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Abstract

Background: Elevated endotoxin levels have been measured in ambient air around livestock farms, which is a cause
of concern for neighbouring residents. There is clear evidence that occupational exposure to high concentrations of
airborne endotoxin causes respiratory inflammation, respiratory symptoms and lung function decline. However, health
effects of exposure to low levels of endotoxin are less well described. The aim of this systematic review is to summarize
published associations between exposure to relatively low levels of airborne endotoxin and respiratory health endpoints.

Methods: Studies investigating respiratory effects of measured or modelled exposure to low levels of airborne
endotoxin (average < 100 EU/m?) were eligible for inclusion. In total, 1362 articles were identified through a
Pubmed database search, of which 31 articles were included in this review. Studies were included up to February
2017. Overview tables and forest plots were created, and study quality was assessed.

Results: Twenty-two included studies had a cross-sectional design, others were designed as longitudinal observational
(n=7) or experimental (n = 2) studies. Most studies (n = 23) were conducted in an occupational setting, some involved
domestic or experimental exposure. Several studies reported statistically significant effects of exposure to low levels of
endotoxin on respiratory symptoms and lung function. However, considerable heterogeneity existed in the outcomes
of the included studies and no overall estimate could be provided by meta-analysis to quantify the possible relationship.
Instead, a best evidence synthesis was performed among studies examining the exposure-response relationship between
endotoxin and respiratory outcomes. Significant exposure-response relationships between endotoxin and symptoms and
FEV; were shown in several studies, with no conflicting findings in the studies included in the best evidence synthesis.
Significantly different effects of endotoxin exposure were also seen in vulnerable subgroups (atopics and patients with
broncho-obstructive disease) and smokers.

Conclusions: Respiratory health effects of exposure to low levels of airborne endotoxin (< 100 EU/m?) seem plausible.
Future studies are needed to investigate ambient exposure to endotoxin and potential respiratory health effects,
especially in vulnerable subgroups of the population.
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Background

Health effects of air pollution have mainly been studied
in urban areas, where pollutant concentrations can be
high due to emissions from industries and traffic.
However, poor air quality in rural areas may also be of
influence on people’s health. In the Netherlands, regions
where air quality is influenced by emissions from
livestock farms are densely populated [1, 2]. Since poten-
tial health effects of these emissions are relevant to all
people living and working in these areas, the relation-
ship between exposure and health is a current topic
of research.

Over the last thirty years, a considerable amount of re-
search has been performed to gain insight into the re-
spiratory health risks of people occupationally exposed
to high concentrations of organic dust and endotoxin
[3-6]. Inhalation of endotoxin, a lipopolysaccharide
component of the cell-wall of Gram-negative bacteria
present in organic dust, induces an inflammatory
response in the lungs [6-9]. Aerosolized endotoxin is
absorbed onto the surface of particulate matter and thus
transported through the air [7, 10]. By binding to the
CD14/TLR4/MD2 receptor complex on macrophages it
triggers the production of cytokines and proteins that
cause inflammation [8, 9, 11]. When challenged with
aerosolized endotoxin, people have shown a hundredfold
increase in neutrophil levels and tripling of lymphocyte
levels in bronchoalveolar fluid [12]. In 1987, Castellan
et al. found a clear exposure-response relationship be-
tween endotoxin concentration and group mean per-
centage change in forced expiratory volume in one
second (FEV)) in individuals experimentally exposed to
endotoxin containing cotton dust [13]. The effects of
exposure to endotoxin are predominantly respiratory, in-
cluding decline in lung function and increased preva-
lence of chronic bronchitis and asthma-like syndrome
[5, 14, 15]. In addition to adverse health effects, occu-
pational endotoxin exposure in agricultural workers
has also been implicated in protective effects on aller-
gic sensitisation and hay fever [16, 17].

While respiratory health effects of exposure to high
levels of endotoxin are well described, potential effects
associated with low levels of exposure are less well estab-
lished. However, interest in the possible adverse health
effects of endotoxin exposure on non-occupationally ex-
posed populations is growing [2, 18]. Ambient endotoxin
concentrations in the proximity of livestock farms and
bioaerosol levels near composting sites have been found
to be in the lower range of exposure levels measured in
several occupations [19, 20]. Since it is not clear whether
effects observed at high exposure levels can be extrapo-
lated to lower exposure levels, further research is war-
ranted. These outcomes are interesting for governmental
institutions in particular, in order to formulate guidelines
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to protect the public health and safety of their inhabitants.
Currently, the Dutch Expert Committee on Occupational
Safety (DECOS) of the Health Council recommends a
health-based occupational exposure limit of 90 EU/m>
[21]. DECOS regards an exposure level of 90 EU/m?> as a
NOEL (no observed effect level), based on the effects on
FEV; of six-hour exposure to endotoxins in the study by
Castellan et al. [13]. Based on the occupational exposure
limit, a tentative limit of 30 EU/m® was recommended for
the general population living in the surroundings of live-
stock farms [21, 22].

