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ARTICLE INFO ABSTRACT

Keywords: Background: Rapid population growth and urbanisation around the world has led to increasing waste generation
Bioaerosols rates. Composting of organic waste in large-scale facilities is part of a growing trend in the UK, and elsewhere, to
Allergens better manage and re-use the organic waste. However, composting inevitably generates bioaerosols, which have

Primary biological airborne particles
Composting
Respiratory health

been associated with human health effects. In 2015, we reported that there was some, albeit limited, qualitative
evidence linking bioaerosol emissions from composting facilities to poor respiratory health in nearby residents.
However, the limited evidence precluded any quantitative assessment. Since then, the number of operational
industrial-scale composting facilities in England has increased by 9% - nearly twice the growth from 2012 to
2014. At the same time, rapid urbanisation has led to expansion of city borders with more people living near
large composting facilities and exposed to bioaerosol pollution. It is essential that regulatory authorities have
access to the most up to date and accurate information.

Objective: In this update of a systematic review published in 2015, we review and summarise the evidence from
more recent studies that have assessed bioaerosol exposures within and near composting facilities and their
associated health effects in both community and occupational health settings. Specifically, we wanted to find out
if new evidence has emerged since the previous review to strengthen and confirm its conclusions.

Material and methods: Two electronic databases (Medline and Embase) and bibliographies were searched for
studies reporting on health outcomes and/or exposure to bioaerosols from composting facilities published be-
tween 1 January 2014 and 15 June 2018. Identification of relevant articles and data extraction was undertaken
and studies were assessed for risk of bias.

Results: 23 studies met the inclusion criteria (15 exposure studies, 4 health studies, 4 health and exposure studies
(one of which used an exposure proxy)). The majority of studies were conducted in occupational settings, and
over short time periods. Some progress has been made in the characterisation of bioaerosol emissions from these
composting facilities, with the application of molecular-based methods. Whilst the latest health studies do not
rely solely on subjective self-reported measures of health status but include more objective health measures,
these studies were almost exclusively carried out in compost workers and were characterised by profound
methodological limitations. Only one community health study was identified and used a proxy measure of
bioaerosol exposure.

Conclusions: Although this review identified an additional 23 studies since the earlier review, the conclusions
remain largely unchanged. Given the absence of any consistent evidence on the toxicity of bioaerosols from
composting facilities, there is insufficient evidence to provide a quantitative comment on the risk to nearby
residents from exposure to compost bioaerosols. To improve risk assessment and to best advise on risk man-
agement, it is important to ensure that the research recommendations outlined in this review are addressed.

Abbreviations: ABAS, Ausschuss fiir Biologische Arbeitsstoffe (Committee on Biological Agents); ARG, Anti microbial Resistance Genes; DECOS, Dutch Expert
Committee on Occupational Safety; EBC, Exhaled Breath Condensate; TBRA, Technischen Regeln fiir Biologische Arbeitsstoffe (Technical Rules for Biological Agents)
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1. Introduction

Around the world, waste generation rates are rising with rapid po-
pulation growth and urbanisation. Worldwide, the amount of municipal
waste generated is expected to triple by 2100 (Population matters,
2018). As a result, waste management has drawn increasing attention.
In recent years, the UK has moved away from reliance on landfills to-
wards more environmentally sustainable methods of managing waste
and resources. A key driver in this has been the European Union
Landfill Directive, which requires the UK (and other Member States) to
reduce the biodegradable waste sent to landfill to 35% of the 1995 level
by 2020 (Council of the European Union, 1999). Composting of organic
waste in large-scale facilities is part of a growing trend in the UK and in
2017 there were 327 operational industrial-scale composting facilities
in England, a 134% increase from the 2010 figure of 140 (Environment
Agency, 2018c¢) (Fig. 1).

Commercial scale composting is conducted either in open-air turned
windrows (long heaps of composting material), or in-vessel systems
(also referred to as reactor systems and where the composting material
is enclosed). Open windrow composting systems are employed by the
vast majority (~70%) of facilities in the UK (Environment Agency,
2018c) The downside of composting is the biological air pollution
(bioaerosols) released or produced, particularly as a consequence of
agitation activities (such as shredding, turning and screening) (Taha
et al., 2006). Bioaerosols, also known as primary biological airborne
particles (PBAPs) have been linked to various health effects, affecting
primarily the respiratory system, in a number of occupational settings,
including composting (Pearson et al., 2015). The increased utilisation of
composting as a sustainable waste management option, has led to in-
creased public concern regarding potential health impacts within
communities surrounding the sites. The Centre for Radiation, Chemical
and Environmental Hazards (CRCE) within Public Health England
(PHE) received 12 composting-related enquiries in August 2017 to
August 2018, whereas there was only one composting-related enquiry
in 2009-10 (PHE Environmental Hazards and Emergencies Department,
personal communication, 6th September 2018).

We previously performed a systematic review of studies of bioaer-
osol exposures from waste composting and related health effects in-
dexed in bibliographic databases up to July 2014 (Pearson et al., 2015).
There was some, albeit limited, qualitative evidence linking bioaerosol
emissions from composting facilities to poor respiratory health in
nearby residents (Pearson et al., 2015). However, the limited evidence
precluded any quantitative assessment. Rapid urbanisation has meant
an expansion of city borders, and the boundaries of both rural and
urban regions have becoming increasingly blurred (Eurostat, 2016)
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with more people likely to be living in the vicinities of industrial-scale
composting facilities. In view of the potential health effects of nearby
community exposure to composting bioaerosol and to ensure regulatory
authorities have access to the most up-to-date information, this updated
review looks at the evidence published since 2014.

1.1. Bioaerosol exposure at composting facilities

Composting results in elevated concentrations of bioaerosols, parti-
cularly during agitation activities (Taha et al., 2006). Bioaerosol con-
centrations and emissions are influenced by a number of biotic and
abiotic factors (Bragoszewska et al., 2017). The continuation of an up-
ward trend in the number of composting facilities is therefore likely to
increase bioaerosol concentrations and diversity. Bioaerosols can stay
suspended in the air for prolonged periods and potentially travel long
distances from their source (Nygard et al., 2008) and as a result may pose
health hazards to nearby communities with elevated exposures.

1.2. Potential health effects of bioaerosols at composting facilities

In many occupational settings, including composting, exposure to
bioaerosols has been associated with a range of acute and chronic ad-
verse health effects and diseases (Douwes, 2003; Pearson et al., 2015).
The most commonly reported are respiratory system problems (e.g.
rhinitis, asthma, bronchitis and sinusitis), through both atopic and non-
atopic allergic mechanisms as well as non-allergic pathways (Douwes,
2003; Pearson et al., 2015). Other health problems reported include
gastrointestinal (GI) disturbance, fatigue, weakness and headache
(Douwes, 2003). Bioaerosol exposure occurs primarily through in-
halation, although ingestion also contributes. Dependent on particle
size, bioaerosols may penetrate into the lungs and become embedded in
alveoli (Douwes, 2003; Ivens et al., 1999). While there is no conclusive
evidence, several modes of action have been proposed to explain the
association between occupational exposure to bioaerosols and health,
such as airway inflammation and oxidative stress (Li et al., 2003; Qu
et al.,, 2017; Samake et al., 2017). A robust systematic review of the
literature (Pearson et al., 2015) found some, albeit limited, qualitative
evidence of linkage between living near large-scale composting facil-
ities and respiratory ill health. The annual report of the UK Chief
Medical Officer, 2017 ‘Health Impacts of Air Pollution — what do we
know?’ also drew attention to the potential of public health risks from
bioaerosol liberation at composting sites and highlighted the need for
better understanding (Chief Medical Officer, 2017).

