the diagnosis of asthma, as a positive reac-
tion is a serious predictor of later onset asthma in young
farmers [8]. In young farmers without a farm child-
hood, and thus relatively naive to the farm environment,
NSBHR was found to be associated with an increased
decline in lung function over a 14 year follow up [29].

In general, the diagnosis of farm-related LRT and URT
illness must primarily rely on a strong systematic anam-
nesis focusing on specific work tasks with high exposure.
In some specific cases, such as in clusters of workforces
with a sudden very high incidence of work-related symp-
toms, anamnesis should be supported by exposure meas-
urements at the workplace, and monitoring of time and
place when and where symptoms occur. Another issue
to consider is, that endotoxin induced inflammation and
NSBHR usually develop with a sub-acute pattern, i.e. not
simultaneously with exposure, but most often start 4-8 h
after exposure.

Protection by the farm environment

Chronic exposure to animal farm dusts may also attenu-
ate inflammatory responses and even protect against
type I allergies. Adaptation to high endotoxin exposure
has been described already>30-40 years ago in cotton
workers who showed the most vigorous responses after
the weekend (hence called ‘monday morning fever’)
or after a few weeks off-work, while after some days of
exposure the acute inflammatory responses and symp-
toms became less severe [63, 64]. Similar effects have
been found in experimental studies in which airway and
systemic inflammation (measured as cytokines in nasal
fluid and/or induced sputum, and in serum) and changes
in NSBHR were compared between swine workers and
healthy volunteers after exposure to swine barn dust
[47, 65, 66]. Swine farmers had higher baseline levels of
inflammatory markers, suggesting chronic airway inflam-
mation, but responded less to acute exposures than naive
volunteers [47, 67]. The mechanisms behind this appar-
ent “adaptation” to high airborne organic dust exposures
are not known [68, 69], but probably similar to those of
the much better studied ‘endotoxin tolerance’ of innate
immunity cells in studies of endotoxin exposure due to
life-threatening systemic bacterial infection [70-72]. If
such mechanisms indeed also are operative in farmers
with chronic microbial exposures, it would explain why
adverse health effects in some studies may appear to be
less severe than expected based on their high exposure
levels. Healthy worker selection (HWS) may also be
involved [33, 73, 74], but its role may vary among popula-
tions in different countries and types of farming [75].
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However, it would be a serious misunderstanding to
conclude that farm workers after some time become tol-
erant. Although acute responses may be attenuated, there
is overwhelming evidence of ongoing chronic airway
inflammation and a more rapid decline of lung function
in populations highly exposed to PAMPs [44].

The other ‘beneficial’ effect of exposure to the livestock
farm environment is the lower risk of allergic (atopic)
asthma and rhinitis among those born and raised on a
farm. These findings, published for young farmers [76],
school children in Alpine regions [77-80] and con-
firmed in studies from many other countries [7, 10, 11,
42, 81-94], revived nineteenth century knowledge that
hay fever is rare in farmers [95]. A commonly accepted
explanation holds that the developing immune system
of farm children is primed towards a state of non-atopic
responsiveness or immune tolerance for allergens [42, 77,
81, 84, 96], by chronic inhalation of farm dust containing
pro-inflammatory “microbe—associated molecular pat-
terns” (MAMDPs) (see paragraph on mechanisms), and/or
by frequent ingestion of unpasteurized milk that also may
contain enhanced concentrations of such MAMPs and in
addition other agents with immunoregulatory properties
like prebiotics and various cytokines; according to these
theories it would be the very early or even prenatal farm
exposures that protect against type I allergies. These pro-
tective effects might be most pronounced for traditional
small-scale farming, as in children studied in the original
reports from Alpine regions [77, 78, 80]. Other evidence
for such an association restricted to more ‘old-fashioned’
farming comes from the study by Stein et al. [90] in the
USA, who compared atopy in children from Amish com-
munities who adhere to strict traditional farm practices,
with children from the more modern Hutterite families.
Lower risks of type I sensitization and type I allergic dis-
ease have however also been found in several other popu-
lations of both children and adults who grew up in the
last decades in relatively modern farms, as in The Neth-
erlands, Sweden [97-101] and Denmark [11, 42, 88].