The aim of this systematic review is to investigate the
possible respiratory health effects of exposure to low
levels of airborne endotoxin in humans. Levels up to 100
EU/m? are included since these levels can be compared to
peak ambient levels of airborne endotoxin in livestock-
dense areas [23, 24] We hypothesize that exposure to
these concentrations of endotoxin can have modest, but
negative effects on respiratory health.

Methods and design

Design

This systematic review was performed by the first author
(A.F.) in collaboration with the last author (L.A.M.S)
and was performed according to the steps of the
PRISMA statement [25].

Information sources and search strategy

The Pubmed database was searched for relevant litera-
ture published until February 14th 2017. Search terms
used to find eligible articles were based on the terms
endotoxin, exposure, lung function and respiratory
symptoms (such as cough, wheeze, chest tightness and
shortness of breath). The full electronic search query is
presented in Additional file 1: Supplement 1. Reference
lists of all included studies and relevant literature re-
views were searched for additional eligible articles.

Inclusion criteria

Studies were eligible for inclusion if measurements of
airborne endotoxin concentrations were performed,
through either active or passive air sampling methods.
Studies which used modelling approaches based on air
exposure measurements were also included. Respiratory
outcomes (lung function measurement and/or respira-
tory symptoms) had to be defined and described. Only
human experimental or observational studies were in-
cluded, with full text written in English, Dutch, German
or French and which were originally published in peer-
reviewed journals. Case reports, literature reviews and
non-human studies were excluded. Also studies with
measurements of airborne endotoxin of only high levels
of exposure (an average of >100 EU/m?®) were excluded,
as were studies where endotoxin was measured in dust
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reservoirs only. The exposure variable of interest was ex-
posure to low levels of endotoxin (average < 100 EU/m?).
The main outcome was the effect on respiratory health;
both on pulmonary function and occurrence of respira-
tory symptoms (coughing, wheezing, shortness of breath,
asthma, dyspnoea).

Study selection

Assessment of manuscripts for meeting the inclusion
criteria was performed in a Mendeley database. Duplicates
were removed and subsequently studies were selected
based on title or abstract for full text-screening. In case a
study was excluded based on full text screening, the rea-
son for exclusion was listed. In case several publications
reported measurements from the same series, the one
with the most detailed methodology description and ori-
ginal values was included.

Data extraction

Extraction of data was performed systematically by
summarizing information on author, publication year,
country, study design, endotoxin measurement tech-
niques, spirometry measurements, questionnaires and
confounders in overview tables.

Studies were categorized according to characteristics
of the sample population (i.e., occupationally exposed
subjects, respiratory disease patient groups or general
population). Results are presented by individual study,
since the studies were too heterogeneous in terms of
endpoint measurement and presentation of endotoxin
exposure levels, population samples, settings, reported
outcomes and data analysis techniques to compare the
results. Therefore, a narrative synthesis was performed
and a best evidence synthesis was conducted for suitable
outcome variables (see data synthesis). Also, forest plots
were constructed (using R, version 3.3.2) to improve
readability and comparability of the results.

Methodological quality and risk of bias

Assessing quality of evidence and risk of bias in individ-
ual studies was performed using the NIH Quality
Assessment Tool for Observational Cohort and Cross-
Sectional Studies [26]. This tool was designed to assess
the methodological quality of cohort and cross-sectional
studies. In this method, the quality of the studies is eval-
uated by rating fourteen items representing research
question, study population and sample size, participation
rate, timeframe, variation in exposure level, validity and
reliability of exposure and outcome variables, blinding,
loss to follow-up and confounding. Each item can be
scored as ‘yes, ‘no, ‘not applicable; ‘cannot determine’ or
‘not reported’. The overall scores of the different studies
were presented as percentages to improve comparability.
Studies with total scores 290% were considered strong,
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studies scoring 70-90% were considered of moderate
quality and studies scoring below 70% were consid-
ered weak.

Data synthesis

Because of the heterogeneity of the included studies we
refrained from performing a meta-analysis, but con-
ducted a best evidence synthesis to come to some overall
conclusions using the method described by Proper [27].
Only those articles that investigated the exposure-
response relationship between endotoxin exposure and
an outcome variable were included in the best evidence
synthesis. Four outcome variables were selected for in-
clusion in the best evidence synthesis: wheeze, cough,
(nocturnal) asthma symptoms and FEV;. Other reviews
that applied this best evidence synthesis method consid-
ered results to be consistent when at least 75% of the
studies showed statistically significant results in the
same direction (defined according to p <0.05) [27-29].
Originally three possible levels of evidence followed
from this best evidence synthesis method, namely
strong, moderate and insufficient evidence. In our evi-
dence synthesis, we added the category ‘weak evidence’
in case the results could not be considered consistent ac-
cording to Proper (not meeting the criterion of at least
75% significant results), but all studies showed results in
one direction, of which at least two studies with signifi-
cant results, and no conflicting findings existed for an
outcome variable.