While there tends to be a bias towards the presumption of health risks
from bioaerosols, the converse — beneficial health effects — may also

Fig. 1. Number of operational, industrial-scale composting facilities per year in England based on compost site permit data (Environment Agency, 2018c).
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occur (e.g. increased microbial exposure, particularly during early life,
may improve the immune system and reduce incidences of infection and
allergic disease) (Bloomfield et al., 2016; Mirabelli et al., 2006).

1.3. Bioaerosol and composting legislation

At present, there are no quantitative dose-response estimates to
inform legislation on bioaerosol emissions from composting facilities.
The UK and several other countries, including Germany and the
Netherlands, have developed regulatory guidelines to assess risk and
control exposures to workers and nearby residents but these guidelines
differ between countries. In England, the Environment Agency (EA)
adopt a precautionary stance, and updated their guidance in January
2018 (Environment Agency, 2018a). In summary, composting facilities
with ‘sensitive receptors’ (a place where people live or work for more
than 6 h at a time) within 250 m of the site boundary are required to
complete a site specific risk assessment, and monitor bioaerosols using
the EA's Technical Guidance Note (M9) for the environmental mon-
itoring of bioaerosols at regulated facilities (Environment Agency,
2018b). The M9 replaces the 2009 Association for Organics Recycling
(AfOR) standardised protocol for the monitoring of bioaerosols at open
composting facilities. Composting facilities should demonstrate that
bioaerosols are maintained at ‘acceptable levels’ above background
levels (Environment Agency, 2010, 2018a). The ‘acceptable levels’ are
(Environment Agency, 2018a):

© 1000 colony forming units per cubic metre (CFU m~3) for total
bacteria;
e 500 (CFU m~?) for Aspergillus fumigatus

Gram-negative bacteria levels are no longer required to be mon-
itored (Environment Agency, 2018a). In the UK, there are no occupa-
tional exposure limits for bioaerosols. The Health and Safety Executive
(HSE) provide composting facility employers with guidance on how to
comply with the Control of Substances Hazardous to Health (COSHH)
regulations to control exposure and protect workers' health (Health and
safety executive, 2016). Under these regulations, the duty holder is
obliged to assess risk and control workers' exposure to as ‘low as rea-
sonably possible’. In Germany, the committee for Biological for Biolo-
gical Agents (ABAS) have proposed a Technical Control Value of
50,000 CFU m 2 for mesophilic fungus (TBRA, 2019). A proposed oc-
cupational exposure limit of 90 endotoxin units per cubic metre (EU
m~3) has also been proposed in the Netherlands (8 h time weighted
average) by the Dutch Expert Committee on Occupational Safety
(DECOS) (DECOS, 2010). In Poland, the Polish Committee for the
Highest Permissible Concentrations and Intensities of Noxious Agents in
the Workplace have set limits of 100,000 CFUm ™2 for mesophilic
bacteria, 50,000 CFU m ~ 2 for fungi and 200 ng m 3 - 2000 EU m 3 for
endotoxin (Gutarowska et al., 2015).

1.4. Aim

The aim of this study was to undertake a systematic review of stu-
dies conducted in occupational and community settings measuring
concentrations, and/or assessing the health effects associated with
bioaerosol emissions within and nearby composting facilities. This is an
update of an earlier systematic review (Pearson et al., 2015), which
reported limited qualitative evidence of an association between living
and/or working near large-scale composting facilities and ill health.
Specifically, we wanted to find out if the relevant evidence that has
accumulated over the last three years continue to support this position.

2. Material and methods

As per Pearson et al. (2015) the systematic review method was in-
formed by Meta-Analyses and Systematic Reviews of Observational
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Studies (MOOSE) criteria (Stroup et al., 2000) and Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
(Moher et al.,, 2009). The PROSPERO registration number is
CRD42018089422.

2.1. Search strategy

A literature search was conducted across two electronic databases
(Medline and Embase). The two search strings (provided in Appendix
A) used to identify both health-based and exposure-based studies were
identical to those developed by Pearson et al. (2015). The search strings
were inputted within the title and abstract fields of the electronic da-
tabase and adapted to each of the individual databases. The search was
restricted to English-language papers published between 1 January
2014 and 15 June 2018. References were downloaded into the refer-
encing software programme Endnote (version X8).

2.2. Study selection

After excluding duplicates, the selection of studies from the elec-
tronic databases was conducted in three stages; first by titles; next by
abstract and then by full text (PD, EM, SR). A conservative approach
was taken during the screening process. Any study with uncertain
eligibility was taken forward for further consideration. To be included
in the final analysis, studies had to fulfil all of the following inclusion
criteria (adapted from Pearson et al. (2015)):

e The study was published in English between January 2014 and June
2018

o The study concerned exposure (studies that measured bioaerosol or
used proxies) or health effects relating to bioaerosols emitted from
composting sites

e The study was either peer reviewed or was published by a re-
cognised institution

Studies were excluded if (adapted from Pearson et al. (2015)):

e They did not concern waste composting

e They did not concern bioaerosols

e They did not include original data

e They were review papers, although the reference list was still
searched to identify any other potential relevant studies

e They were unavailable in English

e Full texts were unavailable

Discrepancies were resolved by discussion between reviewers (PD,
SR & EM) and, if necessary, referral to an independent reviewer (DJ).

2.3. Data extraction

The standardised checklist developed by Pearson et al. (2015) was
used to extract data from studies that met the inclusion criteria. In-
formation collected from all the studies were: study aims, study setting,
statistical analysis, main findings and limitations. In studies containing
health data, study design, study population, health metrics and out-
come assessment were also extracted. In studies containing exposure
information, the bioaerosols measured, bioaerosol sampling details and
laboratory methods were also extracted, as well as any quantitative
concentration data. The data extraction was conducted independently
by two authors (exposure information by PD and EM, and health in-
formation by PD and SR).

2.4. Bias assessment

We used the quality assessment scoring tool from Douglas et al.
(2018) which was itself previously developed from Shah et al. (2011).
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Fig. 2. Flow diagram summarising the study selection and exclusion process.
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This scoring tool, which was originally designed to assess bias from
cross-sectional and cohort studies, was adapted to allow bias from ex-
perimental and quasi-experimental studies (Appendix B). Two re-
viewers (PD, SR) independently assessed each study with reported
health effects for eight potential sources of bias: study design, selection,
responder, confounder, exposure assessment, outcome assessment,
sample size and analysis. A third reviewer (EM, DJ) resolved any dis-
putes. Scores were provided on a scale of 1-4; a score of 4 was given
where there was a low risk of bias.

3. Results
3.1. Study selection

The study selection process is represented in Fig. 2.

After removing duplicates, the search strategies identified 817 ci-
tations, of which 606 were excluded on title screening. After screening
for relevance on abstracts and full text, 23 papers remained. The most
frequent reasons for exclusion were: did not concern bioaerosols, did
not publish original data or did not concern composting. This review
considered studies that measured exposures of bioaerosols and/or as-
sessed the health effects associated with bioaerosol emissions within
and nearby composting facilities; occupational and community studies
were considered separately for both categories. Fig. 2 details the
number of studies within each category.