Since many farm workers also have been raised on a
farm, it is hard to assess these effects separately. Table 3
summarizes studies on the prevalence of atopy and
atopic disease in farmers and non-farmers, with farm
childhood also taken into account. In many studies, a
farm childhood appeared to confer a long-lasting pro-
tection into adulthood (7, 10, 11, 82, 83, 85-89, 91-93,
101-103], while some also reported evidence that cur-
rent farm work may additionally protect against sensiti-
zation to common allergens and/or atopic illness [88, 89,
96, 102, 103]. One longitudinal study found a lower risk
of new pollen sensitization in young adulthood, espe-
cially in those with high animal stable dust and endotoxin
exposures [42]. HWS bias seemed unlikely, since the
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frequencies of NSBHR and wheezing are higher or simi-
lar among the highly exposed workers, and protection
in adulthood appeared to be mainly restricted to atopic
sensitization. It especially pertained to hay fever, pollen
sensitization [11, 42, 96, 101] and atopic asthma, while
non-atopic wheezing and NSBHR are more prevalent at
high farm dust exposures [8, 76, 89, 101, 104]. Thus, farm
work-associated exposures may, in addition to a farm
childhood, protect against persistence of, or newly origi-
nating atopic sensitization to pollen and possibly other
common allergens [10, 11, 101].

The widespread knowledge of the farm-associated low
risk of atopy may easily lead to a common but incorrect
belief that “the farm environment protects against asthma
and rhinitis” As emphasized in this position paper, farm
work remains a major risk factor for (mostly non-atopic)
LRT and URT illness and the ‘anti-atopy’ effect is mainly
a complicating factor in the diagnostic workup. A clear
distinction between atopic and non-atopic respiratory
disease is thus essential. Studies in both adults and chil-
dren have found that high endotoxin exposure, although
negatively associated with atopic asthma—defined as
wheezing illness combined with atopic sensitization -,
is positively associated with wheezing in the absence of
atopy [89]. The meta-analysis of studies with objectively
determined atopy markers—SPT or IgE positivity—
found as most consistent finding protection by both a
farm childhood and adult farm work against atopic sen-
sitization, especially against pollen [42]. Most popula-
tion studies however did not clearly distinguish between
atopic sensitization and associated illness. Hence, the
often-reported protection against “(atopic) asthma” by a
farm childhood may primarily reflect protection against
atopy, and less against wheezing illness as such. In the
farm work environment, with its much higher airborne
microbial exposures, the risk of non-atopic wheezing
may prevail, so that beneficial effects preventing atopy
are outweighed by the enhanced risk of innate immunity-
mediated non-allergic (non-atopic) respiratory disease.

Exposure and prevention

In farming occupations there is a challenge for exposure
assessment, due to the many different substances, see
Table 4. Details related to the methods available for mon-
itoring dust, microbial and allergen concentrations in
occupational as well as environmental settings have been
published elsewhere [105-110]. For a detailed review on
other exposures in farming, please see [1, 110-112].

Exposure levels

Evidently, most of the available data on workplace expo-
sure levels concern dust, endotoxins and (1— 3)--D-
glucans. Organic dust is frequently used as a marker of
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exposure to bio-aerosols whereas information regard-
ing levels of other airborne exposures is scarce. Readers
interested in such studies are recommended to look else-
where [37, 113].

Overall, studies have shown great variations in per-
sonal exposures both between and within different farm
types (Table 5). Average personal concentrations of dust
are reported to range between 0.2 and 11.2 mg m™>
with content of endotoxin and glucan concentrations
averaging between 13 and 9609 EU m~ and 223 and
10,300 ng m~3, respectively. Pig and poultry farmers
are the highest exposed, whereas mixed production and
mink-farmers are the lowest exposed, irrespectively of
the agent concerned. The available data related to air-
borne levels of specific allergens in stables are limited,
however, to dairy and horse stables. Samadi et al. meas-
ured personal and stationary levels of bovine (Bos d 2)
allergens in 23 diary stables in the Netherlands [114]. Per-
sonal levels of exposure ranged from 0.10 to 46.8 pug/m >
with an average (GM) of 1.47 pg m™2, and were generally
higher than the measured stationary levels (GM=0.66
ug m~3; range: 0.03 to 35.6 ug m~>). These concentrations
generally exceed those reported in the only earlier study
available concerning levels among Finish diary barns by 2
to 3 folds [115]. Similar deviations have been reported in
average allergen concentrations measured within horse
stables [116-118].

Other important biological agents include ergosterol,
muramic acid [119] and mycotoxins [120-122]. Ergos-
terol and muramic acid are considered markers for expo-
sures to fungal and Gram-negative bacterial, respectively.
The health effects of mycotoxins are well described, but
their quantification within workplace environments,
including farming, remains poor [113].