Results

Study selection

The search yielded a total of 1362 articles. In Fig. 1, a
PRISMA flowchart of the study selection is presented.
After removal of duplicates (n =3) and selection on lan-
guage (n =40), 1319 articles remained. In total, 1153 arti-
cles were excluded based on title and abstract, leaving 166
articles to be assessed by screening the full text. Most
of these articles were excluded because levels of ex-
posure (n =82), endotoxin level measurement techniques
(n=18) or study design (n =28) did not match the inclu-
sion criteria. Two studies were removed due to duplicate
publication of the same endotoxin and outcome data
[30, 31]. Reference lists of all included studies and 11 rele-
vant literature reviews were searched for additional eligible
articles, but did not yield additional studies for inclusion. In
total, 31 articles were included in this systematic review.

Characteristics of included studies

Setting and population

An overview of the characteristics of the included studies
is presented by publication date in Tables 1 and 2. Of the
studies that were included most had a cross-sectional de-
sign, seven studies were set up longitudinally (with follow
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up periods between 5 days [32] and 11 years [33]) and two
experimental studies [34, 35] were included. Eleven stud-
ies were performed in the United States, four in the
Netherlands, three in Norway, two in Denmark, two in
Switzerland, two in Sweden and one each in Australia,
New Zealand, Germany, Canada, Pakistan, Poland and the
UK. The included studies were performed between 1987
and 2016. Most of the studies examined endotoxin expos-
ure among occupationally exposed subjects (n = 23), such
as workers in wood, sewage and textile industries. Four
studies focussed on susceptible populations, mostly chil-
dren with asthma or adults with COPD. The remaining
studies included children as a target population, except for
one of the experimental studies where healthy adults were
studied [35]. The number of included subjects ranged
from 22 [36] to 3867 [37] subjects. In some cases the
study was initiated because of specific reasons, such as a
sudden increase in incidence of specific complaints

reported by a group of workers. In some of these studies,
other air pollutants than endotoxin were measured as
well. We summarized important relationships between
the other airborne agents and respiratory outcomes in
Additional file 1: Supplement 2.

Measured pollutants

Dust was mostly collected with personal sampling tech-
niques during working hours, alternatives used were area
sampling and predictive calculations based on dispersion
models [37, 38]. Endotoxin was measured using the
Limulus Amebocyte Lysate (LAL) assay, which is the
most accepted assay for endotoxin exposure measure-
ments. The exposure agents measured in the included
studies vary greatly. Some studies only reported meas-
urement of the exposure to airborne endotoxin [39-44]
whereas other studies included measurement of dust,
bacteria, fungi and/or other airborne particles.
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Health outcomes

Twenty-one studies performed spirometry measure-
ments and included lung function values in their design,
most of them included FEV; and FVC as outcome mea-
surements. All but three studies recorded symptoms
through a questionnaire. Questionnaires used were often
based on questions from the MRC, ATS, ECRHS or
ISAAC questionnaires and the Organic Dust Question-
naire, but a number of other questionnaires were used as
well as a source for the reporting of symptoms [35, 36,
40-42, 45-51]. The study by Horick et al. used monthly
telephone calls to register respiratory symptoms [38].

Quality assessment

An overview of the quality assessment results is presented
in Additional file 1: Supplement S3. All studies had well-
described study objectives and most included detailed infor-
mation on the study subjects. The main reason for scoring
negative on study population description was the absence
of the inclusion period. Eleven studies did not report the
participation rate. All but one studies reported effect sizes,
only Heldal et al. presented results otherwise [36]. Since
most of the studies had a cross-sectional design, exposures
were not measured prior to the outcomes. In case studies
included cross-work shift or cross-week measurements of
lung function values and in case of longitudinal studies, the
item timeframe was scored positive. Twenty studies investi-
gated effects of different levels of exposure. All studies used
valid and reliable area or personal exposure measurements.
Exposure assessment over time was scored positive when
repeated personal full-work shift measurements were per-
formed, area measurements were considered insufficient.
Two studies used modelling to estimate personal endotoxin
exposure, this was also regarded an accurate and reliable
way of estimating exposure [37, 38]. Regarding outcome
measures, spirometry measurements were considered valid
and reliable, as was the use of validated questionnaires.
Dang et al. were the only ones using an unvalidated ques-
tionnaire without performing additional spirometry mea-
surements [49]. Blinding of outcome assessors was only
applicable in non-occupational studies, as is reflected in the
scoring of this criterion. Four studies did not perform/re-
port correction for confounding. Since not all scoring items
were applicable for all included studies, a percentage of the
maximum score was calculated for each included study.
The percentages of total scores varied between 55% and
100%. Most studies were considered moderate based on
their score (1 =13), others were considered strong (n=9)
or weak (n=9).

