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Objective We investigated associations between bioaerosol exposures and work-shift changes in lung function
and inflammatory markers among recycling workers.

Methods Inhalable dust was measured with personal samplers and analyzed for endotoxin, bacteria, and fungi
(incubated at 25 °C and 37 °C) levels. Lung function (FEV1, FVC) was measured before and after work-shifts
and serum concentrations of inflammatory markers (CRP, SAA, CC16, IL1B, 1L2, IL4, ILS5, IL6, IL8, IL10, IL13,
and TNF) after the shift. Associations were explored by linear mixed-effects models.

Results We included 170 measurements from 88 production workers exposed to inhalable dust, endotoxin,
bacteria, and fungi (25 °C and 37 °C) at geometric mean levels of 0.6 mg/m?, 10.7 EU/m3, 1.6x10* CFU/m?,
4.4x10* CFU/m?, and 10° CFU/m?, respectively, and 14 administrative workers exposed at 7-fold lower levels.
No associations were observed between bioaerosol exposures and work-shift change in lung function. IL2, IL6,
IL10, and TNF concentrations were positively associated with inhalable dust levels, SAA and IL6 with bacteria,
CRP, SAA, IL8, and TNF with fungi (25 °C or 37 °C), with the latter being the only statistically significant find-
ing (exp(P) 1.40, 95% confidence interval 1.01-1.96).

Conclusions This study of recycling workers exposed to bioaerosol levels generally below those of farmers
and compost workers and above background levels did not indicate any acute effect on lung function. Several
inflammatory markers tended to increase with exposure, suggesting a systemic effect. Future research should
combine data from bioaerosol-exposed workers to uncover health risks that may form the basis for health-based
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occupational exposure limits.
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In 2021, a European Union (EU) citizen on average
generated 527 kg of domestic waste (waste from the
household), of which 31% was recycled (1). The EU
has developed a “European Green Deal” in which one
of the goals is to increase the recycling of materials (2),
and the amount of waste being recycled is anticipated
to increase. Over the years, the process of recycling
domestic waste has been increasingly automated. How-
ever, in Denmark, from 2008 to 2022, the number of
employees in the recycling industry increased by 46%
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(3), and thus it is anticipated in the future these numbers
will keep increasing.

Bioaerosols are airborne particles originating from
plants, animals, or microorganisms, eg, fungi, bacteria,
and endotoxin. Recycling of domestic waste generates
bioaerosols that can be inhaled and cause respiratory and
systemic health effects for the workers (4, 5). Recycling
workers have shown lower lung function compared
with administrative workers (6, 7). A few studies of
waste workers have found associations between expo-
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sure levels of dust, endotoxin, and microorganisms and
respiratory symptoms (8). Sigsgaard et al (9) found that
increasing exposure to total dust, but not endotoxin, was
associated with increasing work-shift decline in forced
expiratory volume in the first second (FEV1) among
recycling workers. Others have also reported null find-
ings for endotoxin (10, 11).

Bioaerosol components are inflammogenic, and
some are cytotoxic (12) but have only been investigated
to a limited extent in the recycling industry (13). Total
dust and endotoxin were associated with elevated post-
shift interleukin (IL)-8 concentrations in nasal lavage
fluid among waste collectors, whereas no association
was found for IL6, tumor necrosis factor (TNF), or
IL1B (14). Among Danish workers recycling biowaste,
increasing exposure to anaerobic bacteria was associ-
ated with higher serum concentrations of high-sensi-
tivity C-reactive protein (hsCRP) and serum amyloid A
(SAA), exposure to fungi incubated at 25 °C was associ-
ated with higher concentrations of hsCRP, and exposure
to inhalable dust was associated with higher SAA and
Uteroglobin (alias Clara cell secretory protein, CC16)
(15). However, increasing exposure to endotoxin and
bacteria incubated at 25 °C was associated with decreas-
ing concentrations of hsCRP and SAA. A previous study
of recycling workers found no clear association between
exposure to endotoxin and CRP (10).

In conclusion, studies on the associations between
bioaerosol exposures, lung function, and inflammatory
markers among recycling workers are few but needed to
uncover health risks in this new and growing industry.

We aimed to investigate the associations between
exposure to inhalable dust, endotoxin, bacteria, and
fungi and work-shift changes in lung function and
inflammatory markers among recycling workers.

Methods

Study population

This study investigated production workers of recy-
cling plants recorded in the Danish National Waste
Register who sorted, shredded, and extracted materials
from domestic waste. In Denmark, each municipality is
responsible for waste management. Sorting and collec-
tion of domestic waste follow the National Plan for Pre-
vention and Management of Waste 2020-2032. Accord-
ing to this, waste must be separated into ten different
fractions by each household before further processing
(16, 17). After collection, the waste is further sorted
(manually or mechanically), shredded, and extracted
at different facilities. In Denmark, extracting facilities
mainly handle plastic waste, as the other fractions are

Keeergaard Hansen et al

often exported to larger facilities outside Denmark. As
a reference population, administrative workers from the
participating plants were recruited. Both production and
administrative workers volunteered to participate. The
industry is heavily male-dominated and therefore only
men were recruited.