Among the final set of 23 papers, there were 18 exposure studies, of
which 17 examined occupational exposure (4 also looked at community
exposure data). Eight health studies were reviewed, the majority of
which were occupation-based (n = 7). Only three of the health studies
included corresponding bioaerosol exposure data and all were con-
ducted in an occupational setting (Gutarowska et al., 2018; Heldal
et al., 2015, 2016; a fourth community health-based study used dis-
tance from site as a proxy of exposure (Douglas et al., 2016). The ma-
jority of studies were located in Germany, Canada, France, and Eng-
land; studies involving these countries were included in the earlier
review (Pearson et al.,, 2015). However, a number of papers were
identified in previously unstudied regions of Europe, (Ireland, Hungary,
Switzerland), as well as in non-European countries (India, China).

The full study characteristics of the exposure and health studies are
listed in Table 1 and Table 2, respectively.

3.2. Exposure studies

Eighteen exposure studies (with measured exposures of bioaerosols)
were reviewed; 13 of these were conducted in an occupational setting
(Bonifait et al., 2017; Conza et al., 2014; Duquenne et al., 2015; Feeney
et al., 2018; Gutarowska et al., 2015; Gutarowska et al., 2018; Heldal
et al., 2016; Heldal et al., 2015; Mbareche et al., 2017; O'Connor et al.,
2015; Rashidi et al., 2017; Sebok et al., 2016; Veillette et al., 2018), one
in a community setting (Gales et al., 2015) and four in both an occu-
pational and community setting (Gao et al., 2018; Pahari et al., 2016;
Pasciak et al., 2014; Tamer Vestlund et al., 2014). Only two of the 18
exposure studies also assessed health outcomes (Heldal et al., 2015,
2016, with a further study investigating the in vitro cytotoxicity of settled
dust collected from a composting facility (Gutarowska et al., 2018).

The methods used in the exposure studies varied, with different
bioaerosol types and species being measured, using different sampling
methods and analytical techniques. It was not possible to extract ex-
posure data on airborne levels when values were not included in the
manuscript, or qualitative analyses were used.

3.2.1. Sampling methods and analytical techniques
Studies were heterogenous in design, and the bioaerosols were sam-
pled, and analysed using different methods, as summarised in Table 1.
The majority of studies used a combination of different samplers.
Coriolis liquid impinger samplers (n = 4), Andersen impaction
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samplers (n = 5) or filter samplers (n = 4), sampling for short periods
of time (Coriolis: 4-10 min, Andersen: 2-15 min, Filter: 30-360 min).
Two studies adopted longer-term (> 24 h) sampling methods (Feeney
et al., 2018; O'Connor et al., 2015). These studies used Wideband In-
tegrated Bioaerosol Sensors (WIBS) to sample fluorescent particles or a
spore watch spore counter (to count spores per hour) (Feeney et al.,
2018). However, sampling times remained relatively short (7 days). In
some studies it was not clear what sampling time was used (e.g. sam-
pling time was reported for one sampling method but not another); and
three studies did not report a sampling time (Pasciak et al., 2014;
Rashidi et al., 2017; Sebok et al., 2016).

Many different analytical techniques were used to quantify/identify
bioaerosols in the collected samples, with all 18 studies performing
some type of microbial characterisation. The majority of studies
(n = 10) used culture based methods; seven of which complemented
the culture methods with further verification methods (such as micro-
scopic imaging; biochemical, physiological, antibiotic susceptibility or
chemotaxic testing; immunofluorescence assays; mass spectroscopy; or
microbial DNA sequencing). The different analytical techniques used by
the studies are summarised in Appendix C.

Five studies extracted DNA directly from air samples or settled dust to
analyse the wider (culture independent) microbial characteristics of
bioaerosols; using polymerase chain reaction (PCR)-based methods and/
or next generation sequencing (NGS) for downstream microbial identi-
fication. Four studies used PCR to detect bacteria (Bonifait et al., 2017;
Gales et al., 2015; Gao et al., 2018; Veillette et al., 2018). Two of these
studies (Bonifait et al., 2017; Gales et al., 2015) also used PCR to detect
fungal species. Four studies used NGS to amplify 16S rRNA and/or rDNA
ITS1/2 regions to identify bacteria and fungi, respectively (Gao et al.,
2018; Gutarowska et al., 2018; Mbareche et al., 2017; Veillette et al.,
2018). No studies used whole genome sequencing to analyse all of the
microbial DNA (metagenome) within collected samples. One study (Gao
et al., 2018) detected antimicrobial resistance genes (ARGs).

In addition, nine studies performed some type of other (non-mi-
crobial) bioaerosol characterisation. Seven studies used spectroscopy,
gravimetry or WIBS to measure inhalable dust/particulate matter (PM).
Four studies, including two studies that also included health data
(Heldal et al., 2015, 2016), used the Limulus amoebocyte lysate (LAL)
assay (Duquenne et al., 2015; Heldal et al., 2015, 2016) or mass
spectroscopy (Gutarowska et al., 2015) to quantify endotoxin con-
centrations. One study used the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) assay to measure the cytotoxicity of
settled dust in human lung cells (Gutarowska et al., 2018). While cy-
totoxicity is not a microbial characteristic per se, it may be related to
microbial and/or non-microbial bioaerosol characteristics.

3.2.2. Bioaerosols/pollutants measured

Most studies reported bioaerosol concentrations, although it was not
always possible to extract this data from the study (e.g. data was only
presented in graphs/figures). There was no one bioaerosol character-
istic that was consistently measured across all of the studies. However,
eleven studies enumerated total bacteria, eight total fungi, eight
Actinobacteria, four endotoxins, and eight measured inhalable dust/
particulate matter/fluorescing particulate concentrations. Seven of
these studies also measured the size distribution of microbial particles
and/or inhalable dust/particulate matter (see section 3.2.3).

Where possible, the concentrations of total bacterial and total fungi,
the most commonly measured bioaerosols enumerated from the dif-
ferent studies, are summarised in Figs. 3 and 4 respectively.

Overall total bacteria concentrations were higher than total fungi,
and both were highly variable, with measurements of total bacteria and
total fungi ranging across eight orders of magnitude
(~10-~1,000,000,000 CFUm "2 for total bacteria and ~1 to
~100,000,000 CFUm 2 for total fungi). There was evidence of con-
siderable within site variability from replicates as denoted by the error
bars in the graph, which represent minimum and maximum reported
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Bonifait et al. (2017) (1)
Heldal et al. (2016) (3)
® Pasciak etal. (2014) (4)

® Gutarowska et al. (2015)
® O'Conneretal. (2015)
@® Rashidietal. (2017)

[ o |

“o II‘-.