Findings

Main results of questionnaires, spirometry and dose-
response relationships are combined and summarised
in Table 3.

Page 9 of 20

Questionnaire

Respiratory symptoms recorded by most studies in-
cluded cough, wheezing, shortness of breath, chest tight-
ness and nocturnal asthma symptoms. As presented in
Additional file 1: Supplement S4.1, ten studies reported
a significantly higher prevalence of respiratory symptoms
among exposed subjects when compared to unexposed
or lower exposed controls. The definition of exposure
differed between studies, ranging from only endotoxin
exposure (measured) to exposure to various bioaerosols.
The symptoms that were found to be significantly more
prevalent among exposed subjects were cough [41, 49,
51-54], wheeze [49, 55, 56], shortness of breath [41, 49,
52, 55], (work-related) chest tightness [34, 49, 54, 56],
chronic bronchitis [53] and (work-related) asthmatic
symptoms [41, 56, 57]. Fransman et al. found that ply-
wood workers exposed to 23 EU/m?® endotoxin had sig-
nificantly more attacks of shortness of breath with
wheezing than unexposed controls and that workers
employed >6.5 years had significantly more asthma,
shortness of breath and wheezing when compared to
members of the general population [55]. Smit et al. also
showed a significant positive association between length
of employment and lower respiratory tract (LRT) symp-
toms [41]. Two studies found that respiratory symptoms
lessened during holidays/days off; 53—83% of respiratory
symptoms lessened during holidays in one study [55],
another study found a PR of 2.84 (95%CI 1.56-5.18) for
decline in symptoms of wheeze during holidays [56].
Shiryaeva et al. found that the highest frequency of
symptoms was present on Mondays and that symptoms
decreased gradually over the week, wheeze and chest
tightness decreased significantly [58].

One study among textile yarn workers exposed to dif-
ferent kinds of humidifiers (endotoxin levels 0.18—0.64
EU/m® did not find a significant difference in the
reporting of symptoms among subpopulations [32].
Three other studies did not find a significant difference
in prevalence of respiratory symptoms among exposed
subjects when compared to controls [42, 59, 60]. Two
studies did not find any difference in exposure levels of
endotoxin between subjects with and without respiratory
complaints [36, 50]. In the study by Zock et al. among
potato processing workers, subjects exposed to 21 EU/
m® (AM) seemed to have more symptoms of respiratory
symptoms than the group exposed to 56 EU/m® (AM)
[39]. Exposure to 7.40 EU/m? for 1 h in an experimental
setting did not significantly influence the prevalence of
cough symptoms [35].

The forest plots in Fig. 2 show a summary of the ef-
fects of exposure (to endotoxin and other bioaerosols)
on respiratory symptoms presented in the included stud-
ies. The odds ratios (or exp.(beta) for symptom score) of
asthma, chest tightness, cough and wheeze appear to be
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a Asthma Prevalence C Cough Prevalence
Mandryk et al. (1999) H— 1.93[0.43, 8.64] Sprince et al. (1997) ot 3.10[1.39, 6.90]
Fransman et al. (2003) ot 1.50 [0.80, 2.80] Zock et al. (1998) 1 0.04 [ 0.00, 22.57]
Kennedy et al. (2004) — 1.20(0.21, 7.00] Mandryk et al. (1999) ra—i 5.09(2.19, 11.82]
Smit et al. (2005) - 1.92[1.34, 2.75] Wouters et al. (2002) f—rt 2.80[0.72, 10.96]
Hoopmann et al. (2006)** ] 1.17[1.05, 1.30] Kennedy et al. (2004) 1.20[0.60, 2.40]
Schlunssen et al. (2011)* S 8.10 [1.48, 44.40] Smit et al. (2005) . 1.45[1.14, 1.85]
Meza et al. (2013) - 1.76 [1.11, 2.79] Dang et al.(2010) ——— 30.10 [10.65, 85.06]
Ramagopal et al. (2014)*° ——1 2,60 [0.60, 11.30] Shiryaeva et al. (2014) 1.07[0.56, 2.04]
Heldal et al. (2015) [ — 2.10[0.26, 16.90] Heldal et al. (2015)* O 470 1.16, 19.00]
T r
0 10 20 30 0 10 30 50
OR (95%Cl) OR (95%Cl)
b Chest Tightness Prevalence d Wheeze Prevalence
Sprince et al. (1997) A 5.90 [1.35, 25.70] Mandryk et al. (1998) — 3.68[1.24, 10.80)
Wouters et al. (2002) — 1.70 (0.34, 8.56]
Zock et al. (1998) — 0.02[0.00, 8.17]
Fransman et al. (2003) 1.20(0.72, 2.00]
Mandryk et al. (1999) -— 2.70[1.07, 6.82) Kennedy et al. (2004) o 1.30 [0.58, 2.90]
Wouters et al. (2002) — 2.12[0.24, 18.99] Smit et al. (2005) 0.71[0.55, 0.91]
Hoopmann et al. (2006)*° ] 1.15[1.04, 1.27)
Kennedy et al. (2004) - 1.80(0.98, 3.30]
Horick et al. (2008)*° — 5.56 [1.19, 26.03]
Dang et al. (2010) —- 8.82[2.48, 31.39] Dang et al. (2010) 14.40 [3.22, 64.39)
Meza et al. (2013) .— 2.69 [1.34, 5.40] Meza et al. (2013) w 1.81(1.11, 2.96]
Shiryaeva et al. (2014) o—i 1.03[0.24, 4.36] Ramagopal et al. (2014)" 3.00[0.61, 14.80]
Shiryaeva et al. (2014) — 1.06 [0.15, 7.63]
- 1T 1
0 10 20 30 T
OR (95%Cl) 0 10 20 30 40
OR (95%Cl)
Fig. 2 Forest plots presenting the odds ratio (OR) for asthma (a), chest tightness (b), cough (c) and wheeze (d) — exposure to multiple bioaerosols.
Prevalence is calculated for exposed vs non-exposed subjects or high vs low exposed subjects. *OR for dose-dependent relationship with endotoxin
(no other bioaerosols included in calculations). *non-occupational study