We recently found that the production workers were
7-fold or higher exposed to inhalable dust, endotoxin,
bacteria, and fungi than the administrative workers (18).
The geometric mean (GM) exposure levels of inhalable
dust, endotoxin, bacteria, and fungi (incubated at 25 °C
and 37 °C) among production workers were 0.6 mg/m?
[(geometric standard deviation (GSD) = 3.7], 10.7 EU/m?3
(4.2), 1.6x10* CFU/m’ (4.5), 4.4x10* CFU/m’ (8.7), and
103 CFU/m? (5.1), respectively. The corresponding expo-
sure levels among the administrative workers were 0.0
mg/m? (2.1), 1.3 EU/m? (2.3), 2.2 x 10° CFU/m’ (4.0), 5.5
x 10?2 CFU/m? (2.3), and 10> CFU/m? (4.6), respectively.

A detailed description of the study population, expo-
sure assessment, and classification of the production
characteristics is found elsewhere (18).

The study was registered at the repository of the Cen-
tral Denmark Region (1-16-02-715-20), and the Central
Denmark Region Committees on Health Research Ethics
approved the study (1-10-72-322-20). All participants
gave informed consent and could withdraw from the
study at any time point.

Data collection

Data was collected on Tuesdays, Wednesdays, or Thurs-
days in April through July 2021 and again in August
through October 2021. Participants thus contributed with
up to two measurements each to take season variations
in exposure levels into account.

Outcome assessment

Lung function was measured pre-shift (morning mea-
surement) and post-shift (afternoon measurement) with
dynamic spirometry using an NDD EasyOne Air Spi-
rometer. Exclusion criteria for performing lung function
were recent heart problems; thoracic, eye, or abdominal
surgery; corneal detachment, or pneumonia. At least two
persons independently evaluated the quality of all blows
according to modified American Thoracic Society (ATS)
and European Respiratory Society (ERS) criteria (19,
20). The outcomes were work-shift change in absolute
values of FEV 1, forced vital capacity (FVC), and FEV1/
FVC. The change in these parameters was calculated as
the difference between afternoon and morning values.
Blood samples (BD Vacutainer SST blood collection
tubes, 10 ml) were collected at the end of the shift, sepa-
rated by centrifugation, and serum was stored at -80 °C
until analysis. We measured the following inflammatory
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markers (minimum detectable dose, MDD): IL1B (0.25
pg/mL), IL2 (0.25 pg/ml), IL4 (0.07 pg/ml), ILS (0.31 pg/
ml), IL6 (0.38 pg/ml), IL8 (0.36 pg/ml), IL10 (5.47 pg/
ml), IL13 (3.39 pg/ml), and TNF (0.62 pg/ml) in serum
with Human XL Cytokine Luminex Performance Assays
(R&D Systems, Inc. Minneapolis, MN); CRP (0.01 ng/
ml) in serum with Quantikine ELISA (R&D Systems, Inc.
Minneapolis, MN); SAA (4 ng/ml) in serum with Human
SAA ELISA Kit (Thermo Fisher Scientific Inc., Waltham,
MA); and CC16 (0.07 ng/ml) in serum with Quantikine
ELISA (R&D Systems, Inc. Minneapolis, MN). The
samples were randomized in 96-well plates and standard
curves were included with each plate. For the Human
XL Cytokine Luminex Performance Assays, 9 standard
curves were run for each plate.

Exposure assessment

Full shift inhalable dust was collected on a 37-mm
glass fiber (GFA) filter (Whatman International Ltd,
Maidstone, UK) with personal conductive plastic conical
inhalable sampler (CIS) cartridges (JS Holdings, Steve-
nage, UK) connected to SKC AirChek XR5000 portable
pump (SKC Inc., Eighty-Four, PA) with a flow rate of
3.5 I/min. The cassette was placed on the upper part of
the chest. Inhalable dust was determined gravimetrically,
and the filters were stored for a minimum of 24 hours
at 22 °C and 45% relative humidity before weighing
using a Mettler UMT?2 analytical scale (Mettler-Toledo
Ltd, Greifensee, Switzerland) with 0.1 mg precision.
For each measurement day, one field blank was included
(N=24). The lower limit of detection (LOD) for inhal-
able dust was calculated as three times the standard
deviation (SD) of the mean of the field blanks, corre-
sponding to a LOD of 14 pg/m’.