Location

Heldal et al. (2015) (2)
@ Paharietal. (2016)
e Polish limits

Fig. 3. Mean (or median if mean is not reported) airborne total bacteria concentrations at different location reported in studies with exposure data. Error bars
represent minimum and maximum concentrations (or standard deviation if minima and maxima not reported), if reported in the study. Location A = Background/
Upwind, B=O0ffice, C=Compost Hall, D = Personal, E = Waste receiving area, F= On Site, G = Bagging area, H=_Screening, I = Downwind (at an unspecified
distance), J = Downwind 100 m, K = Downwind 200 m, L. = Downwind 2000 m. Results from Gutarowska et al. (2018) are not included as they measured settled
(not airborne) dust. The red line represents the Polish Committee for the Highest Permissible Concentrations and Intensities of Noxious Agents in the Workplace limit
for mesophilic bacteria, which is 100,000 CFU m ™3 (Gutarowska et al., 2015). See Table 1 for exposure study characteristics. (1) Some measurements in Bonifait et al.
(2017) were reported as genomes m >, (2) Results in (Heldal et al., 2015) were reported as cells m~>. (3) Results in Heldal et al. (2016) were reported as bacteria
m™ 3, (4) Pasciak et al. (2014) reported measurements taken at offsite locations and provided approximate distances from site, but did not explicitly state these
measurements were taken downwind. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

measured values. The highest concentrations of total bacteria were
measured on personal samplers worn by workers and on site (Fig. 3). A
similar pattern was observed for total fungi concentrations (Fig. 4). Not
all studies measured or reported upwind/background concentrations,
so it was not always possible to tell if on-site concentrations were di-
rectly attributable to composting activities. Four studies (Bonifait et al.,
2017; Gutarowska et al., 2015; Heldal et al., 2015, 2016 report that
some levels exceeded Polish limits of 100,000 CFUm ~* for mesophilic
bacteria. All samples reported by Heldal et al. (2015) exceeded the
Polish limits, although one of these is a background measurement in-
dicating that there are high levels of naturally occurring bacteria, and
reported bacterial cells, not CFU, which may not be mesophilic or
completely comparable. High background measurements were also
observed for Bonifait et al. (2017). One of the two (Heldal et al., 2016)

samples exceeded Polish limits, but background values were not pro-
vided. The upper limits of one sample exceed the Polish limits in
Gutarowska et al. (2015), but as the mean concentration does not ex-
ceed this limit, the authors concluded that total microorganisms did not
exceed quantitative thresholds. Four studies (Bonifait et al., 2017;
Gutarowska et al., 2015; Heldal et al., 2015, 2016 report some levels
that exceeded German occupational technical control values of
50,000 CFUm ™3 for mesophilic fungi (TBRA, 2019) and Polish limits
for fungi, which is also 50,000 CFU m ™3 (Gutarowska et al., 2015). All
samples reported by Heldal et al. (2015), and the upper limits of Heldal
et al. (2016) exceeded German technical control values/Polish limits,
although one of the Heldal et al. (2015) samples is a background
measurement indicating high levels of naturally occurring fungi, and
fungal spores are presented in this study, which are not necessary

Fig. 4. Mean (or median if mean is not re-

Location

philic fungi (TBRA, 2019) and the Polish
Committee for the Highest Permissible Con-

' 10,00,00,000 ported) airborne total fungi concentrations at
§ 1,00,00,000 I I different location reported in studies with
b= 10.00,000 exposure data. Error bars represent minimum
2 . o T T and maximum concentrations, if reported in
§ "’E 1,00,000 - 3 —Te |, the study. Location A = Background/Upwind,
=) 10,000 I B=0ffice, C=Compost Hall, D = Personal,
O 1000 I I I o0 o ®e ® ®e E =On Site, F=Screening. Results from
- ’ .
R I ® ® Y Gutarowska et al. (2018) are not included as
743 § 100 they measured settled (not airborne) dust. The
- 10 I ® E red line represents the German technical
B - 1 A |B C D I E control value of 50,000 CFUm ™2 for meso-
5

w

©

(]

=

Bonifait et al. (2017)
@® Heldaletal. (2016) (1)
e BAUA/Polish Limit

@® Gutarowska et al. (2015)
@ Rashidietal. (2017)

centrations and Intensities of Noxious Agents
in the Workplace limit for fungi, which is also
50,000 CFUm~* (Gutarowska et al., 2015).
See Table 1 for exposure study characteristics.
(1) Presented results as spores m~> (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.).

Heldal et al. (2015) (1)
® Seboketal. (2016)
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mesophilic. One sampling point and the upper limits of two sampling
points in Bonifait et al. (2017) who did present results for mesophilic
mould exceed German technical control values/Polish limits, however,
upwind values are not provided. The measured levels in Gutarowska
et al. (2015) exceed the German technical control value; airborne fungi
was measured in this study, which may or may not include mesophilic
fungi.

It was only possible to extract endotoxin concentrations from two
studies (Heldal et al., 2015, 2016. Both studies measured personal en-
dotoxin exposures from composting workers. Heldal et al. (2015) re-
ported mean concentrations of 4-38 EU m~3 (range 0-730 EU m~ %),
and Heldal et al. (2016) reported a median concentration of 3 EU m~3
(range 1-310 EU m~>). The upper limits of endotoxin concentrations
reported in these studies exceed proposed Dutch limits of 90 EU m ™3
(DECOS, 2010), however, both studies sampled for less than 8 h, and
the proposed Dutch limits are an 8 h time weighted average.

As there were only five studies that included community exposure
measurements, it was not possible to determine how bioaerosol con-
centration may deplete downwind from the composting facilities.
Pasciak et al. (2014) reported measurements from several offsite loca-
tions, and detected total bacteria and Actinobacteria 2 km from the site.
However, it was not clear whether these were taken downwind or up-
wind of composting activities, and therefore whether these were
naturally occurring bioaerosols, or emitted from the composting site.

The studied bioaerosol characteristics are summarised in Table 1,
including (but not limited to) total bacteria, endotoxin, actinomycetes,
Legionella, total fungi/mould, and Aspergillus fumigatus. The levels of
microorganisms detected by the exposure studies are summarised in
Appendix D, and the microbial genera detected in two or more studies is
summarised in Fig. 5. The key fungal genera detected were Aspergillus,
Penicillium, and Cladosporium. The predominant bacterial general were
mostly gram-positive (Staphylococcus, Bacillus and Kocuria) with some
gram-negative genera such as Pseudomonas. The inhalable dust/parti-
culate matter concentrations ranged from 2.29 x 107!
5.00 x 10*pugm™3.

3.2.3. Bioaerosol size distribution

Six studies examined the size distribution of the microbial con-
stituent of bioaerosols. Two observed that the majority of fluorescing
particles were small, with a diameter of < 2 um (Feeney et al., 2018) or
0.5-3.0 um (O'Connor et al., 2015); and generally elongated to ellip-
soidal/spherical in shape (O'Connor et al., 2015). Likewise, four studies
reported that the predominant bacterial particles were small and thus in
single cell form, in the range of 0.95-2.40 ym (mean 1.3 pm) (Gales
et al, 2015); < 1pum (Tamer Vestlund et al., 2014); 0.65-1.1 and
1.2-2.1 ym (Gutarowska et al., 2015); or 0.65-2.1 ym (Pahari et al.,
2016); and spherical (Tamer Vestlund et al., 2014). Only one study also
measured the size distribution of fungal particles (Gutarowska et al.,
2015). They demonstrated that, in contrast to bacterial particles, fungal
particles within the facility were heavily influenced by those present in
the atmospheric air, with particles of 1.1-2.1 and 2.1-3.3pm pre-
dominating in both indoor and outdoor air (Gutarowska et al., 2015).