higher in subjects exposed to bioaerosols, albeit with
wide confidence intervals and often not significant.
Figure 3 shows the odds ratios for different symp-
toms for an increase in exposure of 1 unit of log-
transformed endotoxin.

Spirometry

The results for the different outcomes of spirometry
measurements are summarised in Additional file 1:
Supplement S4.2. Three studies found a significant dif-
ference in pre-shift lung function values between

exposed subjects and controls (exposure definition dif-
fered between studies), where exposed subjects had
lower values for FEV; and/or FVC [44, 51, 53]. The
baseline FVC recorded by one study was 84.7% of pre-
dicted for woodworkers exposed to 24—43 EU/m?® endo-
toxin compared to 94.9% for controls (p =0.0001), for
FEV; comparable outcomes were found [53].

Six studies presented significant cross-work shift
declines of FEV; and/or FVC among exposed subjects
[32, 39, 43, 46, 53, 58]. Mean absolute decrease in FEV;
was found to be 0.06-0.12 L among potato processing

Sprince et al. (1997) usual phlegm -

Hoopmann et al. (2006) wheeze® l

1.24[1.05, 1.47]

1.15[1.04, 1.27]

Horick et al. (2006) wheeze®

Bose et al. (2016) nocturnal symptoms® ..

5.56 [1.19, 26.03]

1.06[0.74, 1.52)

r T
0 10

log endotoxin is presented.’non-occupational study

OR (95%Cl)

Fig. 3 Odds Ratio (OR) for symptoms per increase in exposure of 1 log endotoxin*. *For Horick et al. (2006), the symptoms OR per increase in 0.4

T 1
20 30
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workers exposed to 56 EU/m?® [39], another study found
an mean decrease of 0.07-0.10 L among textile yarn
workers exposed to spray-humidifiers associated with
endotoxin levels of 0.64 EU/m?® [32]. The latter study
found a significant decrease in FEV; over the workday
but also a decreased FEV; level on Friday when com-
pared to Monday. Dahlqvist et al. found that subjects
with a period of employment > 18 years had a signifi-
cantly larger change in MMEF over the workweek than
subjects employed <6 years [52]. Another study that
performed cross-week analyses did not find significant
lung function decline over the workweek [58]. In terms
of cross-work shift decline in percentage predicted lung
function, one study found a cross-work shift decrease of
6.34% in FEV; among woodworkers exposed to 24—
43 EU/m® whereas controls had a decrease of 1.78%
(p<0.001) [53].

Exposure to 7.40 EU/m® for 1 h in an experimental
setting did not lead to significant changes in lung func-
tion parameters among 48 healthy volunteers [35].

Four studies found no significant effect of exposure to
bioaerosols on lung function parameters among exposed
subjects [42, 48, 54, 60]. Another study among 97 paper
mill workers showed no significant difference in yearly
decline of lung function between low and high exposed
groups (endotoxin levels ranged between 6 and 370 EU/
m®) [33]. A longitudinal study also found no significant
changes in lung function after 5 years of exposure to
endotoxin levels of 28 EU/m® among refuse derived fuel
workers [40].