Exposure studies employing repeated measurements
(i.e. measuring the same workers on more than one
working day) suggest that the levels of exposure to bio-
aerosols vary considerably both across different days
for the same worker and between different workers that
perform the same job [1, 114, 123]. A recent systematic
review suggested that average levels of personal dust and
endotoxin exposures in livestock farming remained rela-
tively unchanged (i.e. no temporal trends were observed)
in the period between 1985 and 2013 [1]. In a more elab-
orated approach an almost 2% annual decline in expo-
sure was revealed for the period 1992-2008. The utilized
exposure database did not solely comprise measurements
from primary agriculture production, and when models
were restricted to measurements only from pig farming
no time trends seemed to be present (Basinas et al. in
preparation).
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Factors affecting exposure during farm work

Bio-aerosol sources are abundant in both indoor and out-
door farm working environments. The environmental
conditions and workplace characteristics, as well as the
activities performed, are suggested to determine the per-
sonal exposures of farmers. Previous research has shown
that personal exposures are highest during stable activi-
ties involving feed handling, distribution of bedding,
intense handling of active animals (e.g. weighing, trans-
port, re-penning and loading) and high pressure wash-
ing [43, 111, 124-128] and lowest during field work, and
for cattle farming, the repair of stables and the hosing of
parlours following end of the milking process [128—130].
Grain threshing and handling related activities such as
storage have also been reported to increase personal lev-
els of bio-aerosol exposures [131].

Besides working tasks, the effect of environmental and
farm characteristics has also been assessed in a few stud-
ies, of which some have been performed in years prior to
the ones covered by the present review (Table 6). Feeding,
flooring and ventilation parameters (e.g. type, coverage,
system employed) have also been suggested to be strong
predictors of in-door personal exposure levels to bio-aer-
osols [43, 111, 124, 132, 133]. An increased outdoor tem-
perature and the summer season, both indicators of high
ventilation rates, have been shown to decrease personal
levels of exposure for workers in stables irrespectively of
the type of production involved [43, 111, 119, 124, 126,
128, 129, 133, 134]. The general hygiene within the sta-
ble has also been shown to influence exposure, whereas
for poultry farmers factors such as the age of the chick-
ens involved and the housing system (e.g. aviary vs cage)
seem to be of importance. An interesting and consistent
observation in recent studies, is a strong association of
robot milking in diary stables with an increased expo-
sure of workers to dust and glucans [114, 128, 135]. This
effect has been suggested to reflect altered working pat-
terns combined with an increased ratio of animals per
worker [128]. Such results of process alterations may be
apparent also in other types of production influenced by
the tendency towards enlarged productions in Western
countries resulting in workers that have less intermit-
tent working tasks and thus more permanent patterns
of exposure [1]. Hence, there is an increased demand for
effective exposure control and prevention strategies for
such workers.

Preventive interventions in farming workers

Although the farm environment is considered to be
allergenic, irritant and toxic for human airways, farm-
ers’ knowledge about occupational risks and safety rules
seems to be modest [68, 136] and medical recognitions
of farm WR respiratory diseases are underestimated
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Table 4 Bioaerosol-components in farming environment

Page 22 of 30

Substance

Method of determination

Allergens Antibody-based assays (sandwich) ELISA

Bacteria and Vira

Viable sampling, microscopic analysis of samples, Non culture-based microbiological

markers or surrogate markers such as endotoxin (Gram negatives), muramic acid
(Gram positives) DNA or RNA based molecular methods ranging from gPCR to 16S
microbiome or full metagenomic analysis C

Endotoxin Classical “LAL-test” (kinetic chromogenic test) or recombinant factor C assay

Beta(1 — 3) glucan
Pyrogenic activity

Factor G pathway of the LAL-test or poly-/monoclonal antibody assays (ELISA)
Whole blood assay (outcome: IL-1(, IL-6 release)

Moulds Cultivation of fungi Non culture-based microbiological marker Surrogate markers
like ergosterol or extra-cellular polysaccharides specific for Pen/Asp (EPS) DNA
or RNA based molecular methods ranging from gPCR to ITS or full metagenomic

analysis

Fungal fragments
Mycotoxins

Non-gonomorphic particles (Halogen immunoassay)
ELISA LC-MS (indirect assessment by analyzing settle dust) Biomonitoring