Five studies collected data on the size distribution of inhalable dust/
particulate matter. However, only two reported full analysis of this
data, both of which observed an increase in small particulate
matter < 1 um (Gutarowska et al., 2018) or 0.6-1.8 um (Gales et al.,
2015). These particles could be of both non-microbial and microbial
origin, and in combination with the data above suggest that much of the
small particulate matter may be single bacterial cells. Two studies used
the data to demonstrate that there was increase in fluorescent bioaer-
osols over non-fluorescent particles during compost facility activity
reporting the ratio/difference only (Feeney et al., 2018); or that there
was a greater association of bacteria with PM > 2.5um (Pahari et al.,
2016). The remaining study failed to report any (non-fluorescent) dust
data (O'Connor et al., 2015).
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3.3. Health studies

Eight health studies relating to bioaerosols from composting facil-
ities were published since (Pearson et al., 2015). All were conducted in
Europe. The majority (6 out of 8) were in occupational groups (i.e.
compost workers). Of the eight health studies, four were cross-sectional
in design (Douglas et al., 2016; Hoffmeyer et al., 2014, 2015; Raulf
et al., 2015), two were pre-post exposure, quasi-experimental in design
(Heldal et al., 2015, 2016), one was a prospective cohort (van Kampen
et al., 2016), and one was a laboratory-based study (Gutarowska et al.,
2018), examining the cytotoxicity of compost dust samples in human
epithelial A-549cells. Only three of the health studies combined
bioaerosol exposure data with health information and all were on
compost workers (Gutarowska et al., 2018; Heldal et al., 2015, 2016). A
fourth community health-based study used distance from site as a proxy
of exposure (Douglas et al., 2016). The full characteristics for both
occupational and community based studies are displayed in Table 2.

3.3.1. Occupational health studies

For the six occupational-based health studies, sample sizes ranged
from 84 to 262 compost workers. Various outcome measures or end-
points were used, but chiefly related to respiratory health. The studies
typically used a combination of both subjective (based on self-report,
usually questionnaires) and objective measures (based on direct phy-
siological measurement). For each study, only a small number of the
total endpoints examined showed statistically significant association as
reported in Table 3 and described further in the text below.

3.3.1.1. Baseline lung function. Three papers including one prospective
cohort study (van Kampen et al., 2016) and two quasi-experimental
studies (Heldal et al.,, 2015, 2016), reported baseline spirometry
indices. All three (Heldal et al., 2015, 2016; van Kampen et al., 2016)
reported a lower FEV;/FVC ratio (ratio of the forced expiratory volume
in the first 1s to the forced vital capacity of the lungs) at baseline in
compost workers compared to non-exposed controls; although only one
found significant (p < 0.05) differences (Heldal et al., 2015). The non-
exposed control groups consisted of administrative staff from within
(Heldal et al., 2015, 2016) or outside (van Kampen et al., 2016) the
composting facilities. The study by van Kampen and colleagues
included current and former compost workers and observed no
difference in the FEV;/FVC ratio measured at baseline (van Kampen
et al., 2016).

3.3.1.2. Post-shift decline in lung function. One study investigated acute
cross-shift changes in lung function among compost workers (Heldal
et al., 2015). Heldal and co-workers reported a lower FEV,;/FVC ratio in
47 Norwegian compost workers (20 employed at five windrow facilities
and 27 employed at five reactor facilities) (Heldal et al., 2015).
Personal samplers were wused to measure full-shift exposure
measurements at the same time as health examinations and this
indicated that the cross-shift decline in the FEV,/FVC ratio was
associated with exposure to actinomycetes spores (p = 0.003).

3.3.1.3. Long-term decline in lung function. One study examined changes
in lung function in workers (74 currently exposed compost workers, 42
former workers and 37 controls) over a 13-year follow-up (van Kampen
et al., 2016). There was no difference in the magnitude of changes in
FVC or FEV; during the follow-up period in active and former German
compost workers compared with non-exposed control subjects
(administrative employees from outside the composting operations),
after taking into account smoking status.

3.3.1.4. Cough, chronic bronchitis and COPD. A quasi-experimental
(Heldal et al., 2015) and cross-sectional (Hoffmeyer et al., 2014)
study measured self-reported cough symptoms with prevalence's
ranging from 14.6% to 45% and odd ratios (ORs) ranging from 4.1 to



S. Robertson, et al. International Journal of Hygiene and Environmental Health 222 (2019) 364-386

BIOAEROSOLS/POLLUTANTS PHYLUM/DIVISION GENUS

4

DETECTED

B Acremonium

W Aspergillus
Candida

M Cladosporium

B Fusarium

W Penicillium
Penicillium/
Aspergillus

" Rasamsonia

B Thermomyces

\/

N

>

|

B Ascomycota
[ Basidiomycota (4)

B Acinetobacter
B Kiebsiella
< M Legionella
Methylobacterium
‘ [ Pseudomonas
¥ Proteobacteria (5)

B Bacteroidetes (6)

X

B Actinobacteria (8)
¥ Firmicutes (9)
B Chloroflexi

A\

M Bacteria (1)
B Gram-negative bacteria
B Endotoxin (2)
B Gram-positive bacteria
M Fungi

Other (3)

% Bacillus

W Geobacillus

B Leuconostoc
Staphylococcus

M Streptococcus

B Mycobacteria

W Arthrobacter

B Kocuria
Micrococcus

B Nocardiopsis

W Saccharopolyspora

y W

D

W
w

Fig. 5. The number of studies detecting bioaerosols/pollutants (left), and microorganisms (middle and right), measured in studies with exposure measurements.
Some studies classified microbes at phylum/division level (middle), but some classified further to genus level (right). See Appendix D for a full list of the micro-
organisms detected by the exposure studies. Only microorganisms that were measured in two or more studies are included. (1) Total bacteria (n = 10) and my-
cobacteria (n = 2). (2) Endotoxin are molecules found in the outer membrane of gram-negative bacteria. (3) Dust/particulates (n = 6), fluorescing particles (n = 2).
(4) All (n = 2) were Ustilaginomycetes class. (5) n = 2 measured to phylum/division level only. (6) All (n = 3) were of the Bacteroides genus. (7) All (n = 2) were of
the Ktedonobacteria class. (8) n = 8 measured to phylum/division level only (9). n = 3 measured to phylum/division level only. NOTE: Heldal et al. (2015) and
Heldal et al. (2016) may have reported results from the same samples, and counted twice in the figure, although this is not clear in the manuscripts.
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Table 3 (continued)

Comments

Significant findings

Health outcome Confounders

Subject information

Author (year)

Odds ratios (ORs)/relative risks (RR) and p-values

and 95% confidence intervals (CI) where reported

Community studies

Study did not account for changes in

Small increased risk for of admissions for all

After adjustment for age and

sex

34,963 respiratory hospital admissions in Emergency and non-emergency hospital

Douglas et al.

seasonality and did not have information

respiratory disease and COPD for those living
nearer a composting sites when assessed by

distance band (p for trend

respectively)

admissions for postcode areas (from

Hospital Episode Statistics), with

4656 census output areas within
250-2500 m of a compost site

(2016)

on individual-level smoking or co-

After adjustment for age, sex,

morbidities. The study did not also consider

other potential sources of bioaerosol
exposures (e.g. intensive farms)

0.01 & 0.04,

socio-economic deprivation

and tobacco sales

respiratory-related primary diagnosis for
admission (according to International

Using log-transformed distance from site there was

Classification of Disease (ICD10) code; all
respiratory disease, respiratory infections,

asthma & COPD)

Hospital admissions represent a severe end
of the spectrum of potential health effects

a small significant decreasing risk for respiratory
admissions with increasing distance from site