Endotoxin was extracted from the collected inhal-
able dust samples and thus analyzed on all participants.
Endotoxin was measured by the Limulus Amoebocyte
Lysate (LAL) test (Kinetic-QCL 50-650U kit, Lonza,
Walkersville, Maryland, USA). The extraction was per-
formed in 5 ml of pyrogen-free water with 0.05% (v/v)
Tween-20. A standard curve based on Escherichia coli
055:B5 reference endotoxin was used to quantify the
exposure levels as endotoxin units (EU) (21). The ana-
lytical level of quantification (LOQ) was 0.05 EU/m?.

Microorganisms were sampled among participants
who reported that they worked with waste fractions that
had been in contact with organic material and all the
administrative workers from the companies employing
these workers. Microorganisms were sampled in parallel
with inhalable dust on separate 37-mm polycarbonate
filters and pumps, and extracted in MilliQ water with
0.85% NaCl and 0.05% Tween80 with 33% glycerol and
stored at -80 °C. For quantification of bacteria and fungi,
a representative dilution for each sample with optimal
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coverage and separation of individual CFUs was chosen.
Dust suspensions were then plated on Dichloran Glyc-
erol agar (DG-18 agar; Thermo Fisher Scientific Oxoid,
Basingstoke, UK) and incubated at 25 °C and 37 °C (to
encourage the growth of human pathogens) for seven
and three days, respectively for quantification of fungi.
Dust suspensions were also plated on Nutrient agar (NA;
Thermo Fisher Scientific Oxoid, Basingstoke, UK) plates
with actidione (cycloheximide; 50 mg/l; Serva, Germany)
and incubated at 25 °C for seven days, and on Fastidious
Anaerobe Agar (FAA) and incubated anaerobic for 40
h at 37 °C for quantification of bacteria (15). The LOD
was 42 CFU fungi and bacteria/m? based on the sampled
volumes, the extraction volume, and the plated amounts.

Participant and production characteristics

During the measurement day, we observed and inter-
viewed each participant about primary work task, waste
fractions, work location (indoor or outdoor), filtered
ventilation of vehicles or indoor work location, and use
of personal protective equipment (PPE). We also asked
about age, smoking, asthma, and allergy status, and
measured height and weight.

Statistical analysis

The analytical unit was measurement and each par-
ticipant contributed with up to two measurements each.
Exposure levels below LOD or LOQ were assigned a
value of LOD/2 or LOQ/2 (22). To identify correlations
between exposures, Pearson pairwise correlation coef-
ficients were calculated for all exposures.

The results of the unadjusted analyses were pre-
sented graphically as boxplots. Results indicating asso-
ciations, independent of statistical significance and the
value of the B-estimate, were included in the manuscript.
All boxplots are shown in the supplementary material.
We analyzed the associations with lung function using
linear mixed effects models and analyzed inflammatory
markers with linear mixed effects Tobit models (metobit,
Stata) for interval-censored data because most inflam-
matory markers included concentrations below MDD.
Inflammatory marker concentrations below MDD were
assumed to be in an interval between (-c0) and the MDD
(23, 24). Inflammatory marker concentrations were
right-skewed; hence, they were natural log-transformed.
All exposures were analyzed categorically by quartiles
and continuously by a logl0-transformed variable to
linearize the relationship. All models included time of
measurement (morning and afternoon), season (spring,
summer, and autumn), smoking (current, former, and
never smoker), self-reported current allergy (yes and
no), self-reported current asthma (yes and no), body
mass index (BMI) (<25, 25-30, and >30 kg/m?), and



age (years, continuous) as fixed effects and worker as
random effect. These covariates were decided a priori as
they previously are shown to predict lung function and
inflammatory marker levels (25-27). We also assessed
if season modified the results by adding an interaction
term of season and the respective exposures.

In the analysis of work-shift change in lung function,
the B-coefficients of the categorical exposure models
express the absolute difference compared with the low-
est quartile, and the B-coefficients of the continuous
exposure models express the absolute difference per
10-fold increase in exposure.

In the analysis of inflammatory markers, the exp(p)-
coefficients of the categorical exposure models express
the ratio between means compared with the lowest
quartile, and the exp(p)-coefficients of the continuous
exposure models express the ratio between means per
10-fold increase in exposure.

In supplementary analyses of production charac-
teristics, lung function, and inflammatory markers, all
production characteristics were categorical, and thus
the B-coefficients express the absolute or ratio between
means compared with the reference.

All analyses were carried out using Stata, version 17
(StataCorp, College Station, TX, USA).