Dose-response relationship

Eighteen of the included studies performed analyses to
study the dose-dependent exposure-response relation-
ship between endotoxin exposure and respiratory health
effects, the results are presented in Additional file 1:
Supplement S4.3. Symptoms that occurred significantly
more often with increasing levels of endotoxin exposure
were cough [51], asthmatic symptoms [37, 45, 47, 57],
wheeze [37, 38, 47] and usual phlegm [54]. One study
found an OR of 2.042 (95%CI 1.029-4.042) for nocturnal
asthma symptoms for every 1 EU/m® increase in
endotoxin exposure [45]. A relative risk of 5.56
(95%CI 1.19-26.03) for wheeze was found for every
0.4 log;p endotoxin increase in personal exposure in
another study [38].

Five studies found a significant drop in FEV; levels as-
sociated with an increase in endotoxin exposure [39, 43,
45, 46, 53]. One study found that children exposed to
higher levels of endotoxin had significantly lower levels
of evening FEV;, with a decrease of 316 ml per 1 EU/m?
increase (95%CI -597 to -36 ml, p=0.036) [45].
Cyprowski et al. found a 42 ml decrease in FEV; per 1
EU/m? increase in exposure (p = 0.044) [43].
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Subgroup analyses

Wheeze, nocturnal cough and other asthmatic symp-
toms were more prevalent among children of atopic par-
ents in a big German study where endotoxin exposure
(median 0.064 EU/m®) was modelled using dispersion
models. Per one log unit increase in endotoxin exposure
the OR for asthmatic symptoms among children with
atopic parents was 1.15 (95%CI 1.03-1.29) [37].

One study among asthmatic school children found
that subjects with baseline FEV; < 80% of predicted had
significant associations with endotoxin exposure, pre-
dicted FEV; values dropped with 7.7% (95%CI -12.3 to
-3.3%) for every 2.19 EU/m? increase in exposure [46].
Another study among asthmatic school children
found that airborne endotoxin was associated with
increased maximum symptom-days only in subjects
with non-atopic asthma. For atopics, there was an
inverted U-shaped relationship between school air
endotoxin and maximum symptom-days (plateau at
230 EU/m’) [47].

In an occupational study, 60% of exposed asthmatic
workers reported that their asthma seemed worse at
work, while none of the non-exposed asthmatic subjects
reported this [49]. A second occupational study found
that atopic exposed subjects had a significantly higher
proportion with symptoms at work (PR 3.2 (95%CI 1.6—
6.2), p<0.001) than non-atopics [50]. Another study
showed that there were no significant differences in re-
spiratory outcomes related to exposure between atopic
and non-atopic subjects [58].

In the study by Schliinssen et al., asthma symptoms
were found to be associated with endotoxin in non-
smokers (OR 10.1;1.7-59.7), whereas this was not found
for smokers (OR 0.5; 0.1-2.8) [57]. Dahlqvist et al. found
no differences in the distribution of symptoms between
smokers and non-smokers [52]. In one study, non-
smokers showed larger across work shift declines than
smokers: for FEV; the across work shift difference was
-0.1% (95%CI -3.6;3.5) for smokers and - 1.8% (95%CI
-4.5,1.0) for non-smokers [39]. On the contrary, in an-
other study smokers showed an across work shift decline
of 1.12% (SD 9.5) for FVC and 2.26% (SD 12.1) for
FEV,, whereas non-smokers showed an across work shift
decline of 0.53% (SD 11.9) for FVC and 0.73% (SD 12.5)
for FEV; [40]. Similarly, smokers had a mean cross work
shift decline in FEV; of 0.93% (SD 5.24), this was 0.72%
(SD 6.31) for former smokers and 0.41% (SD7.52) for
non-smokers in a second study [58]. Yet another study
showed comparable lung function declines for smokers
and non-smokers [33].

One study found that smokers exposed to 3-11 EU/m?
endotoxin had significantly lower lung function values
than non-exposed smokers. For ex-smokers, no significant
difference was found according to exposure [42].
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An overview of the results among subgroups is pro-
vided in Additional file 1: Supplement S4.4.

Best evidence synthesis
In Additional file 1: Supplement S5, an overview of the
best evidence synthesis is presented.

For wheeze, there were two strong studies and one
study of moderate quality showing a significant increase
in complaints when personal endotoxin exposure in-
creased [37, 38, 47]. Four other studies also showed
dose-dependent increase of wheeze, although their results
did not reach significance, which may be due to limited
sample sizes in some of these studies [57, 58, 61, 62]. The
evidence for the effects of endotoxin exposure on wheeze
symptoms could be classified as weak, since less than 75%
of the results found reached significance, but none of the
studies showed results in the opposite direction.

For nocturnal asthma symptoms, there were one
strong study and three studies of moderate quality show-
ing a significant dose-dependent increase of symptoms
[37, 45, 47, 57]. Two other studies (in <100 subjects)
showed an increase of symptoms as well, but their re-
sults did not reach significance [61, 62]. This was con-
sidered weak evidence for effects of exposure to
endotoxin on asthma complaints since less than 75% of
the results reached significance. No studies mentioned
evidence for improvement of asthma symptoms related
to endotoxin exposure, however.