(p = 0.054)

of bioaerosol exposures. It is unlikely that

severe impacts would have been reliably

demonstrated if infrequent

* Where values are not provided for specific sampling parameters (such as flow rate, sampling time, sampling height etc.), they were not reported.
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4.3, when comparing compost workers, especially windrow composting
workers, to non-exposed controls (administrative staff from within
(Heldal et al., 2015) or outside (Hoffmeyer et al., 2014) the composting
facilities). However, only one study found differences (Heldal et al.,
2015) greater than would be expected by chance (p < 0.05). Heldal
et al. (2015) also found increased prevalence of self-reported cough
with increasing exposure of compost workers to endotoxin, bacteria or
actinomycetes spores as measured by personal samplers. Of note, the
middle tertile but not the highest tertile, of exposure to endotoxin,
bacteria or actinomycetes spores had significantly increased adjusted
(for age and smoke) OR's for cough prevalence. However, the analyses
did not include a trend test. In the 13-year follow-up study by van
Kampen et al. (2016) the occurrence of symptoms was examined using
modified Poisson regression. Former — but not current — compost
workers had a significantly increased risk of cough and cough with
phlegm (relative risk (RR) and 95% confidence intervals (CI), 2.46;
1.13-5.38, p =0.024; and RR, 2.93; Cl, 1.27-6.76, p = 0.0.012,
respectively) compared with non-exposed controls (administrative
staff from outside the composting facilites).

Three papers, including one prospective cohort study (van Kampen
et al., 2016) and two cross-sectional studies (Hoffmeyer et al., 2014,
2015, showed increased prevalence and incidence of chronic bronchitis
in compost workers, with the highest levels among former compost
workers. Findings reached conventional levels of significance in two of
the studies (Hoffmeyer et al., 2014, 2015).

Two studies reported on COPD (Hoffmeyer et al., 2014; van Kampen
et al., 2016). Spirometry was used to classify subjects into COPD and its
GOLD (Global Initiative of Chronic Obstructive Lung Disease) severity
stages (stages I-IV). A cross-sectional study by Hoffmeyer et al. (2014)
in 190 current compost workers, 59 former workers and 28 control
subjects reported no statistical significant differences in the prevalence
of COPD between groups. Likewise in the 13-year follow-up study by
van Kampen et al. (2016) there was no statistical differences in the
prevalence of COPD among current compost workers, former workers
and control subjects.

3.3.1.5. Asthma and asthma symptoms. One cross-sectional study
reported on asthma (Hoffmeyer et al., 2014). A score-based diagnosis
of allergic asthma was less common in the current (12/190; 6.3%)
compared to former workers (8/59; 13.6%), and to the control subjects
(5/38. 13.2%) (Hoffmeyer et al., 2014). However, a quasi-experimental
analysis (Heldal et al., 2015) of data on 47 Norwegian workers
employed at five windrow (n = 20) and five reactor facilities
(n = 27) found increased odds of symptoms of asthma in the compost
workers compared with control subjects. This difference, however, did
not reach statistical significance.

3.3.1.6. Antigen-specific inmunoglobulin (IgE) levels. Two cross-sectional
studies on German compost workers detected no differences in the
prevalence of atopic sensitisation in workers formerly and currently
exposed (Hoffmeyer et al., 2014, 2015. Furthermore, median total
serum IgE concentrations at baseline and 13-year follow-up for current
and former compost workers were similar to the control group (van
Kampen et al., 2016). Also, the percentage of participants with elevated
specific IgG levels against Aspergillus fumigatus, Penicillium spp.,
Saccharopolyspora rectivirgula and Thermoactinomyces vulgaris was
similar at baseline and 13-year follow-up in all groups (van Kampen
et al., 2016). Serum IgE and IgG concentrations in compost workers
were unrelated to duration of employment at the compost facility (van
Kampen et al., 2016).

3.3.1.7. Eye and nose irritation. One cross-sectional study comparing
compost workers and controls reported increased occurrence of eye
irritation, especially among former workers (p = 0.03) (Hoffmeyer
et al,, 2014). In the same study, prevalence of nose irritation was
lower in current compost workers, whereas it was higher in former
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Table 4
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Risk of bias in the health studies (excluding Gutarowska et al. (2018), a lab-based study), using the risk of bias assessment tool presented in Appendix B. Scores are
provided on a scale of 1-4, a maximum possible score of 32 represented the best quality study with minimal bias. Explanations for the scores are provided in

Appendix E.

Author (year) Study design Selection Responder Confounders Exposure assessment Outcome assessment Sample size Analysis Total
Occupational health studies

Heldal et al. (2015) 3 3 4 2 4 3 2 4 25
Heldal et al. (2016) 3 3 4 3 4 3 2 4 26
Hoffmeyer et al. (2014) 2 3 1 3 1 3 3 4 20
Hoffmeyer et al. (2015) 2 3 1 2 1 3 2 3 17
Raulf et al. (2015) 2 3 1 3 1 3 2 3 18
van Kampen et al. (2016) 4 3 2 3 1 3 2 4 22
Community health studies

Douglas et al. (2016) 2 4 4 3 2 3 4 4 26

workers (Hoffmeyer et al., 2014). A quasi-experimental analysis
comparing compost workers and controls reported no increased
prevalence's of nose irritation or eye irritation (Heldal et al., 2015).
However, there was a positive and statistical significant relationship
between measured exposure to Acinomycetes (0.02-0.3 X 10° spores/
m?) and reported nose irritation (p < 0.05) and increased swelling in
the outer part of the nose measured using acoustic rhinometry among
compost workers when measured across shift (Heldal et al., 2015).
There were no changes in the narrowest area of the nasal cavity,
deemed the most accurate measure of inflammatory response (Heldal
et al., 2015).

3.3.1.8. Lung and systemic inflammation. Induced sputum evaluation
revealed lower values of soluble biomarkers (sCD14 and 8-isoprostane)
in current and former German compost workers compared to controls
(administrative staff from outside the composting facility) (Raulf et al.,
2015). Former workers had a significantly lower total cell count
compared to current compost workers (p = 0.001) or to the control
workers (p < 0.01) (Raulf et al., 2015). The percentage of neutrophils
were significantly higher in the current compost workers, as compared to
the control group (p < 0.01) (Raulf et al., 2015). Furthermore,
neutrophil levels correlated positively with IL-8 (r = 0.669, p <
0.0001) (Raulf et al., 2015). Subgroup analysis showed that these
changes in induced sputum were most pronounced in current than ex/
non-smokers and in those with chronic bronchitis. (Raulf et al., 2015).
This was true for all groups of subjects: current compost workers, former
compost workers and control workers (Raulf et al., 2015).

Heldal and co-workers (Heldal et al., 2016) showed that serum in-
tracellular adhesion molecule-1 (ICAM-1) and fibrinogen levels (after
adjustment for age and smoking habits) were significantly higher among
Norwegian compost workers compared with the control group (admin-
istrative staff from the composting facilities). Elevated CRP levels were
found to be associated with lower values of FEV;/FVC when data from
both compost workers and sewage workers were analysed in a mixed
model (Heldal et al., 2016). Similarly, a statistically significant positive
association between both dust and bacteria with ICAM-1 was also ob-
served (Heldal et al., 2016). High levels of fractional exhaled nitric oxide
(FeNO; considered a surrogate marker of airway inflammation) in com-
post workers were reported to correlate with the intensity of exposure,
but only in atopic compost workers (Hoffmeyer et al., 2015).

3.3.2. Community health studies

One cross-sectional community-based study (Douglas et al., 2016)
examined health effects in residents of communities at various distances
to composting facilities (see Table 2 for details).