Results

In total, 12 out of 26 invited companies agreed to par-
ticipate (46%) of which 8 companies sorted domestic
waste, 2 sorted and shredded domestic waste, and 2
shredded and extracted raw materials from plastic

26 companies
invited

12 companies
participated

102 participants and
172 measurements
PN

\\

/ N

Dust and endotoxin: Bacteria and fungi:
101 participants and 59 participants and
170 measurements 101 measurements

Inflammatory markers: Lung function: \\

101 participants and
170 measurements

91 participants and )
143 measurements ~ /

/"’
Inflammatory markers:
59 participants and
1012 measurements

Lung function:
54 participants and
85 measurements
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waste. In total, 102 participants provided 172 measure-
ments. There were 101 participants and 170 measure-
ments for further analysis after one participant and
two measurements were discarded (drop-out during
measurement and change of work task to exagger-
ate dust levels). The analyses of bacteria and fungi
included 59 participants (101 measurements, 7 com-
panies) (figure 1).

All participants met the inclusion criteria for lung
function testing, but 27 of the measurements did not meet
the ERS/ATS quality criteria, leaving 143 measurements
from 91 participants for further analyses (figure 1). We
analyzed 170 blood samples from 101 participants for
inflammatory markers. For one sample, we only had
enough serum to measure CRP, SAA, and CC16. For IL4,
ILS, and IL13 >75% of the measurements were below
MDD (76%, 86%, and 82%, respectively), and they were
not included in the statistical analysis.

Production workers tended to have higher BMI and
were more frequent current smokers than the adminis-
trative workers, but otherwise, the two groups showed
similar characteristics (table 1). In line with GDPR regu-
lations, only participant and measurement characteristics
are shown in table 1 if observations are >5.

Associations between bioaerosol exposure levels and work-
shift change in lung function

We observed a decline in FVC for the upper quartile
of fungal exposure level, but no overall associations
between the bioaerosol exposure levels and work-shift
change in FEV1, FVC, or FEV1/FVC (table 2, supple-
mentary material, www.sjweh.fi/article/4187, figures
S1-S5).

6 did not want to participate
5 did not respond
3 did not meet inclusion criteria

1 participant dropped out
1 participant changed work task

42 participants did not handle
waste fractions that had been in
contact with organic material

27 measurements (10 participants)
did not meet the ERS/ATS quality
criteria

16 measurements (5 participants)
did not meet the ERS/ATS quality

S Figure 1. Flow chart.
criteria
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Table 1. Characteristics of 170 measurements by participant and
measurement characteristics among 88 production workers and 14
administrative workers.?

Characteristics Production Administrative
workers workers
N(%) Mean(IQR)® N (%) Mean(IQR)®

Age 49 (42-60) 50 (44-58)
Body mass index (kg/m?)

<25 28(19) <52

25-30 48(32) 16(76)

>30 73(49) <52
Smoking status

Current 47(31) <52

Former 37(25) <102

Never 65 (44) 12(57)
Current asthma

Yes 14(9) <53

No 135(91) <20°
Current allergy

Yes 29(19) <52

No 120(81) <20°
Season

Spring (April, May) 32(22) 6(29)

Summer (June, July, August) 57 (38) 7(33)

Autumn (September, October) 60 (40) 8(38)
Time of morning measurement 7(7-8) 8(8-8)
Time of afternoon measurement 14(14-15) 13(12-15)

21n line with GDPR regulations, only participant and measurement characteris-
tics for production workers are shown, due to few (<5) observations for some
of the characteristics among the administrative workers.

b Interquartile range (IQR) shown as 25% percentile and 75% percentile.

Associations between bioaerosol exposure levels and
inflammatory markers

In the unadjusted analyses, we observed increasing con-
centrations of CRP by levels of bacteria and fungi (25
and 37 °C); SAA by endotoxin; IL6 by inhalable dust
and endotoxin; IL8 by fungi (37 °C); IL10 by inhal-
able dust; and TNF by inhalable dust, endotoxin, and
bacteria; all 12 results being depicted in figures 2 and
3. On the other hand, we observed decreasing concentra-
tions of TNF by levels of fungi (25 °C). Results for the
remaining unadjusted analyses indicating no association
between bioaerosol exposure levels and inflammatory
markers can be found in supplementary figures S6-10.
Confounder adjusted analyses showed similar results
as the unadjusted, except for CRP and bacteria, SAA,
IL6, and endotoxin, and TNF, endotoxin, bacteria, and
fungi (25 °C) (table 3). Furthermore, increasing expo-
sure to inhalable dust was associated with increasing
IL2 concentrations. Similarly, increasing exposure to
bacteria was associated with increasing SAA and IL6
concentrations. For fungi (37 °C), increasing exposure
was associated with increase in SAA and TNF con-
centrations. However, only the association between

Table 2. Absolute adjusted work-shift change in lung function by bioaerosols exposure levels among recycling workers.?