Only one study, with a design classified as weak, found
a significant dose-dependent effect of exposure to endo-
toxin on symptoms of cough [36]. Another strong study
did suggest the same effect but did not reach statistical
significance [58]. On the contrary, Zock et al. found that
subjects exposed to lower levels of endotoxin had a
higher prevalence of cough symptoms than subjects ex-
posed to higher levels of endotoxin [39]. Overall, insuffi-
cient evidence was found to state an effect of endotoxin
exposure on symptoms of cough.

There were also several studies investigating the
dose-dependent effects of exposure to endotoxin on
FEV, levels. Four strong studies and one study of
moderate quality found significant declines of FEV;
(cross-work shift or cross-day) in relation to increas-
ing endotoxin exposure [39, 43, 45, 46, 53]. Two
other studies (in 70 salmon workers and 128 cotton
workers) found non-significant declines in FEV; with
increasing endotoxin exposure [48, 58]. Overall, evi-
dence regarding the effect of endotoxin on decline in
FEV, was considered to be weak since less than 75%
of the results were significant, although multiple
strong studies support the hypothesis that FEV; de-
clines with higher endotoxin exposure and no studies
found results in the opposite direction.
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Discussion

This review systematically summarizes the current
knowledge on the respiratory effects of exposure to low
levels of endotoxin. To our knowledge, no previous sys-
tematic review presented health effects of exposure to
airborne endotoxin at levels that can be found in pol-
luted ambient air, for instance near large-scale livestock
farms or composting sites. Overall, negative effects on
lung function and an increase in respiratory symptoms
seem present although the evidence found was inconsist-
ent in several ways.

By performing a best evidence synthesis we attempted
to rate the level of evidence of the results found.
Through this synthesis we could conclude that there is
weak evidence regarding effects of low levels of airborne
endotoxin on FEV; values, although multiple strong
studies showed significantly decreasing FEV; values re-
lated to higher endotoxin exposures. For other outcomes
too, only weak or insufficient evidence was found. This
was mainly due to a lack of statistically significant find-
ings, as many studies were underpowered, in particular
for studying dichotomous outcomes. Still, most of the
included studies did suggest negative effects of exposure
to airborne endotoxin on wheeze, cough and (sleep-re-
lated) asthma symptoms. Apart from the exposure-
response associations included in the best evidence
synthesis, several other studies indicated that exposure
to airborne endotoxin can have respiratory effects at
these levels of exposure. Overall, twelve out of eighteen
studies found statistically significant dose-dependent ef-
fects of exposure to endotoxin on respiratory symptoms
and/or lung function values.

Strengths and limitations

One of the limitations concerning this review is the use
of only one database in the search for relevant literature.
Although Pubmed is widely used and expected to in-
clude almost all relevant literature on the topic of inter-
est by the authors, it might be that relevant literature
was not identified because of the exclusion of other da-
tabases. Another limitation is the inclusion of mostly
cross-sectional observational studies and the strength of
evidence must be interpreted against that background,
the findings of this study remain descriptive. Further re-
search in the field of respiratory inflammation related to
endotoxin exposure at low levels would strengthen the
evidence, as would investigation to certain biomarkers to
prove a causal relationship. Since the nature of the in-
cluded studies was quite heterogeneous and the statis-
tical methods, sample populations and exposure and
outcome definitions varied too much in the different
studies, a meta-analysis, or meta-regression, could not
be performed. A limitation in the assessment of the
quality of the studies is the absence of clear cut-off
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points for considering a study design strong, moderate
or weak. To overcome this, overall quality scores were
compared by calculating percentages and strict cut-off
points were formulated. Other limitations of the ap-
proach in this systematic review are the influences of
multiple testing, selective reporting and publication bias.

A strength in the design of this review is the system-
atic approach and conduction of the inclusion and as-
sessment of the relevant literature and data extraction of
the included articles. By this systematic approach,
chances of missing relevant literature or data was mini-
malized. The careful quality assessment, which was con-
ducted by two researchers to optimise critical appraisal,
is another strength of this study and improves the inter-
pretation of the results of the different included studies.
Although most of the included studies were designed
cross-sectionally, several longitudinal follow-up studies
were included. Inclusion of these articles gives insight in
longer term changes in lung function and adds to the
clinical relevance of this review. Another strength of this
review is the inclusion of only actual measured levels of
airborne endotoxin, enabling the nearest approximation
of the true exposure of the included subjects. The only
other exposure measurement method which was accept-
able was modelling of personal endotoxin exposures
based on measured airborne endotoxin levels. Hoop-
mann et al. used a dispersion model to predict personal
endotoxin exposures by using endotoxin emission mea-
surements of neighbouring livestock farms. All studies
used the functional LAL assay to measure endotoxin ex-
posure. Although within-laboratory precision of the
assay is good, variation between laboratories may be
substantial, in particular if different extraction and ana-
lysis procedures are used [21]. Underestimation of endo-
toxin levels, especially when using older protocols, may
have resulted in the inclusion of studies with true mean
endotoxin levels above 100 EU/m?>, although most studies
had mean exposure levels far below this threshold. The
best evidence synthesis was conducted to strengthen the
statements on the evidence of the reported results. Only
dose-dependent exposure-response relationships were
used in the best evidence synthesis in order to rely
only on those results that were fully attributable to
exposure to endotoxin.