Analysing 34,963 respiratory hospital admissions in 4656 census
output areas (COAs) within 250-2500 m of a large open-air composting
facility in England, there were no significant trends using pre-defined
distance bands of > 250-750 m, > 750-1500 m and > 1500-2500 m.
Using a continuous measure of distance, there was a small non-
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statistically significant (p = 0.054) association with total respiratory
admissions corresponding to a 1.5% (95% Cl: 0.0-2.9%) decrease in
risk if moving from 251 m to 501 m. There were no significant asso-
ciations for subgroups of respiratory infections, asthma or COPD. In
summary, this national study does not provide evidence for increased
risks of respiratory hospital admissions in those living beyond 250 m of
an outdoor composting area perimeter.

3.3.3. Bias assessment

Table 4 presents results of the bias assessment. Explanations for the
scores agreed for each study are presented in Appendix E. A high score
denotes a low risk of bias and a low score denotes a high risk of bias.
The highest possible score is 32, and the lowest possible score is 8.
Overall studies included in this systematic review scored 17-26 a score
of 25-26 for the two occupational studies measuring exposure, 17-20
for the four occupational studies that did not assess occupational ex-
posures, and a score of 26 for the 1 community study (using an ex-
posure proxy).

The majority of studies used statistical tests appropriate for the type of
question and study design and in general, an adequate description of the
methodology was provided. The occupational epidemiological studies were
prone to selection bias, related to studying only current workers (i.e.
healthy worker survival bias). Three of the studies (Hoffmeyer et al., 2014;
Raulf et al., 2015; van Kampen et al., 2016) attempted to correct partially
for this by including workers formerly and currently exposed. The two
studies from Heldal et al., 2015, 2016 scored higher on study design (quasi-
experimental designs as opposed to cross-sectional design) and exposure
assessment (as measured). In all six occupational studies, sample size was
small and none of the studies presented sample size calculations. The one
community study (Douglas et al., 2016) had a higher sample size and was
less vulnerable to the effects of selection bias (included all composting
facilities with an outdoor composting component in England) and response
bias (outcome data were objectively collected and independently coded
hospital admissions to NHS hospitals rather than self-reported health
questionnaires), with control for relevant confounders (age, sex, area-level
deprivation and tobacco sales). While both community and occupational
studies adjusted for a number of confounders such as age, sex and smoking
status, the community study (Douglas et al., 2016) was the only study to
include socio-economic status as a potential confounder. However, it was
cross-sectional in design and did not measure exposure directly.

4. Discussion

This timely review serves as a comprehensive update of what new
evidence has emerged on exposures and health outcomes in relation to
bioaerosol emissions from composting facilities. Composting facilities
are a major source of bioaerosols and in 2015 we reported that there
was some, albeit limited, evidence linking bioaerosol emissions from
composting facilities to poor respiratory health in nearby residents
(Pearson et al., 2015). However, the limited evidence precluded any
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quantitative assessment. Since then, the number of operational in-
dustrial-scale composting facilities in England has increased by 9% -
nearly twice the growth from 2012 to 2014. At the same time, rapid
urbanisation has led to expansion of city borders. It is therefore likely
that more and more people are living near large composting facilities
and being exposed to bioaerosol pollution.

Although this review identified a number of new studies, the con-
clusions remain largely unchanged to those of our earlier review
(Pearson et al., 2015). Bioaerosol concentrations in recent studies con-
ducted in occupational settings remain similar to those reported in the
previous review. Furthermore, many of our research recommendations
have not yet been fully implemented. While some progress has been
made characterising bioaerosol emissions from composting facilities,
relatively little headway has been made regarding the potential public
health risks associated with these bioaerosol emissions.

Studies included in the previous review (Pearson et al., 2015) mostly
relied on traditional methods, such as culture and/or morphological
identification by microscopy, for analysing the microbial characteristics
of bioaerosols (Appendix F). Advances in molecular technologies have
enabled a more comprehensive characterisation of the bacterial and
fungal components, providing greater microbial resolution and diversity.
Since only a small percentage of bacteria (around 2%) and fungi (around
5-17%) can be readily grown in the laboratory, culture-based methods
greatly underestimate diversity (Stefani et al., 2015; Wade, 2002). Mi-
croscopy is less prone to bias; however, classification remains challen-
ging as many microorganisms share similar morphological character-
istics. Methods analysing the microbial DNA (metagenome) directly
extracted from samples without any prior culture are culture-in-
dependent, thereby enabling the identification of all microbes (un-
culturable, culturable, viable and non-viable). This further maximises
clinical relevance, as microorganisms do not need to be viable nor cul-
turable to elicit a response. Although over half (55%) of the exposure
studies analysing the metagenome were culture-independent, these re-
present only 30% of the total exposure studies. Thus, the microbial
characterisation of bioaerosols currently remains culture-dependent.

Metagenome analyses were based on the NGS and/or PCR of am-
plified regions (amplicons) containing sections unique to a specific
microbial genera or species, providing improved microbial resolution
and diversity data. Such molecular methods are not without their own
caveats. Results of amplicon-based analyses are often presented as re-
lative abundance of microorganisms within a sample, suggesting that
the number of amplicons (or sequences) designated to a particular
microorganism relates to its abundance. This is not necessarily true —
different species (and even strains) of bacteria and fungi can contain
different numbers of the same genes, so called copy number variation.
Thus, a specific microorganism may appear to have greater abundance,
simply because it has a greater number of copies of the analysed DNA
region. Likewise, some microbial spores contain greater/lesser amounts
of DNA and/or be easy/more difficult to break open, thus leading to
results that could be incorrectly interpreted as actual abundance. While
this is a problem when attempting to quantitatively compare the
abundance of different microorganisms within a particular sample, it is
not necessarily an issue when monitoring temporal or spatial changes in
the same microorganism. Fortunately, the latter is probably of more
immediate interest with respect to composting facilities; particularly
since the exposure studies to-date largely rely on short duration
“snapshot” sampling. Subsequent targeted validation of microorgan-
isms of interest, for example by qPCR, may be useful in future studies.
Furthermore, sequencing generates vast amounts of data, but requires
robust bioinformatics for accurate microorganism identification.
Identification is only as good as the reference database used. Sequences
that cannot be assigned to a reference, because the database lacks se-
quences from particular genera or species, will remain unclassified or
worse still, be misclassified. As the use of microbial metagenomics
continues to increase, the molecular analysis methods, associated da-
tabases and thus microbial identification will also improve. Indeed, it is
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worth noting that the results of a two four-year Natural Environment
Research Council (NERC; the UK's leading public funder of environ-
mental science) funded program, which has involved developing,
testing and comparing traditional and molecular methods, are due to be
published soon. This will help to inform on the use of such methods and
drive improved and standardised bioaerosol characterisation protocols.

To evaluate the exposure and the dispersal of bioaerosols beyond the
composting site, it is necessary to know their background concentrations
in air from unaffected areas. One of the shortcomings of the earlier studies
was the lack of background measurements. This problem remains. Only
eight of the 18 bioaerosol exposure studies (44%) measured bioaerosol
concentrations at a background location, although this is an improvement
compared to our previous review (32%) (Pearson et al., 2015). As with
other pollutants, untangling the contribution of an individual source (in
this case a composting site) from background bioaerosol concentrations is
a challenge. For example, the composting site might be located in an area
where there are many sources of bioaerosols. It is therefore very difficult
to assess the potential risk to health arising from bioaerosols emitted from
composting sites on nearby communities.