Bioaerosols Participants Samples Change in FEV1 (L/min) Change in FVC (L/min) Changein FEV1/FVC
B (95% Cl) B (95% Cl) B (95% Cl)
Inhalable dust (mg/m?)
<0.1 28 37 Reference Reference Reference
0.2-0.3 36 39 -0.04(-0.21-0.12) -0.06 (-0.20-0.08) 0.00(-0.03-0.03)
0.4-1.0 30 33 0.04(-0.14-0.22) 0.08(-0.07-0.23) -0.01(-0.03-0.02)
>1.1 27 34 0.09(-0.10-0.27) 0.01(-0.15-0.16) 0.01(-0.02-0.04)
Per 10-fold increase in exposure 91 143 0.01(-0.10-0.13) -0.03(-0.12-0.07) 0.00(-0.01-0.02)
Endotoxin (EU/m3)
<2.5 28 35 Reference Reference Reference
2.6-6.4 35 37 0.07(-0.10-0.24) 0.07(-0.07-0.22) 0.00(-0.03-0.03)
6.5-21.4 34 38 0.16(-0.02-0.33) 0.16(0.01-0.31) 0.00(-0.02-0.03)
>21.5 25 33 0.10(-0.09-0.30) 0.08(-0.08-0.25) 0.00(-0.03-0.04)
Per 10-fold increase in exposure 91 143 0.07(-0.04-0.18) 0.04(-0.05-0.13) 0.01(-0.01-0.02)
Bacteria (CFU/m3)
<3x103 21 23 Reference Reference Reference
4x104-104 21 22 -0.01(-0.24-0.22) 0.06(-0.10-0.22) -0.01(-0.05-0.03)
2x104-3x104 19 22 -0.09(-0.34-0.15) -0.02(-0.19-0.15) -0.02(-0.06-0.02)
>4x104 14 18 -0.00(-0.28-0.27) 0.06 (-0.13-0.25) -0.01(-0.06-0.04)
Per 10-fold increase in exposure 54 85 -0.03(-0.16-0.10) -0.04(-0.13-0.05) -0.00(-0.03-0.02)
Fungi 25°C (CFU/m3)
<5x103 19 24 Reference Reference Reference
6x103-104 18 22 -0.02(-0.24-0.21) -0.06 (-0.21-0.10) 0.00(-0.04-0.04)
2x104-9x104 17 19 0.12(-0.10-0.35) 0.09(-0.06-0.24) 0.01(-0.03-0.05)
>105 14 20 0.02(-0.24-0.27) 0.17(-0.01-0.35) -0.03(-0.07-0.02)
Per 10-fold increase in exposure 54 85 0.01(-0.08-0.09) 0.05(-0.01-0.11) -0.01(-0.02-0.01)
Fungi 37 °C (CFU/m3)
<2x102 23 23 Reference Reference Reference
3x102-8x102 17 21 0.05(-0.18-0.27) 0.07(-0.08-0.22) 0.00(-0.04-0.04)
9x102-2x103 20 21 0.05(-0.18-0.28) 0.17(0.02-0.31) -0.01(-0.05-0.03)
>3x103 15 20 -0.01(-0.26-0.24) 0.01(-0.15-0.18) -0.01(-0.05-0.03)
Per 10-fold increase in exposure 54 85 -0.02(-0.14-0.09) 0.02(-0.07-0.10) -0.01(-0.03-0.01)

2 Linear mixed effect model with time of measurement, season, smoking, allergy and asthma status, body mass index, and age as fixed effects and worker
asrandom effect. Change measured as afternoon measurement minus morning measurement. p-coefficients of the categorical exposure models express
the absolute difference compared with the lowest quartile, and the B-coefficients of the continuous exposure models express the difference per 10-fold

increase in exposure.
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Figure 2. Unadjusted inflammatory marker concentrations by exposure level of inhalable dust and endotoxin among recycling workers.

fungi (37 °C) and TNF was statistically significant. No
associations were indicated for the remaining analyses.

Season did not modify the effect of the five expo-
sures. The different bioaerosol components were mod-
erately correlated (supplementary table S1).

Associations between production characteristics, work-
shift change in lung function and inflammatory markers

The absolute work-shift change in FEV1, FVC, and
FEVI1/FVC were -0.06 L/min, -0.09 L/min, and 0.00
respectively among production workers, and -0.06 L/
min, -0.05 L/min, and 0.00 L/min among administra-
tive workers (supplementary table S2). In the adjusted
analysis, no clear associations between production char-
acteristics and lung function were observed.

Overall, there was a slightly higher (1.13-1.82-fold)
concentrations of SAA, IL1B, IL2, IL6, IL10, and TNF
among production workers compared with administra-
tive workers, although only statistically significant for
IL10 (supplementary table S3). However, CRP and
CC16 concentrations were slightly lower (0.75 and 0.94)
among production workers compared with administra-
tive workers. The proportion of individual measure-
ments below MDD varied across inflammatory markers
with the smallest proportion observed for CRP, SAA,
CC16, and IL8 (0-5%) and highest for IL2 (57% for
production and 76% for administrative workers)

Discussion

This study of recycling works did not indicate any acute
effect on lung function (FEV1, FVC, and FEV1/FVC) of
bioaerosol exposure. Increasing concentrations of 1L2,
IL6, IL10, and TNF were associated with increasing
levels of inhalable dust, SAA and IL6 with bacteria, CRP
with fungi (25 and 37 °C), and SAA, IL8, and TNF with
fungi (37 °C). However, only the association between
fungi (37 °C) and TNF was statistically significant.