Significant respiratory effects of other airborne agents

This review aimed to summarize associations between
endotoxin and respiratory health, but it should be noted
that airborne endotoxin levels are generally correlated
with other bioaerosol components such as fungi and
bacteria. Ambient air contains multiple agents, and ex-
clusive exposure to endotoxin is only found in experi-
mental research. Although all the included studies
considered endotoxin exposure as a potential cause of
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the respiratory outcomes, other possible causative agents
were often considered as well and we came across inter-
esting findings regarding other bioaerosol exposures, as
shown in Additional file 1: Table S2.

(Dis)agreement with current scientific literature

The search for a relationship between organic dusts and
disease is an ongoing challenge given the inherent aspect
of exposure to multiple agents and the difficulty to prove
causal relationships in observational epidemiological
studies. However, the findings of this review are in line
with previous research findings in higher exposed popu-
lations. Several occupational studies among farmers have
shown increased prevalence of respiratory diseases re-
lated to exposure to endotoxin [3-6] and studies experi-
menting with direct inhalation of endotoxin have shown
an inflammatory response in the airways [12]. In
addition, Radon et al. investigated the prevalence of re-
spiratory symptoms among inhabitants of rural areas.
They found that the number of animal houses in the
neighbourhood was a predictor of self-reported wheeze
and decreased FEV; [18]. More recently, a Dutch study
revealed a relationship between living in the vicinity of a
large number of neighbouring farms and lower MMEF
values and also between ammonia and particulate air
pollution and lower FEV; values, potentially related to
endotoxin exposure [2].

From our results it seems that individuals with atopy
or a chronic lung disease might be more susceptible to
effects of exposure to endotoxin. This is in line with the
findings of a study among COPD patients presented by
Borlée et al. in 2015 [1]. Here, COPD patients living in
the vicinity of livestock farms were found to have more
exacerbations and use more medication. More evidence
should be sought to confirm that patients with asthma
or COPD and atopics form a vulnerable subgroup for
the effects of exposure to airborne endotoxin.

Living near a farm was also associated with a lower
prevalence of allergic rhinitis [1, 63]. Several studies in
occupationally exposed farming populations have shown
a dual effect of endotoxin with both negative and pro-
tective effects, but these populations were exposed to
average endotoxin levels above 100 EU/m? [16, 17]. Our
focus on lung function and symptoms led to inclusion of
studies showing adverse effects of endotoxin exposure.
Furthermore, most studies that showed protective effects
of endotoxin in homes analyzed endotoxin concentra-
tions in house dust samples, whereas our systematic re-
view only includes airborne endotoxin levels [64, 65].

Future perspectives

This study adds to the knowledge in the field by sum-
marizing all the evidence available on respiratory effects
of exposure to low levels of endotoxin, but future
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research is needed to strengthen the evidence. Endotoxin
is known to originate from rural activities such as farm-
ing and composting and adds to air pollution in areas
with a high density of these sources. Since possible ef-
fects are suggested by this review and other studies,
endotoxin in ambient air should be seriously considered
and investigated in larger populations. Large studies fo-
cussing on long-term exposed individuals are expected
to give the best results. Since it is impossible to measure
airborne personal exposure for a large group of individ-
uals, modelling of personal exposure seems to be a good
way to predict average long-term exposure levels. If a re-
lationship between endotoxin and respiratory complaints
becomes more evident, safety measures should be con-
sidered in order to protect inhabitants of areas with in-
creased levels of these air pollutants. Another interesting
topic for future research would be the effect of exposure
to low levels of endotoxin on specific vulnerable sub-
groups, such as broncho-obstructive patients or atopics,
since the respiratory effects seem different in these
groups than in the general population.

Conclusion

Respiratory health effects of exposure to low levels of
airborne endotoxin are found in multiple studies. More
research regarding this relationship is needed in order to
be able to inform/advise neighbouring residents of live-
stock farms and form guidelines and policies on ambient
exposure to endotoxin. Special attention should be
given to respiratory effects of endotoxin exposure in
vulnerable subgroups, such as patients with broncho-
obstructive disease.
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