This review underscores once again that far too little is known about
whether exposure to bioaerosol emissions from composting facilities can
contribute to poor health outcomes. Bioaerosol exposures and health
outcomes among communities living within the vicinity of the composting
site has not been sufficiently investigated. The few epidemiological studies
that were identified were almost exclusively carried out in compost
workers and were characterised by significant methodological limitations
(for example, small sample size and short time frames). Furthermore, the
results of such studies have been mixed, with some reporting adverse ef-
fects, and others reporting no effect or even a protective effect. It is im-
possible to determine whether a potential effect is a true causal effect of
exposure or a reflection of the selection bias in occupational epidemiolo-
gical studies (also known as the healthy worker effect). In almost all cases,
effect-sizes were small, and there was no discernible pattern of whether
effects may subside over time in the studies comparing current and former
compost workers. Studies focussed mainly on respiratory health with even
less information available on other outcomes such as cardiovascular and
gastrointestinal outcomes. While health data on occupationally exposed
workers can provide some insight into the allergenicity, toxicity, infectious
and inflammatory processes, or lack thereof, resulting from bioaerosol
exposure in the general population, caution should be exercised in making
any inferences. There tends to be a bias towards the presumption of health
risks from bioaerosols. However, the converse — beneficial health effects —
may also occur. The hygiene hypothesis (Stiemsma et al., 2015; Strachan,
1989), a somewhat misleading term (Bloomfield et al., 2016), proposes
that exposure to microbial agents during early life may lead to lower level
of allergy and asthma.

The available evidence reveals some progress has been made re-
garding health outcome assessment. Rather than relying solely on self-
reported measures of health status, most studies included clinical out-
come measurements, such as spirometry. However, given the (1) lim-
ited number of studies; (2) small associations observed; (3) methodo-
logical issues; and (4) potential for selection bias, a conclusive
interpretation of these studies remains challenging. There was one
community study and this study relied on distance as a proxy for
bioaerosol exposure (Douglas et al., 2016). One key advantage of this
study is that it used objective data, analysing respiratory-related hos-
pital admission rates for small geographical areas in England from 2008
to 2010. However, this was an ecological study, may not reflect in-
dividual-level effects, is likely to have been hampered by exposure
misclassification (due to the use of distance as an exposure proxy), and
did not account for bioaerosol levels or meteorological effects. The
study also looked at respiratory-related hospital admissions as the
health outcome, which may represent the more severe effects of po-
tential bioaerosol-related health effects. Collection of health data in the
community, or use of primary care data (not currently available at
national level in the UK) would be more suitable.
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4.1. Impact

It is hoped that this review will provide support to help guide en-
vironmental health decision-makers. This review not only examines
past research, but also identifies research gaps and argues for the need
for further research to better characterise composting-associated
bioaerosol exposures and health. This review is particularly topical in
the UK as bioaerosol emissions and their potential impacts on health
was identified as an ongoing concern in the latest annual report from
the Chief Medical Officer (Chief Medical Officer, 2017). The informa-
tion provided at the time of this review does not provide evidence to
support a change from the Environment Agency's current permit gui-
dance of at least 250 m (Environment Agency, 2010, 2018a). However,
this should be re-reviewed pending acquisition of further data.

4.2. Recommendations for future work

To address the gaps in knowledge highlighted above, studies that
incorporate the following are required:

1. Larger sample sizes

More studies with sufficient power are needed to draw meaningful
conclusions from the data. No studies included details of power calculations,
making it difficult to identify which studies were sufficiently powered to
detect a meaningful difference. Sample size and power considerations
should therefore be an essential component of planning future studies.

2. More varied populations

The majority of studies have been conducted in occupational settings,
which can be male-dominated and liable to healthy worker bias. There is a
need for detailed studies to be conducted in community settings. Future
studies should include a more representative sample of individuals of, for
example; men and women, a wide age range (children, adults and the
elderly), and different health status (asthmatics, immunocompromised
individuals). This would also help to identify any susceptible populations.

3. Longer time scales

The majority of studies take a snapshot of a population and measure
the exposure and health outcomes over a very short time period. Longer-
term studies are essential to capture the longer-term effects of acute and
chronic bioaerosol exposure. This would be important for understanding
whether there are synergetic or interactive effects of temperature and
bioaerosol exposure on human health. Since the previous review, there
has been modest improvements in the characterisation of bioaerosols
associated with the advent of new sampling and analysis technologies.
However, due to the lack of long-term sampling the spatial and temporal
variability of bioaerosol composition and concentration remains largely
unknown. Longer-term bioaerosol measurement methods are not well
established, but as highlighted in this review, there are developments
with the use of WIBS technology (although studies included in this re-
view only monitored bioaerosols over seven days). Homogeneity in the
sampling methods used to quantify and characterise bioaerosols would
also be advantageous to allow easier comparison between studies, par-
ticularly in studies conducted in different countries.

4. Quantification of background concentrations

To evaluate the exposure and the dispersal of bioaerosols beyond the
composting site, it is necessary to know their background concentrations
in air from unaffected areas. Less than half of the exposure studies
measured a bioaerosol concentration at a background location. These
measurements are needed to help determine which bioaerosol compo-
nents and concentrations are released as a direct result of compositing.
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5. Clearer health outcome definition

While health studies are starting to use objective health measure-
ments, supplemented by questionnaire data, clearer definition of the
health outcomes under study is required. This is difficult given the
nature of bioaerosols, as different components may give rise different
health effects, and biochemical measurements alongside objective
health measurements should be considered.

6. Consideration of confounders

It is essential in all epidemiology studies studying environmental effects
of health outcomes to account for potential confounding factors. Health
studies included in this review typically adjusted for age and sex but many
important potential confounding factors were overlooked (for example,
socioeconomic status, quality of housing and other lifestyle factors).

7. Use of experimental studies to assess mechanisms

To identify the health effects of bioaerosols without confounding
effects, and to determine the specific bioaerosol components that lead
to specific health outcomes, more experimental work in model systems
is required. Mechanistic studies will improve our understanding of the
biological links between exposure and effect, enabling causal associa-
tions to be established.

While all of these recommendations would greatly benefit this area
of research, it is unlikely that all will be applied in a single study.
Therefore, we suggest, in the first instance, that future studies focus on
well-powered, long-term studies, using standardised methods to mea-
sure both bioaerosol exposure and associated health outcomes in
community settings.

5. Conclusions

Although this review identified an additional 23 studies since July 2014,
our conclusions remain largely unchanged (Pearson et al., 2015). Un-
fortunately, studies have not yet had the chance to implement many of our
research recommendations from Pearson et al. (2015). While some progress
has been made characterising the bioaerosol emissions from composting
facilities, with the increasing use of molecular methods, relatively little
headway has been made regarding the potential public health risks asso-
ciated with these bioaerosol emissions. Only one community health study
was identified and used an imprecise measure of bioaerosol exposure. Given
the absence of any consistent evidence on the toxicity of bioaerosols from
composting facilities, there is insufficient evidence to provide a quantitative
comment on the risk to nearby residents from exposure to composting
bioaerosols. To improve risk assessment and to best advise on risk man-
agement a holistic approach is required to provide a more comprehensive
understanding of both bioaerosol characteristics and their associated health
effects in nearby residents, within the same study.
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