[137]. The results of 14-year study including nearly 3500
farmers with occupational diseases indicate the neces-
sity for implementing periodic health examination pro-
grams and improving working conditions of agricultural
workers [138]. One study of exposure levels was able to
demonstrate an effect of feed-back vs no feed-back to
the farmers on their own exposure level plus the mean of
the other farms. In this study feed-back was associated
with lower levels during a repeated measuring campaign
6 months later [139]. Programs based solely on increased
use of respirators may not be effective and/or efficient in
depth of time; respirator use is as a low tier prevention
approach with efficiency strongly dependent on type,
proper use and worker behavior [140]. In asthma and
rhinitis, avoidance of further exposure to causal agents is
recommended, but this may not be achievable in farming
populations, mainly due to socio-economic considera-
tions. Therefore a comprehensive strategy of combining
interventions towards reduction of harmful workplace
exposures, with periodic medical check-ups and treat-
ment optimization is urgently needed.

Research needs

In each of the preceding chapters, serious gaps in current
knowledge of rhinitis and asthma in livestock farmers are
identified that require well-designed future research.

— Follow-up studies: Most population studies had pri-
marily a cross-section design, and only a few also a
longitudinal follow-up over periods of more than
2-5 years. Most worthwhile would be studies in
which the long-term development of respiratory
health (symptom prevalence and severity, BHR,

lung function, allergic sensitization) is monitored in
farmers with and without more or less severe symp-
toms, and who either left farming, or remained in
farm work with or without changing work practices
or jobs within agriculture such that exposures were
strongly diminished.

Mechanisms and diagnosis: The pathophysiology of
respiratory disease in farmers has been thoroughly
studied, including the role of various cell types,
cytokines, etc., in innate immunity reactions that
may be the predominating cause of most farm and
microbial dust-induced illness. In contrast to type I
allergy, where specific SPTs or IgE tests and measure-
ment of occupational allergens can be used. Hence,
there are no diagnostic tools available with which
clinicians can identify innate immunity-mediated
reactions to farm and microbial dust causing URT
and LRT illness in farmers. Future research thus may
focus on development of tests of markers of acute or
chronic innate immunity reactions (e.g. patterns of
cytokines in blood, nasal or bronchial lavages). Such
tests should—possibly in combination with other
markers like BHR, and with the help of more sophis-
ticated algorithms—improve diagnosis and prognosis
of farm dust and livestock-associated respiratory dis-
ease.

Prevention and intervention: intervention measures
have been largely limited to educational activities and
incidental studies on effectiveness of technical meas-
ures to reduce dust and microbial exposures and use
of personal protective devices. Further studies need
to include more systematic studies with sufficient
power and follow-up to assess effects of interven-
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Table 6 Literature reported engineering and production parameters affecting personal exposures of farmers to bio-

aerosols

Determinant

Substance

Factor

Estimated effect

Source

Pigs
Environment

Production stage

Ventilation

Feeding

Flooring

General hygiene

Other

Cattle

Environment

Feeding

Bedding

Dust, endotoxin
Dust, endotoxin

Dust

Dust

Dust, endotoxin

Endotoxin

Dust
Dust, endotoxin
Dust

Dust

Endotoxin

Dust

Endotoxin
Dust, endotoxin
Dust

Dust

Endotoxin
Endotoxin
Dust

Dust, endotoxin, glucans

Season, summer
Outdoor temperature

Finishing units

Negative pressure

Air exhaust via other compartments
or the pit

Use of a showering system

Automatic feeding
Wet feed
Fatin feed

Ad libitum feeding

Full slatted floor

Fully concrete floor
floor heating

Very dusty stable
Wet floor

Ventilation and floor, and manure
type combinations

Outdoor temperature
Semi-automatic system
Amount of feed (pellet, meal)

Compost bedding

Lower levels of exposure compared
to winter

18-36% decrease in levels per 10 °C
increase in temperature

Exposures highest in finishing and/
or weaning stables and lowest in
farrowing and/or breading.

lower exposures compared with
neutral or mixed methods by
26-50%

Increased exposures relative to
when characteristic not present
by 28-42%

7% increase of exposure per 10 min
spent on presence of character-
istic

Lower exposures with increased
time spent on presence

Lower levels when compared with
dry feed by 21-79%

Increased fat content associated
with lower levels of exposure

5% increase in levels per 10 min
spent on presence of the charac-
teristic

Full slatted floor associated with
increased exposure levels by 50%
compared with a full concrete or
16% for every 10 min spent on
presence

Fully concrete floor associated with
21% decrease in dust exposure

38% increase in exposures per
10 min spent on presence

7-18% increased exposure com-
pared to a non-dusty environment

Reduced levels compared to dry
floor by 12%

Exposures lowest in natural venti-
lated buildings with slatted floors.
Highest exposures in mechanically
ventilated buildings with scrapper
manure collection.