Comparison with previous studies

Exposure levels of inhalable dust, endotoxin, bacteria, or
fungi in our study were in the range of those found within
the waste, wood, sewage, greenhouse, and bioenergy
industry, and below levels experienced among farmers
and compost workers (7, 9, 10, 14, 15, 21, 28-33).
Previous studies of recycling workers and bioaero-
sol-exposed workers in other industries have provided
contradicting evidence of an association between dust
and endotoxin levels and acute lung function impairment
(7,9, 10, 28, 30-32). Among studies with higher expo-
sure levels of endotoxin than we observed, Eduard et al
(30), observed among farmers a statistically significantly
decline in FEV1 at average exposure levels of 31x10°
EU/m?3. Bunger et al (7), observed among compost work-
ers statistically significant decrease in FVC after five
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Table 3. Adjusted ratios of inflammatory marker concentrations by bioaerosols exposure levels among recycling workers.?

Bioaerosols Participants Samples CRP (mg/L) SAA (mg/L) CC16 (ng/ml) TNF (pg/ml)
B (95% Cl) f3 (95% Cl) f3 (95% Cl) f3 (95% Cl)
Inhalable dust (mg/m?)
<0.1 31 43° Reference Reference Reference Reference
0.2-0.3 38 42 0.75(0.49-1.14) 0.92(0.56-1.51) 0.98(0.89-1.09) 1.14(0.68-1.90)
0.4-1.0 37 43 0.77(0.49-1.21) 0.81(0.48-1.37) 0.96 (0.86-1.08) 1.38(0.80-2.37)
>1.1 32 42 0.82(0.46-1.47) 1.02(0.55-1.87) 0.96(0.83-1.11) 1.63(0.89-2.96)
Per 10-fold increase in exposure 101 170° 0.90(0.63-1.28) 1.11(0.77-1.61) 0.99(0.90-1.08) 1.23(0.85-1.77)
Endotoxin (EU/m?3)
<25 31 43b Reference Reference Reference Reference
2.6-6.4 38 42 0.55(0.38-0.80) 0.68(0.43-1.09) 0.95(0.86-1.04) 1.07(0.65-1.74)
6.5-21.4 37 43 0.50 (0.32-0.79) 0.55(0.32-0.94) 0.94(0.84-1.06) 0.77(0.44-1.35)
>21.5 31 42 0.54(0.31-0.94) 1.23(0.67-2.23) 1.01(0.87-1.16) 0.97(0.51-1.83)
Per 10-fold increase in exposure 101 170° 0.90(0.66-1.22) 1.18(0.84-1.65) 1.04(0.96-1.12) 1.11(0.79-1.55)
Bacteria (CFU/m3)
<3x103 23 26" Reference Reference Reference Reference
4x104-104 23 25 1.37(0.90-2.07) 1.70(0.92-3.16) 0.93(0.84-1.03) 0.83(0.43-1.61)
2x104-3x104 22 25 1.04(0.68-1.57) 1.07(0.57-2.02) 1.01(0.91-1.12) 0.69(0.33-1.44)
>4x104 19 25 1.00(0.57-1.76) 2.22(1.02-4.85) 1.01(0.87-1.16) 0.89(0.36-2.21)
Per 10-fold increase in exposure 59 101° 0.90(0.68-1.20) 1.38(0.94-2.01) 1.05(0.97-1.12) 1.08(0.66-1.78)
Fungi 25 °C (CFU/m3)
<5x103 19 26° Reference Reference Reference Reference
6x103-104 20 25 1.02(0.58-1.79) 1.41(0.69-2.92) 0.99(0.87-1.13) 0.90(0.44-1.84)
2x104-9x104 21 25 1.25(0.76-2.06) 0.98(0.50-1.93) 0.96 (0.85-1.08) 1.54(0.81-2.93)
>105 18 25 1.52(0.76-3.04) 1.27(0.55-2.94) 0.86(0.72-1.02) 0.72(0.32-1.62)
Per 10-fold increase in exposure 59 101® 1.21(0.96-1.52) 1.02(0.77-1.35) 0.99(0.93-1.05) 0.95(0.73-1.24)
Fungi 37 °C (CFU/m3)
<2x102 24 26° Reference Reference Reference Reference
3x102-8x102 21 25 1.70(1.13-2.56) 1.63(0.89-3.00) 0.96 (0.87-1.06) 1.11(0.60-2.05)
9x102-2x103 23 25 1.43(0.97-2.10) 1.61(0.90-2.88) 0.98(0.89-1.07) 1.35(0.75-2.41)
>3x103 17 25 1.67(0.90-3.10) 1.43(0.67-3.05) 1.09(0.94-1.25) 2.48(1.19-5.15)
Per 10-fold increase in exposure 59 101° 1.27(0.97-1.65) 1.22(0.87-1.72) 1.01(0.95-1.08) 1.40 (1.01-1.96)
Table 3. Continued.
Bioaerosols IL1B (pg/ml) IL2 (pg/ml) IL6 (pg/ml) IL8 (pg/ml) IL10 (pg/ml)
B3 (95% Cl) B (95% Cl) f3 (95% Cl) B3 (95% Cl) B (95%Cl)
Inhalable dust (mg/md)
<0.1 Reference Reference Reference Reference Reference
0.2-0.3 0.64 (0.41-0.99) 1.03(0.50-2.14) 1.06 (0.62-1.81) 0.75(0.48-1.15) 1.02(0.82-1.26)
0.4-1.0 0.83(0.53-1.30) 1.97(0.94-4.12) 1.36(0.78-2.37) 0.98(0.62-1.55) 1.03(0.83-1.28)
>1.1 0.93(0.57-1.52) 1.70(0.78-3.75) 1.52(0.84-2.76) 1.08(0.65-1.79) 1.16(0.91-1.48)
Per 10-fold increase in exposure 0.97(0.72-1.30) 1.40(0.87-2.25) 1.15(0.81-1.65) 1.02(0.75-1.40) 1.09(0.95-1.27)
Endotoxin (EU/m3)
<2.5 Reference Reference Reference Reference Reference
2.6-6.4 0.80(0.52-1.24) 1.17(0.60-2.28) 0.88(0.52-1.50) 1.11(0.73-1.70) 0.84(0.68-1.03)
6.5-21.4 0.82(0.51-1.31) 0.67(0.32-1.41) 1.25(0.71-2.21) 0.80(0.51-1.28) 0.96 (0.77-1.20)
>21.5 0.93(0.55-1.57) 0.80(0.36-1.80) 1.20(0.64-2.24) 1.09 (0.64-1.86) 0.97(0.76-1.25)
Per 10-fold increase in exposure 1.01(0.76-1.34) 0.93(0.60-1.42) 1.11(0.79-1.56) 1.02(0.77-1.37) 1.05(0.92-1.20)
Bacteria (CFU/m?)
<3x103 Reference Reference Reference Reference Reference
4x104-104 1.00(0.58-1.70) 1.94(0.76-4.95) 1.64(0.89-3.04) 0.96 (0.60-1.55) 1.08(0.82-1.42)
2x104-3x104 1.00(0.58-1.73) 1.40(0.52-3.74) 1.88(0.99-3.60) 0.70(0.42-1.15) 1.12(0.84-1.49)
>4x104 0.86 (0.45-1.61) 1.57(0.55-4.48) 1.53(0.76-3.11) 0.83(0.45-1.54) 0.98(0.71-1.36)

Per 10-fold increase in exposure
Fungi 25 °C (CFU/m?)

<5x103

6x103-104

2x104-9x104

>105

Per 10-fold increase in exposure
Fungi 37 °C (CFU/m3)

<2x102

3x102-8%x102

9x102-2x103

>3x103

Per 10-fold increase in exposure

1.02(0.75-1.38)

Reference
1.11(0.63-1.97)
1.75(1.05-2.94)
1.18(0.62-2.25)
1.01(0.82-1.25)

Reference
1.33(0.79-2.23)
1.14(0.70-1.84)
0.76(0.41-1.41)
1.01(0.76-1.35)

1.18(0.73-1.92)

Reference
1.30(0.54-3.10)
1.62(0.73-3.59)
0.62(0.23-1.66)
0.92(0.66-1.28)

Reference
1.23(0.52-2.88)
0.96 (0.43-2.15)
0.81(0.31-2.07)
0.93(0.61-1.43)

1.27(0.90-1.78)

Reference
1.15(0.61-2.17)
1.46 (0.80-2.65)
0.93(0.46-1.89)
1.04(0.83-1.31)

Reference
1.05(0.57-1.94)
0.86(0.48-1.54)
1.05(0.52-2.13)
1.02(0.74-1.39)

0.99(0.72-1.37)

Reference
1.55(0.90-2.66)
1.29(0.78-2.12)
0.87(0.47-1.62)
0.92(0.75-1.13)

Reference
1.22(0.77-1.92)
1.20(0.78-1.84)
2.05(1.18-3.56)
1.28(0.99-1.64)

1.04(0.89-1.22)

Reference
1.04(0.77-1.40)
1.19(0.90-1.56)
1.03(0.75-1.43)
0.98(0.88-1.09)