> 18% decrease in levels per 100C
increase in temperature

42% reduction compared to manual
feeding

2% increase in exposure per kg
distributed

Compost bedding associated with
higher exposures compared to
rubber mats by 5% for dust and
179 to 400% for the constituents

[43,124,126,129]

[43,124]

[166,167]

[43,124]

[43,124]

[124]

[124]

[124]

[168]

[169]

[111,119,128]

[111]

[111]

[114,135]
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Determinant

Substance

Factor

Estimated effect

Source

Animal density

Manure handling

Milking

General hygiene

Poultry
Environment

Barn system

Production stage

Ventilation

General hygiene

Other

Dust, endotoxin, bovine allergens

Dust
Endotoxin

Dust, glucans, bovine allergens

Dust, endotoxin

Dust, endotoxin

Dust, endotoxin

Dust

Dust, endotoxin
Dust, endotoxin

Dust, endotoxin

Dust, endotoxin

Dust, endotoxin

Dust, endotoxin

Surface area per cow

Automatic scrapers in alley ways
Slope or back flashed system in pit

Robot

Parlour cleaning

Season, summer

Floor (aviary)

Enclosed system

Flock age
Parent stock

Hen (Turkey)

Ventilation rate

Litter presence in control alleys

Tilling of litter

Increased surface associated with
decreased levels of exposure by
710 65%

40% reduction compared to when
system not used

175% increase compared to round
or scraper based systems

Robots associated to increased
exposure compared to parlour
milking by 22-86% for dust and
138% for glucans but decreased
exposures to bovine allergens by
65%.

Increased frequency of parlor clean-
ing associated with lower levels of
dust and endotoxin

Somewhat lower levels of exposure
compared to winter for layers, and
turkey farmers

Floor (Aviary) housing system results
in higher concentrations relatively
to cage housing

Higher exposures in systems that
are enclosed (only mechanical
ventilated) compared to those
being open with both mechanical
and natural ventilation present

Increased flock age associated with
decreased exposures

Levels in parent stock farm higher
compared to broiler and layers

Levels in hen stables higher
compared to those of toms and
brooders

Increased ventilation rate related to
decreased levels of exposure

Presence of litter in control alleys
assoc. with higher exposures
compared to no presence

Performance of litter tilling related
with increased levels of exposure

[114,115,135]

[128]

[128]

[114, 128, 135]

[133,134]

[165,171,172]

[134]

[129, 134, 164]

[134]

[133]

[133]

[134]

(133]

tions both on exposure levels and on the respiratory
health of participants.

Conclusion
In spite of technological changes, the over-all levels of
airborne exposure of livestock farmers to organic dusts,
including microbial agents and allergens, ammonia and
other gases, haven't changed considerably and remained
high and is still a serious health hazard.

Accordingly, prevalence and incidence of work-related
respiratory disease, including asthma, bronchitis and

upper respiratory tract symptoms among workers in live-
stock farming have remained high.

Causal factors and mechanisms may in some cases be
specific farm allergens and IgE-mediated type I sensiti-
zation—to e.g. storage mite, bovine or horse allergens —,
but the large majority of work-related respiratory symp-
toms in livestock farmers is caused by innate immunity
responses to microbial agents like bacterial endotoxins,
glucans and other innate immunity stimulating agents,
thus leading to ‘non-allergic asthma’ and bronchitis.

A thorough anamnesis and identification of symp-
toms as clearly exposure-associated is the key point in
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the diagnosis of work related upper- and lower respira-
tory tract diseases in farmers. Even if common atopy and
NSBHR are strong risk factors, the diagnostic procedure
cannot depend entirely on IgE serology, specific inhala-
tion challenge or other tests for specific immunologic
sensitization.

Since many farm workers have been raised on a farm,
the well-known protective effect of a farm childhood
against atopic sensitization, allergic asthma and rhini-
tis can also be found in adult farm workers. Results of
several studies suggest that farm exposure in adulthood
may provide an additional protective effect. This protec-
tion however appears to be largely limited to atopic sen-
sitization, particularly to pollen, and hardly affects the
enhanced risk of non-allergic asthma in farm workers.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513601-020-00334-x.
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