Reference
1.10(0.84-1.43)
0.91(0.70-1.18)
0.94(0.69-1.28)
0.99(0.86-1.14)

2 Linear mixed effect model with time of measurement, season, smoking, allergy and asthma status, BMI, and age as fixed effects and worker as random effect.
Presented as adjusted B-coefficients (Exp(B)) with 95% confidence interval (Cl). Exp(B)-coefficients of the categorical exposure models express the ratio between

the means compared with the lowest quartile, and continuously the exp(B)-coefficients of the continuous exposure models express the ratio between the means per

10-fold increase in exposure. Statistically significant results marked with bold.
°For one sample there was not enough serum to measure IL1-B, IL-2, IL-6, IL-8, IL-10, and TNF-o..
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Figure 3 Unadjusted inflammatory marker concentrations by exposure level of bacteria, fungi (25 °C), and fungi (37 °C) among recycling workers.

years of follow-up at average levels of 16 ng/m?. Thus,
the lack of association we observed may be due to the
low concentrations of endotoxins to which the work-
ers were exposed. An association between endotoxin
exposure below 100 EU/m? and respiratory symptoms
has been suggested (34). Limited evidence exists of
accelerated long-term lung function decline following
organic dust exposure (35).

IL8 concentrations in nasal lavage fluid and sputum
have previously, among waste workers, been associated
with levels of total dust and endotoxins (14, 28). We
could not replicate this for serum IL8. IL6 and TNF
concentrations measured in nasal lavage fluid have
previously shown no association with total and inhal-
able dust and endotoxin among waste and woodworkers
(14, 33). We observed that IL6 and TNF concentrations
tended to increase with increasing inhalable dust levels.
Serum concentrations of CRP, SAA, and CC16 have
shown contradicting associations with levels of dust,
endotoxin, bacteria, and fungi among workers recycling
biowaste and greenhouse workers (15, 29). Differences
across studies may be explained by differences in dust
composition, but also unexplained random variation.

The limited and contradicting evidence of associa-
tions between fungi, bacteria, lung function, TNF, IL6,
and IL8 in our and previous studies is reflected in con-
clusions from two recent reviews, aiming unsuccessfully
at deriving health-based occupational exposure limits

(OELSs) for fungi and bacteria based on human and ani-
mal experimental evidence (36, 37).

Strengths and limitations

Company and worker participation was voluntary. How-
ever, none of the companies monitored regularly bio-
aerosol levels or lung function and inflammatory mark-
ers of the workers, and selective company or worker
participation that may have biased findings is unlikely.

The full-shift quantitative exposure data and the
quantitative outcome data allowed the assessment of
exposure-response relations, a core criterion for assess-
ing causality (38). The quality of lung function analyses
adhered to ATS/ERS criteria (19, 20) and was also an
important strength.

We investigated the work-shift change in lung func-
tion and were thus able to investigate the acute effect of
exposure on lung function. We used the cross-shift study
design in order to use individuals as their own control
when exploring the acute effect of bioaerosol exposure
on lung function. Due to the diurnal variation, we may
overlook effects, as the diurnal lung function pattern
means a higher lung function in the afternoon compared
to the morning (39).

On the other hand, we only had one blood sample per
worker and were not able to assess short-term changes
in the inflammatory markers. However, all analyzed
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inflammatory markers have short plasma half-life (<4
hours), except for CRP (40—46). We therefore assume
our results reflect acute effects, even if we were not able
to address whether these were transient or persistent.

The many inflammatory markers and exposures
analyzed opened the possibility of detecting exposure-
related markers until now unrecognized. However, it
also increased the risk of false positive findings. We
were not able to adjust for multiple testing as estimates,
confidence intervals, and P-values are not independent
within or between analyses.

The different bioaerosol components of this study
were moderately correlated. Findings for one component
may therefore be, at least partly, explained by one or
more of the other components. However, we abstained
from mutual adjustments to avoid over-adjustment. We
adjusted for well-documented predictors of lung func-
tion and inflammatory marker concentrations (25-27)
and confounding can hardly explain our findings, even
if residual confounding cannot be ruled out. The par-
ticipants were at work during the measurement day, and
we, therefore, assume they are free of diseases that may
have affected our results. Different microbial species
composition may affect inflammation differently, and
furthermore varies across seasons (8). However, we
observed no effect modification of season.

Concluding remarks

This study of recycling workers exposed to inhalable
dust, endotoxin, bacteria, or fungi at levels generally
below levels experienced among farmers and compost
workers and above background levels did not indi-
cate any acute effect on lung function. Several serum
inflammatory markers tended to increase with increas-
ing exposure, which may represent a systemic effect.
Future research should combine data from bioaero-
sol-exposed workers within and outside the recycling
industry, including the current, to uncover health risks
that may form the basis for health-based occupational
exposure limits.
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